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Two ‘what’ pathways for action and
object recognition
Moritz F. Wurm 1,* and Alfonso Caramazza1,2

The ventral visual stream is conceived as a pathway for object recognition.
However, we also recognize the actions an object can be involved in. Here,
we show that action recognition critically depends on a pathway in lateral
occipitotemporal cortex, partially overlapping and topographically aligned with
object representations that are precursors for action recognition. By contrast,
object features that are more relevant for object recognition, such as color and
texture, are typically found in ventral occipitotemporal cortex. We argue that
occipitotemporal cortex contains similarly organized lateral and ventral ‘what’
pathways for action and object recognition, respectively. This account explains
a number of observed phenomena, such as the duplication of object domains
and the specific representational profiles in lateral and ventral cortex.

Is there a ‘what’ stream for action recognition?
The ventral stream, specifically ventral occipitotemporal cortex (VOTC) (see Glossary),
has been conceptualized as a pathway for the recognition of objects [1,2] (e.g., scissors, my
grandmother, or the Eiffel Tower). Broadly, the ventral stream is organized along two orthogonal
axes: a posterior–anterior gradient mediating the transformation from perceptual to more general,
conceptual representations [3] and a medial–lateral specialization for different, evolutionarily
salient knowledge domains such as animate and inanimate objects [4,5] andmore specific object
categories like faces, body parts, tools, and places [5–7]. This categorical specialization is
thought to be driven by the connectivity to different downstream regions, for example, networks
for social cognition, object manipulation, and navigation [8,9].

However, we do not only recognize objects (what is it?) but also the actions an object can be
involved in (what is it doing?; e.g., cutting, running, or greeting). Recognizing actions (and
perhaps also inanimate and unintentional events, e.g., colliding or slipping) plays a key role in
guiding our behavior, as it provides the basis for inferring others’ plans and desires, reacting
appropriately, and social learning. Hence, it seems plausible that evolutionary pressures led to
the development of neural circuits specialized for action recognition. Here, we use a functional
approach to address the following questions: Which parts of the brain form a what pathway or
pathways for action recognition? Do similar organizational principles apply to actions as has
been observed for objects? Since action recognition usually builds on the recognition of objects,
in that actions are constrained by the properties of objects as agents, instruments, or recipients of
actions, how do the neural representations of objects (e.g., body parts, tools, or fruits) and
actions (e.g., running, cutting, and eating) relate to each other? To address these questions,
we focus on action aspects that capture what an action is for; typically the effect of an action
(e.g., opening as a means to bring something into an open state), and leave aside other kinds
of action knowledge, such as knowledge related to action production (how to perform a certain
action, e.g., with the hand or foot) or the hiddenmotivations and reasons of actions (why an action
is performed, e.g., drinking to quench thirst), which may rely on complementary neural systems.

Highlights
Object recognition draws on a ventral
what pathway. Is there also a what path-
way for action recognition? Recent neu-
roimaging findings suggest that critical
stages of action recognition draw on a
pathway in lateral occipitotemporal
cortex.

This lateral action pathway is organized
along two main dimensions: a posterior–
anterior gradient from perceptual action
precursors to conceptual action repre-
sentations and a dorsal–ventral distinction
that segregates animate and inanimate
action aspects. This organization mirrors
the domain-specific organization of the
ventral object pathway.

