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Abstract

Action processing allows us to move through and interact with the world, as well as understand
the movements performed by other people. In recent years, there has been increasing interest in
the semantics of actions as differentiated from the semantics of objects. However, as the
understanding of action semantics has evolved, it is evident that the existing literature conflates
two senses of the word “action”—one that stems from studies of tool use and the other from event
representation. In this paper, we suggest that this issue can be clarified by closely examining
differences in how the human parietal and temporal cortices of the brain process action-related
stimuli. By contrasting the posterior parietal cortex to the posterolateral temporal cortex, we
characterize two complementary action systems in the human brain, each with its own
specialization of function. We suggest that these two systems be referred to as the parietal Action
Implementation System, and the posterolateral temporal Action Association System. While the
fronto-parietal system is concerned primarily with how we perform actions, and simulate others’
actions, the temporal action system is more involved with processing actions from a third-person,
conceptual standpoint. Recent work in cognitive neuroscience of perception and language, as well
as the neuroanatomical organization of these brain regions support this distinction. We will
discuss the implications of this work for cognition-, language-, and neuroscience-based action
research.

ACTION IN THE BRAIN

Knowledge about actions allows us to guide and coordinate our own actions, as well as to
understand other people’s movements, behaviors, and intentions. Action understanding is
critical to our ability to communicate, learn, and act in the world. We argue that the existing
scientific literature concerning action in the human brain conflates two types of action
knowledge, one derived from investigations of tool use, and the other from investigations of
event representation. We propose that action knowledge takes two distinct forms: an Action
Implementation System (AIS) harbored within parietal cortices, specializing in controlling
skilled bodily movements and relating others’ actions to the self, and an Action Association
System (AAS) located in posterolateral temporal lobes, specializing in identifying actions
and retrieving associated conceptual representations. These two systems can be
characterized across different levels of organization, and each system consists of multiple
functional regions that contribute to common processing goals. This functional
specialization permits parallel processing of two different modes of action information.
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Earlier attempts have tried to delineate the contributions of different brain regions to action
processing. The classic two-visual streams hypothesis postulates that visual processing
diverges into interacting “where” and “what” pathways. In this view, the dorsal “where”
stream, which projects from the occipital lobe into the parietal lobe, encodes spatial relations
between visual objects . In contrast, the ventral “what” stream, which projects from the
occipital lobe and continues into the temporal lobe, classifies visual stimuli into
understandable categories with enduring properties. Goodale and Milner modified this
hypothesis by emphasizing the importance of the “where” system to motor behavior,
suggesting that this stream was better framed as a “how” system 2: 3, The dorsal aspect of
the two-visual-streams hypothesis has been refined further 5. Based on neurophysiological
and behavioral work, Buxbaum and colleagues proposed that the dorsal stream is better
conceptualized as containing two systems, a dorso-dorsal “reach to grasp” stream and a
ventro-dorsal “use” stream involved in knowledge of how to use tools & 7. Our model
follows a similar framework, extending it with the proposal that a dorsal AlS pathway
specializes in sensory-to-motor transformations of actions, and a ventral AAS system
specializes in conceptual action associations. The presence of multimodal convergence
zones in these two pathways is consistent with this model. We propose that the “grasp” and
“use” systems are both components of the AIS, which is distinct from the AAS. Figure 1
characterizes the AIS and AAS at multiple structural and functional levels. An important
feature of this functional distinction is distinguishing between a first-person and a third-
person perspective in action knowledge. The AIS underlies action processing from a first-
person perspective, relating observed actions to one’s existing motor repertoire. In contrast,
the AAS processes actions from a third-person perspective, relating observed actions to
stored semantic concepts, without regard to motor plans or one’s own experience with
carrying out the action. In everyday life, these systems work in concert, allowing us to
understand, imitate, and derive meaning from the actions we see.