We propose that occipitotemporal cor-
tex subdivides into lateral and ventral
what pathways for action and object
recognition. This view explains several
observed phenomena of functional
organization and thereby extends and
concretizes previous conceptions of
pathways in visual cortex.
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While action recognition draws on a network of occipitotemporal, parietal, and frontal brain
regions, recent proposals emphasized the role of the lateral occipitotemporal cortex
(LOTC) in representing various action-related aspects such as tools and body parts and their
movements, verbs, and higher-level semantic action knowledge [10–12]. The LOTC is located
in a pathway that appears structurally separate from the traditional dorsal and ventral pathways
[12–15]. In the following, we build on these foundations and integrate the different functional
roles proposed for this pathway with recent findings pointing toward an action recognition hierar-
chy in the LOTC that mirrors the domain-specific organization of the ventral object pathway. We
argue that the original conception of the ventral stream as a what pathway can be extended to the
LOTC. According to this view, lateral and ventral parts of the OTC subserve complementary
recognition functions, with subordinate specializations for action and object recognition, respectively.
This interpretation explains several observed phenomena, such as the dissociation of response
preferences for object properties that are disproportionally relevant for action or object recognition
(e.g., motion and color, respectively) and the duplication of response preferences for certain object
categories that are important for both action and object recognition (e.g., body parts, faces, and in-
animate objects).

Neural representations for action recognition in the LOTC
Action recognition is associated with activation of a network consisting of the LOTC and lateral
frontal and parietal brain regions [10,16,17]. Since recognizing an action (e.g., cutting an apple)
usually includes the visual analysis of objects (apple, knife, and hands), a straightforward interpre-
tation is that the LOTC processes perceptual action details like body parts and objects and their
movements whereas higher-level conceptual action aspects are encoded more anteriorly and
dorsally in frontoparietal cortex. However, findings taken to support this view also allow alternative
interpretations [16,18], and other findings – in particular those based on the performance of brain
damaged individuals [19,20] – provide counterevidence against this view (but see [21]). Instead of
reviewing the arguments resulting from this large body of work, we focus in this section on more
recent neuroimaging studies which aimed at characterizing the representational profiles of
occipitotemporal and frontoparietal regions with specific regard to conceptual action representation,
that is, the ‘cardinal stage’ of action recognition that captures the core ‘what’meaning of an action.
We then use this stage as an anchor point from which we move posteriorly to characterize more
basic, perceptual levels of action representation.

Conceptual action representations
Which parts of the brain represent actions at a conceptual level? We define three criteria that
seem necessary (but not sufficient in isolation): (i) an action concept (e.g., opening) should gener-
alize across different exemplars of the action (e.g., the opening of a bottle or of a box); (ii) an action
concept should generalize across different input modalities or stimulus formats, for example, it
should respond to both the observation of an action and to a verbal description of that action;
and (iii) the similarity of conceptual action representations should follow specific semantic princi-
ples (see Box 1 for further details). Recent advances in neuroimaging, specifically multivariate
pattern analysis (MVPA) and representational similarity analysis (RSA), allow identifying brain
regions that meet these criteria. fMRI studies using these approaches revealed exemplar–general
action representations in the anterior and posterior LOTC and inferior parietal lobe (IPL). Action
representations in these regions generalize across perceptual variants of these actions differing
in terms of the objects involved, for example, bottles, boxes, doors, and trash bins [22–25],
and the body parts [22] and their movements [25] needed to manipulate these different objects.
Frontal brain regions, such as premotor cortex, are mostly found for the discrimination of actions
that differ not only conceptually but also in terms of involved body parts [26] or body movements
[24], suggesting that frontal representations encode effector- and movement-related rather than
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Glossary
Action: purposeful behavior that has a
certain impact on the world (e.g., on
objects, others, the self) and thereby
serves to achieve a certain goal. We
broadly distinguish physical actions that
are carried out motorically (e.g., kicking,
cutting, and greeting) from nonphysical,
typically mental actions (e.g., thinking
and planning). We distinguish what an
action does (the effect of an action) from
how an action does it (or the means of
how an action is carried out) and why an
action is carried out (the underlying, hid-
den motivation or intention of an action).
Goal: the outcome that is aimed to be
achieved by an action, typically a certain
state of an object, another person, or the
self. Goals refer to mental states of the
acting person and should therefore not
be confused with actions. Goals usually
match the actually performed action, but
not necessarily (e.g., she has the goal to
bend the stick, but accidentally breaks
it).
Lateral occipitotemporal cortex
(LOTC): coarsely defined cortical region
centered around the lateral occipital sul-
cus, which separates the anterior LOTC
(i.e., lateral posterior temporal cortex)
fromposterior LOTC (i.e., lateral occipital
cortex). We conceive the LOTC as part
of the lateral visual pathway (or stream),
which emerges from the primary visual
cortex, continues through the LOTC,
and eventually reaches the lateral tem-
poral cortex.
Multivariate pattern analysis
(MVPA): a method used in neuroimag-
ing to discriminate neural activation pat-
terns associated with different
representations, for example, of recog-
nized actions.
Object: we use the term object in a
context-dependent manner. In a general
context, we refer to objects as both ani-
mate or inanimate entities in the world (e.
g., person, dog, apple, knife, and
house). With this definition, we differen-
tiate, for example, object from action
recognition. In the context of objects as
agents, instruments, or recipients of
actions, we refer to objects exclusively
as inanimate entities. Thus, actions can
be directed at, or involve the interaction
with, persons (or other animate entities
with mental states) or (inanimate)
objects.
Recognition: the process that enables
the match of a percept with a memory
content, which broadly consist of the
perceptual analysis of a stimulus (e.g.,



Box 1. Localizing conceptual action representations in the brain
Neural representations of action concepts should fulfil three criteria. (i) An action concept (e.g., opening) should generalize
across different concrete instantiations of the action type (Figure IA, left). Note that this criterion is stricter than viewpoint or
movement invariance; for example, when observing the same action from different viewpoints or when the same action
outcome is achieved with different body movements. Representations that generalize across the latter dimensions could
also capture higher-level perceptual features such as viewpoint-invariant motion trajectories or shape. Exemplar–general
action representations can be identified by training a classifier to distinguish neural activation patterns associated with the
observation of different actions (e.g., of opening and closing bottles) and testing the classifier on its ability to distinguish the
same kinds of actions on different objects (e.g., boxes). (ii) An action concept should generalize across different input
modalities; for example, observation or language (Figure IA, middle). Modality-general action representations can be
identified by training a classifier to discriminate activation patterns associated with observed actions and testing the classifier
on its accuracy to discriminate activation patterns associated with corresponding action sentences. (iii) The representational
similarity of different action concepts should reflect their semantic similarity rather than similarity along concept-irrelevant
dimensions (Figure IA, right). Among different semantic dimensions, we here refer to ‘what’ aspects that are critical for
defining an action’s meaning. For example, the core ‘what’ meaning of hitting is the (forceful) contact with another object
rather than the fact that it can be carried out with the foot or with the hand, which reflect narrower meanings related to
‘how’ aspects. Using RSA, the similarities between activation patterns associated with different actions can be compared
withmodels of similarity that capture, for example, whether actions are directed toward persons or involve an interaction with
manipulable objects. fMRI studies that were specifically designed to localize neural representations that meet these criteria
reveal converging evidence for conceptual action representation in left anterior LOTC (Figure IB).

TrendsTrends inin CognitiveCognitive SciencesSciences

Action representation:

Exemplar-general
Modality-general
Semantic similarity

Generalization across exemplars

Peeling

Cutting
Greeting

Talking

Generalization across modality Similarity along semantic dimensions

Swimming

RunningShe opens
the bottle

(A)

(B)

R
ep

re
se

nt
at

io
na

l 
di

st
an

ce

MOG

SOG

IOG
MTG

STG

ITG

TOS

Ln
S

LO
S

STS

ITS

23

22
25

27b 30

27d

27c

27a

24a

24b

Figure I. Three criteria for conceptual action representation. (A) Schematic overview of the criteria. (B) Results of
multivariate pattern analysis (MVPA) studies that tested these criteria (peak coordinates). Numbers correspond to
references listed in this article; letters refer to separate analyses/experiments within the same study. The white area
indicates the coarse boundaries of the lateral occipitotemporal cortex (LOTC); light blue and green subregions indicate
anterior and posterior LOTC, respectively. Abbreviations: IOG, inferior occipital gyrus; ITG/ITS, inferior temporal gyrus/
sulcus; LnS, Lunate sulcus; LOS, lateral occipital sulcus; MOG, middle occipital gyrus; MTG/MTS, middle temporal
gyrus/sulcus; SOG, superior occipital gyrus; STG/STS, superior temporal gyrus/sulcus; TOS, transverse occipital sulcus.