ACTION IMPLEMENTATION AND FRONTO-PARIETAL CIRCUITRY

Parietal circuitry, in conjunction with connections to the frontal lobe, is critical for guiding
one’s own actions, storing knowledge about how to perform actions, and simulating others’
actions, possibly by engaging the putative human mirror neuron system (MNS). Action
Implementation refers to this mode of action knowledge, and encompasses both the dorso-
dorsal “reach-to-grasp” system and the ventro-dorsal “use” system ’. Virtual lesions created
with transcranial magnetic stimulation have shown that the inferior parietal lobule (IPL) is
involved in distinguishing “self” from “other” &, which is in line with the tendency for this
region to specialize in relating actions to the self. Additionally, specific deficits in imitating
others’ actions are linked to damage in somatosensory cortices, the angular gyrus, and the
supramarginal gyrus,® highlighting the role of the parietal lobe in carrying out actions
without necessary reference to any stored semantic information.

On a basic level, the parietal lobe codes our intentions to act and then implements the
relevant action. Many human functional neuroimaging studies have shown that parietal brain
areas, particularly around the anterior intraparietal sulcus (alPS), control one’s own

actions 10 by guiding reaching movements and storing knowledge of how tools are used ’.
The involvement of alPS in goal-oriented reaching and grasping is shown by single-unit
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recording in primates 11 and functional neuroimaging in humans 12. Reaching to grasp is
inherently goal-oriented and its specific motor implementation is constrained by the spatial
location and shape of visible objects. Damage to the alPS can result in optic ataxia, a clinical
syndrome in which people have difficulty reaching to the location of objects as guided by
their vision °. In contrast, damage to the ventro-dorsal object-use stream produces ideomotor
apraxia, which leads to difficulties with using and pantomiming the use of tools to perform
skilled tasks 13,

Actions performed by other people are also processed in the parietal lobe of the observer,
leading to characterization of the parietal lobe as specialized for “perception-for-action” 14,
Multivariate pattern analysis of functional neuroimaging data has revealed a gradient of
information content in the parietal lobe, in which posterior regions represent action goals
while anterior areas favor the effector used to carry out and action 1°. Function-related
information is stored in the anterior IPL, adjacent to manipulation-related regions 16. These
function-specific regions encode the ways in which a person might carry out a particular
action. In support of this notion, recent neuroimaging work shows that the primary
somatosensory and motor cortices respond to action stimuli in terms of how the actions
might be executed, rather than the visual features of the stimuli 17. Affordances of objects
that guide how one might act upon them (e.g., whether an object is graspable) are also
encoded in fronto-parietal regions. For instance, EEG recordings show that while the
occipito-temporal cortex responds early (210-270 ms) to both graspable and non-graspable
objects, premotor (210-270 ms) and primary somatosensory cortex (550-600 ms) responds
more strongly to tools than to plants 18. Finally, the occipitoparietal junction encodes object
orientation, which is crucial for knowing how one would act upon the object, even though
this region does not encode the identity of objects 19.

The action observation network (AON) encompasses brain regions that are especially active
during the observation of others’ actions 29, and includes the IFG, dorsal premotor cortex,
supplementary motor area, intraparietal cortex, posterior MTG, and fusiform face and body
areas. The AON encompasses both the AIS and the AAS. The putative human mirror neuron
system (MNS) is a part of the AON, and the MNS is distinctive because it is active both
during the production of action, and during the observation of others’ actions, indicating that
people process others’ actions by means of vicarious simulation. This simulation probably
facilitates the observer’s understanding of the action he or she is seeing 21. The MNS
comprises a largely fronto-parietal circuit 22, with the IPL, the inferior frontal gyrus, and the
STS traditionally considered central hubs of this network. The superior parietal lobe is
particularly involved in the common coding of perception and action 23, while inferior
parietal cortex is sensitive to the biological plausibility of actions 24, supporting the overall
idea that in this region others’ actions are processed in relation to the observer’s own
capacity to produce the action.