Trends in Cognitive Sciences
OPEN ACCESS

Trends in Cognitive Sciences, Month 2021, Vol. xx, No. xx 3

object shapes and movement patterns)
and the access of more general, con-
ceptual knowledge. This memory con-
tent can also be accessed without
perception, for example, through lan-
guage. At the neural level, this match is
reflected by the activation of a specific
neural population – the activated neural
population therefore represents the
content (at a certain level of generality),
which implies discrimination from other
contents. Operationally, discrimination
can be tested using MVPA.
Ventral occipitotemporal cortex
(VOTC): cortical region defined by the
following lateral, medial, posterior, and
anterior boundaries: occipitotemporal
sulcus, parahippocampal gyrus, poste-
rior transverse collateral sulcus, and
anterior end of the fusiform sulcus. The
VOTC is conceived as part of the ventral
visual pathway (or stream), which is
thought to project from primary visual
cortex along VOTC to the temporal pole.



conceptual action information. Modality–general action representations, which are accessible
both via observation and written descriptions, were found using fMRI-based crossdecoding in
the left anterior LOTC [27]. In the same study, RSA revealed that the neural similarity of modality–
general action representations in the anterior LOTC can be predicted by models that capture
various semantic aspects: whether actions are directed toward persons or not, directed toward
inanimate objects or not, or similar in terms of more complex semantic relations. This finding is in
line with other studies investigating the representational organization of observed actions: Person
and object directedness (also labeled sociality and transitivity, respectively) captures the similarity
of activation patterns associated with observed actions in the LOTC [24,28]. The latter studies
also found that frontoparietal and VOTC regions are sensitive to the person and object directed-
ness of actions. However, only the left LOTC is found to be sensitive to semantic action dimensions
when perceptual factors that typically covary with person and object directedness, such as
reaching/grasping movements and presence of persons and objects, are explicitly modeled and
thus controlled for [29,30]. These findings suggest that conceptual action representations are
primarily represented in the left LOTC, whereas frontoparietal regions and the VOTC encode
stimulus-specific action-related aspects. It is nonetheless possible that other regions meet
conceptual criteria but are not detected with current neuroimaging methods. For example,
single-cell recordings in humans have revealed that, in parietal cortex, action representations can
be found that generalize across action videos and verbs [31]. However, the neural response profile
found in this study were best explained by a model that captured stimulus-specific aspects,
pointing toward a role of parietal cortex that is different from conceptual representation (see also
[32]) (Box 2 for possible roles).

Taken together, these studies demonstrate that the left anterior LOTC meets all three criteria for
conceptual action representation. This interpretation is in line with evidence from transcranial
magnetic stimulation (TMS) studies [33], single-cell recordings in monkeys [34], and neuropsy-
chological evidence [19], although further research is needed to directly compare the causal
roles of the frontoparietal cortex and LOTC in accessing conceptual action representations.
Another open question concerns the selectivity of the LOTC for the representation of action
concepts; it could be that other kinds of information are also represented in this region. The

Box 2. The role of frontoparietal cortex in action recognition
The frontoparietal cortex, specifically premotor cortex and IPL, are typically activated during action recognition. The
neuroimaging evidence presented here argues against the view that these brain regions represent actions at conceptual
levels that captures the core ‘what’ meaning of actions. In addition, there is accumulating evidence against the view that
sensorimotor representations of actions in frontoparietal cortex are strictly necessary for action recognition [18,20,111–114].
What then could be the role of frontal and parietal regions in action recognition and representation? Various studies suggest
that frontoparietal regions, in particular anterior IPL, are necessary for knowing how a tool is grasped and manipulated for
proper use [104,115]. In line with this view, the frontoparietal cortex appears mostly sensitive to the kinematics of actions
[111]. Besides these ‘how’ aspects of action knowledge, there are also ‘why’ aspects, which capture the hidden motives
underlying an action, such as desires, goals, and intentions. These inferred aspects of actions might be represented in
frontoparietal regions, specifically in posterior IPL [116] or regions of the mentalizing network such as the temporoparietal
junction and anterior STS [117,118]. Additionally, frontoparietal regions are likely involved in action recognition by providing
supportive functions related to working memory [119] and visuospatial and attentional processes that are disproportionally
relevant for action recognition relative to object recognition [16]. According to a recent proposal, IPL might also play a role
in representing the ‘social affordances’ of actions, by integrating observed body movements and the effects of an action
(originating from the LOTC) with potential motor plans to support the selection of behavioral reactions in frontal cortex [17].
Finally, frontoparietal regions could be involved in processes that follow action recognition such as activating associated
motor representations in the service of learning and imitation [113], and anticipating future actions and events based on
the recognized action [120]. Some of these functions also relate to mechanical reasoning, which may be particularly impor-
tant for inferring the meaning of unfamiliar actions or functions of novel tools [11,104]. Related to this point, understanding
how different entities in an observed action scene causally impact with each other might be represented at a perceptually
invariant level and independent of object identity. This kind of representation might explain the finding of exemplar-general,
but not modality-general action decoding in parietal cortex [22–25,27].
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anterior LOTC comprises a region around the middle temporal gyrus (MTG) and superior temporal
sulcus (STS) that responds to verbs (relative to matched nouns) [35], including verbs referring to
nonphysical actions (e.g., think) [36] and states (e.g., exist) [37], pointing toward a more general
role of the lateral temporal cortex in representing predicate structures that capture what happens
and what is [38]. The anatomical location of the anterior LOTC between the visual cortex and
language-related MTG/STS appears ideal for the representation of such structures.

Perceptual action precursors
At its posterior end, the 'conceptual action' LOTC borders on regions that are disproportionately
activated by entities like body parts [39], tools, and other manipulable objects [4–6,40], and
typical movements associated with them [41–43]. The posterior LOTC is also sensitive to
visuospatial interobject relations, for example, how persons are oriented toward each other
[29,44,45]. Likewise, person–object pairs can be decoded over and above collapsed
responses to persons and objects in isolation, pointing toward the integration of person and
object information into a single functional unit in the LOTC [46]. Moreover, an anterior–ventral
subregion of the extrastriate body area (EBA) shows representational overlap between hands
and tools [6,40,47] suggesting a representation of hand–object interaction that may function
as a precursor for the recognition of object-directed actions. Finally, representations in the pos-
terior LOTC are sensitive to the directedness of an action toward different classes of targets
such as persons or inanimate objects (e.g., moving a cup towards a person or towards a
saucer), over and above movements per se as well as the presence of these different entities
in the action scene [29]. These more basic types of representation in the posterior LOTC are
necessary for action recognition and thus can be considered perceptual precursors of
higher-level, conceptual action representations in the anterior LOTC. The functional distinction
between the posterior and anterior LOTC suggests a hierarchy of processing, from more basic
perceptual to more integrated conceptual action representation.