An observer’s prior experience with the action being observed modifies the simulation of
others’ actions 25 26, For example, the IPL is more activated by the observation of dance
movements with which the observer has greater personal experience 27 or general
familiarity 28. More specific types of experience with action also modulate subsequent
parietal activity during action observation. For example, learning about sensorimotor
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characteristics of object-directed actions (i.e., learning that an object is heavy or light) leads
to differences in the parietal cortex while observing object-related gestures 29. Similarly,
prior tactile experiences associated with actions modulate mirroring activity over central and
parietal areas during action observation 30, This work demonstrates that specific details of
one’s prior action experiences can change subsequent action processing in the parietal lobe.
Importantly, these studies have not found evidence for such effects in temporal lobe

regions 25 2731 Along with recent human functional neuroimaging evidence highlighting
the role of one’s own motor system in action understanding 17, the accumulating evidence is
consistent with the hypothesis that parietal action representations are self-referential.

ACTION ASSOCIATION AND THE POSTEROLATERAL TEMPORAL
CORTICES

The temporal lobe is implicated in recognizing actions and retrieving associated conceptual
representations. In this way, it serves as a perceptual and conceptual recognition system. The
areas of the lateral temporal lobe that are most involved in this process in the macaque
include the middle temporal gyrus (MTG), the superior temporal sulcus/gyrus (STS/STG),
and lateral regions bordering the occipital lobe. A recent voxel-based lesion-symptom
mapping study shows a pattern consistent with our proposed model. While patients with
parietal damage had pronounced imitation deficits, patients with damage to the left posterior
temporal gyrus had difficulties with tool-related tasks, which are unique in that they require
associations of certain actions to certain tools °.

The posterolateral part of the inferior temporal gyrus (area MT/MST) is responsive to visual
motion 32, While area M T provides input to parietal action-related areas °, it is also a critical
part of the AAS, feeding action information forward to the pMTG to be linked to abstract
conceptual knowledge. Posterior regions of the STS are particularly sensitive to biological
motion, like movement of the human body 27: 33 and fMRI research has shown that different
types of action observation (e.g., social communication or gaze perception) are differentially
encoded in the right STS 34. Together, the coordinated function of these regions recognizes
an action for what it is.

Regions in the temporal lobe link moving visual stimuli to conceptual information about the
content or purpose of dynamic actions. For example, while seeing a human form moving in
a certain pattern, an observer might identify the movement as “dance”, or as “classical
ballet”. This conceptual knowledge of actions relies on the bilateral posterolateral temporal
lobes 35. A wide array of functional neuroimaging work suggests that the posterior MTG
contains a semantic system in which associative mechanisms pair visual input conveying
actions (e.g., action words or images) with semantic action concepts 3% 36, Accordingly, a
primary function of the posterior MTG is to link observed actions with stored event-related
action knowledge 37. The storage of action concepts in this manner may follow a similarity-
based framework, such as has been previously described for object concepts 38. That is,
rather than storing an absolute representation of jumping, the brain encodes the concept of
jumping based on the similarities and differences shared by jumping and other cases that
share certain features (e.g., vaulting, twirling). Recent behavioral work shows that this sort
of similarity-based structure underlies tool use knowledge 3°. Under such a framework,
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action concepts are stored as semantic, generalized concepts, largely separate from any
direct relation to the self.

Action abstraction, wherein actions are generalized away from an actor or a specific
exemplar of an action, is an important function of the AAS. The pMTG, which encodes
conceptual action knowledge, abstracts away from the adjacent visual motion area MT 49, In
addition to moving stimuli, static images depicting actions and images of action-associated
objects (i.e., tools) also activate posterolateral temporal areas 17 41, suggesting that these
regions retrieve the action concepts associated with the image. Action representations may
be stored along a gradient of abstraction, in which the lateral occipitotemporal cortex
encodes concrete action representations (e.g. images depicting objects in motion) while
more abstract action-related concepts (e.g., words that describe dynamic events) are located
centripetally towards the perisylvian cortex 42: 43, In keeping with the spirit of dividing the
dorsal stream into a dorso-dorsal “reach and grasp” and a ventro-dorsal “use” sub-stream ©,
we suggest that the ventral stream is divided into ventro-ventral “object association” and a
dorso-ventral “action association” sub-streams.