Topographical alignment of action and object representations in the LOTC
For each level of representation – single entities, their movements, action directedness, and
conceptual action aspects – categorical preferences are observed in dorsal and ventral subregions
of the LOTC: sensitivity to animate entities, body parts, their canonical movements, orientation of
persons relative to each other, and actions directed toward persons is preferentially found in dorsal
rather than ventral subregions of the LOTC, whereas sensitivity to inanimate entities like tools,
action-specific tool motion, and actions directed towards or involving manipulable objects
is found in ventral rather than dorsal subregions of the LOTC [4,5,24,27,29,41,42,48–51]
(Figure 1). The domain-dependent alignment of action and object representations can be explained
by the specific roles that objects play in different kinds of actions and their importance for action
identification: Recognizing social, person-directed actions like greeting relies on information such
as body posture and movements, person orientation, as well as other socially relevant cues like
facial expressions. By contrast, recognizing object-directed actions like cutting relies more on
the recognition of inanimate objects and their configurations and state changes. Likewise,
manipulable objects in isolation (as well as their properties like shape, material, weight, etc.)
can trigger which actions can be done with them, suggesting a tight association between
objects and the actions they afford. Based on the notion that functional organization in the
brain is determined by the connectivity between associated regions [8] it follows plausibly
that associated action and object representations are encoded along a common pathway.
The topographical alignment thus suggests that aspects of action and object knowledge
depend on each other in anterior and posterior LOTC, consistent with the view that object
representations in LOTC capture the roles that objects play as agents, instruments, and recipients
of actions and events.
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Distinct pathways for action and object recognition in the OTC
The representational organization in the LOTC can be described along two major dimensions: a
posterior–anterior gradient from entities and perceptual action precursors to conceptual action
representations and a dorsal–ventral distinction that segregates animate and inanimate action-
relevant aspects. This organization suggests that the LOTC contains a hierarchically organized
pathway for action recognition that integrates basic components of actions into conceptual,
perhaps proposition-like, representations that capture the ‘what’ meaning of actions. This idea
of an action pathway in the LOTC aligns well with previous, anatomically and functionally
motivated proposals of a pathway in the LOTC [2,10,12–15]. However, there are some important
extensions. Contrary to some previous proposals [13,14], we propose that the lateral pathway
processes not only motion but also other information that is critical for action recognition such
as object shape and interobject relations. Moreover, we propose that the action pathway is
organized along a major segregation – animate versus inanimate action aspects – that mirrors
the organization of the VOTC (Figure 2, Key figure) (see Box 3 for a more detailed discussion of
other proposals and their relations to the proposal made here).
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Figure 1. Overview of effects discussed. Numbers correspond to the peak coordinates of references listed in this article;
letters refer to separate analyses/experiments within the same study. Labels of classical functionally defined areas for body
parts, faces, and places are included for orientation. These labels are meant to serve as coarse landmarks rather than
precise localizations of the functional areas. Reddish number/text colors indicate person/animate-related representations,
blueish colors indicate inanimate-related representations. Colored areas indicate coarse outlines of specialized areas:
person/animate-related (red), inanimate-related (blue), verbs (magenta), shape/form (yellow), conceptual/semantic action
and object representations (white). Abbreviations: CoS, collateral sulcus; EBA, extrastriate body area; ErC, entorhinal
cortex; FBA, fusiform body area; FFA, fusiform face area; FS, fusiform sulcus; hMT, human (middle temporal) motion area;
lFG, lateral fusiform gyrus; LG, lingual gyrus; mFG, medial fusiform gyrus; OFA, occipital face area; OPA, occipital place
area; OTS, occipitotemporal sulcus; PhC, parahippocampal cortex; PPA, parahippocampal place area; PrC, perirhinal
cortex; RS, rhinal sulcus (see Figure I in Box 1 for lateral brain regions).
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The proposal of a lateral action recognition pathway in the LOTC also has important implications
for the interpretation of dorsal and ventral pathways. First, it suggests that action recognition –

from perceptual to conceptual action representation – primarily draws on the LOTC rather than
dorsal pathway regions in the frontoparietal cortex. This does not rule out that frontoparietal
regions are involved in action recognition. Coactivation of the LOTC and frontoparietal regions
during action recognition and the tight structural interconnections between these areas [52]
point toward a strong interplay between these regions during action recognition. However, the

Key figure

Schematic overview of the proposed organization of lateral, ventral, and
dorsal pathways
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Figure 2. Black broken arrows indicate functional connections between pathways and functional connections from
pathways to other brain regions discussed in this article. Connections between pathways are displayed as double-sided
arrows to indicate that flow of information is expected to be bidirectional without following a strict hierarchical order (lateral
connections). Single-sided arrows indicate projections from pathways to downstream targets. Neither type of arrows
implies directionality (all connections are expected to be reciprocal). The displayed connections do not constitute an
exhaustive summary of all connections; connections beyond the scope of this article are not included. PMC and PC are
highlighted to indicate their preeminent connectedness with LOTC. Abbreviations: a/pLOTC, anterior/posterior LOTC; IFG,
inferior frontal gyrus; PC, parietal cortex; PMC, premotor cortex; TPJ, temporoparietal junction.
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precise role of frontoparietal regions in this network remains unclear, and the evidence for
different network models of action recognition is mixed [53]. Recent studies showed that
occipitotemporal and frontoparietal regions form separate networks based on the distinct repre-
sentational similarities of observed actions [54] and objects [55] within those regions. This seems
to argue against a strict processing hierarchy (e.g., from the LOTC over parietal to frontal cortex)
and rather suggests that occipitotemporal and frontoparietal regions provide different functions
rather than a common function. Potential roles of frontoparietal regions during action recognition
are discussed in Box 2.

Second, our proposal sheds new light on the role of object representation in the LOTC and
VOTC. Regions that preferentially respond to object categories (like body parts, faces, and
tools) and a large-scale distinction into animate and inanimate entities are found in both the
LOTC and VOTC [4,5] (Figure 1). These regions are typically discussed with a focus on object
recognition and memory, and often they are considered to belong to the ventral visual system
(as opposed to the dorsal pathway) [4,56]. A dominant proposal for the duplication of domain-
specific response preferences is that the LOTC and VOTC process different aspects of objects
related to motion and form, respectively, for example, how tools or animals typically move versus
their shapes [41,42,48,57,58]. However, the evidence presented here suggests that the LOTC
represents information beyond motion: LOTC action representations generalize across different
movements, and the LOTC discriminates between two identical movements that are directed
at different targets, such as objects and persons. In line with these findings, the LOTC also
shows sensitivity to the form of objects [55,59,60], even for meaningless shapes that do not
imply motion [61–64]. Finally, the anterior LOTC shows the same level of activation for verbs
describing nonmotor, mental actions as for physical actions [36]. Our proposal offers a simple
alternative to the form versus motion interpretation, namely that LOTC object representations

Box 3. An updated model of pathways in high-level visual cortex
The action recognition hierarchy in the LOTC coincideswith a lateral structurally defined pathway that is distinct from dorsal
and ventral pathways [2,13–15]. What are the similarities and differences with other proposals about the function of this
pathway [10,12–14]?

Early proposals emphasized visual motion as the dominant feature processed in the lateral pathway [14]. Relatedly, Pitcher
and Ungerleider highlight the sensitivity to moving faces and bodies and suggest that this pathway processes dynamic
aspects of social perception [13] that do not match the ‘what’ and ‘where/how’ profiles of the ventral and dorsal pathways,
respectively. Lingnau and Downing [10] highlight the diverse nature of action-related representations in the LOTC,
including the representation of tools, verbs, and action concepts. They characterize the LOTC as a mosaic of several
overlapping types of representations, some of which are organized along gradients (e.g., concrete–abstract, visual–
multimodal, perceptual–intentional, and body–tool motion). Weiner and Grill-Spector [12] propose a lateral pathway from
visual (e.g., form and motion) to multimodal processing (e.g., visual, tactile, and verbal). While not explicitly framed as a
pathway for action recognition, they highlight the role of anterior LOTC as a convergence zone for action representation,
similar to Lingnau and Downing’s proposal.