ANATOMICAL FOUNDATIONS OF THE TWO SYSTEMS

Multimodal convergence zones in the parietal and temporal lobes help to conceptualize the
differences between these two action-processing systems. In the AlS, signals from the
external world are integrated with internal sensations and motor plans. In contrast, in the
AAS, signals from the outside world converge, with little input from our internal senses. We
suggest that types of sensory convergences that occur in parietal and temporal regions lay
the foundation for higher-order AIS and AAS streams. Single-unit recordings and
anatomical tracing studies show that in the primate ventral intraparietal area, exteroceptive
inputs (e.g., vision) converge with interoceptive tactile, proprioceptive and vestibular
inputs 44. In humans, the alPS performs similar superadditive integration of visual and
tactile inputs 4°. In the macaque, somatosensory and visual signals converge in the IPS,
integrating external and internal signals in a bidirectional manner 46, Taken together, the
convergence of internal and external signals in the posterior parietal lobe forms a link
between dynamic representations of our own body and the changing external environment.
This low-level link may be the foundation on which action-relevant sensations from the
external world are related to the self and mapped onto motor programs.

By contrast, in the posterolateral temporal lobe, exteroceptive visual and auditory signals
converge #7. The visual and auditory sensations processed in this area confer information
about the external world, and thus form the foundation of the AAS. In primates, single-cell
recordings reveal neurons that are sensitive to both auditory and visual stimuli in the

STS 48,49 Qverall, the lateral temporal lobe, which is the home of auditory processing and
visual motion detection areas (MT/V5), integrates auditory and visual inputs from the
external world, via connections with the superior colliculus 4. In humans, the STG is
involved in speech comprehension, which relies on the integration of auditory and visual
cues 20, The neural organization of audiovisual integration areas supports our proposal that
this design of sensory convergences might be the low level link upon which actions are
represented as independent from the self.
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Despite being conceptually and anatomically distinct, AIS and the AAS are usually
seamlessly coordinated. The way this integration occurs is not entirely understood, but likely
involves both the posterior and anterior aspects of the respective streams. Connectivity
analyses demonstrate that the AIS and AAS each make contributions to action observation,
and that the strength of these connections changes as a result of experience with actions °1.
Additionally, recent findings suggest that parts of the occipito-temporal cortex, such as the
extra-striate body area and adjacent object recognition areas are not just passively
responsive to the perception of bodies and objects. Areas within occipito-temporal cortex
that generally respond to visual representations of the limb and trunk are also partially
responsive to first person movement of those same body parts 2. Whether this activation is
driven by actual input from motor programs, or by vivid imagery or proprioceptive signals
that accompany motor movements, is not yet known.

The AIS and AAS may also exert modulations upon one another. For example, short-term
movement intentions can override long-term semantic associations of how an object is
typically used 53 (for review, see 54). In these cases, semantic information (reliant on the
AAS) is selectively activated depending on whether it is in accord with the immediate goal
of the actor (reliant on the AIS). In contrast, the AAS can modulate the functioning of the
AIS. For instance, short-term movement goals may be executed more quickly if they are
congruent with higher-level conceptual goals >°: 96, Future research should more closely
consider the contextual variables that influence these interactions and the neuroanatomical
substrates upon which they rely.

Anatomical connections may provide additional hints about how the AIS and AAS function
together. Anteriorly, the aSTG and parts of the dorsolateral prefrontal cortex are connected
by the temporo-frontal extreme capsular fasciculus. The importance of this pathway, has not
been adequately appreciated in recent research °’. First described by Petrides and Pandya in
the macaque °8, the human analog of this connection has been confirmed in recent years >’
The temporo-frontal extreme capsular fasciculus may serve to organize the aSTG with
prefrontal cortices into a coordinated functional unit and might integrate associative
knowledge of actions with their implementation.

NOWLEDGE AND LANGUAGE

The neural organization of action language parallels our proposed distinction between the
AIS and AAS. Actions typically involve objects in dynamic relation to the observer or to
other entities. In English, these dynamic relations are referred to by distinct linguistic
constituents that identify how objects move, and where they are located 9. For example, in
the sentence The girl skips down the hill, the verb “skips” describes the girl’s manner of
motion, and the prepositional phrase “down the hill” refers to her locative path of motion.
Attending to the manner of motion in visual events activates posterior inferior/middle
temporal cortex while attention to path is associated with activity in the intraparietal sulcus
and posterior middle frontal gyrus €. This segregation of dynamic visual attributes extends
to the functional-anatomic organization of their linguistic counterparts.
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Action language processing in the temporal lobe is concerned with conceptual understanding
of actions without relying on a first person reference. Posterolateral temporal brain regions
including the MTG are tuned to the abstract action concepts conveyed by action verbs 43: 61,
For example, Bedny and colleagues %2 suggest that while reading action verbs, posterolateral
temporal cortex abstracts away from sensorimotor information and groups words according
to semantic categorizations or grammatical classifications. Furthermore, thematic role
knowledge, which is the understanding of who is doing what to whom, is determined by how
verbs organize meaning conveyed by a sentence. Patients who have damage to the MTG and
STG have difficulty with this higher-order understanding of actions 3.

Given the AIS’ specialization for linking our bodies’ actions to the external world, it is not
surprising that linguistic information conveying locative knowledge is aligned anatomically
with this system. Locative knowledge encodes spatial relationships between entities (e.g.,
between or under). When planning movements, knowing whether to direct an action to an
object on the table or behind a curtain is critical. Understanding locative prepositions such as
these relies on the supramarginal gyrus 84 65, Similarly, the end points of goal-directed
actions rely on location information, which is processed in parietal and frontal regions 6.
Thus, while the lateral temporal lobe specializes in action verbs that describe manners of
motion that are independent of the self, parietal cortices are critical for situating actions in
relation to one’s own location in space.

Conclusion

Our knowledge of actions occurs at different levels of functional and anatomic organization
in the brain that are integrated almost seamlessly. We understand familiar actions such as
seeing somebody throw a ball—an action we may have performed many times. We might be
at bat and prepare to hit a ball that the pitcher throws. Or we might watch a sport like
curling, which we have never played, although we may understand the nature of the actions.
We might see a snake slithering through the grass and react to the threat it poses, although
we lack the motor capacity to slither. We might even appreciate the beauty of a swelling
ocean wave, an action that lacks agency. Each of these instances of action processing draws
upon the two action systems of the human brain, either by involving both processing streams
simultaneously, or by relying on one more than the other. By conceptualizing actions in
reference to the neural underpinnings of their implementation and association we are able to
categorize their first- or third-person relevance, their relation to tool use or conceptual roles,
and their links to different elements of language. This new way of looking at action
processing has significant implications for the fields of visual perception, psycholinguistics,
and cognitive neuroscience. Most critically, the descriptions of the AIS and the AAS should
prevent the conflation of these two action systems as researchers pursue new avenues of
inquiry. Future research should continue to explicitly contrast the functions of these two
systems across a variety of domains.
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Schematic image depicting the Action Implementation and Action Association Systems,

along with the Object Association system. Separate and shared characteristics of these
systems are shown. Dorso-dorsal “reach-to-grasp” and ventro-dorsal “use” streams

correspond to those described by Buxbaum and colleagues .
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