Our model (see Figure 2 in main text) extends motion-centric models by considering also nonmotion aspects such as
object shape and interobject relations. The models proposed by Weiner and Grill-Spector and Lingnau and Downing,
and our model all ascribe action representation as a central function of the LOTC. While Lingnau and Downing offer a
number of organizational axes, Weiner and Grill-Spector more explicitly propose a distinction between the posterior and
anterior LOTC for perceptual versus modality-general representation that is similar to the posterior–anterior axis of
organization in our model. A key difference with other lateral pathway models is that ours introduces a second organiza-
tional axis for animate and inanimate object and action aspects. A second key difference concerns the roles of, and the
relation between, the lateral and ventral pathways. Previous accounts conceive the lateral pathway as being functionally
distinct from both the ventral and dorsal pathways. However, there are significant parallels between the lateral and ventral
pathways. Both pathways are similarly organized, with a major segregation between animate and inanimate action/object
information. This organizational similarity might reflect similar, complementary functions in recognizing (and knowing about)
actions and objects, respectively. In our model, lateral and ventral pathways subserve common superordinate functions in
recognition and memory as opposed to the functionally more distinct dorsal ‘where/how’ pathway.
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do not subserve object (feature) recognition as such but rather function as precursors for action
recognition – as agents, instruments, and recipients of actions. By contrast, object recognition
predominantly depends on the VOTC in the ventral pathway. This interpretation plausibly explains
the duplication of object responses in the VOTC and LOTC. The VOTC is tuned to certain object
domains (or features that correlatewith a domain) in the service to recognizewhat object it is, whereas
the LOTC is tuned to certain object domains/features in the service to recognize what the object is
doing. Notably, some object features might be important for both action and object recognition
(e.g., shape), whereas other features may be more involved with one or the other function (e.g., mo-
tion, color, and texture). Likewise, some object categories or object parts might be disproportionally
relevant for either action or object recognition (e.g., tools, scenes, or certain body effectors, face parts,
etc.). Predictions derived from these considerations are discussed in the following sections.

Dissociations of object aspects in the LOTC and VOTC
Motion, which is disproportionally important for action as compared to object recognition,
activates the LOTC to a stronger degree than the VOTC [41,42]. By contrast, the reverse pattern
is observed for color [65,66] and texture/material [61,63,64] – features that are important for
object recognition (as well for motorically interacting with objects) but virtually irrelevant for action
recognition. These distinctions may not be clear cut; for example, subtle color responses have
been found in an LOTC region that seems consistent with the homologue macaque area V4d
[67], which also responds to color [68]. Both the LOTC and VOTC are sensitive to object
shape [61,62], which is important for both action and object recognition.

The LOTC responds more strongly to predominantly action-involved body parts (hands and feet)
relative to noneffector body parts like waist and chest, whereas the reverse pattern is found in the
VOTC [69]. Moreover, posterior superior temporal sulcus (pSTS) appears more sensitive to facial
actions and expressions [70,71], whereas the fusiform face area (FFA) appears more sensitive to
face identity [72–74], although this dissociation seems not absolute [75,76]. Likewise, the VOTC
is more sensitive than the LOTC in discriminating animal types (e.g., primates, reptiles, and birds),
whereas the LOTC is more sensitive than the VOTC in discriminating actions of animals
(e.g., fighting, eating, and running) [77].

Representations in lateral areas for faces, human bodies, and inanimate objects are more part
based and orientation dependent, whereas representations in their ventral counterparts are
more holistic and dependent on correct configurations of their parts [78]. This fits the proposal
made here since recognizing actions reliesmore on specific object parts (e.g., hands, feet, handles,
and knobs), whereas object recognition requires capturing objects as wholes. Viewpoint-invariant
representations of body part postures, which are indicative of actions like grasping or communica-
tive gestures, have been found in the human LOTC, but not VOTC [79].

Tools are exclusively made to support actions. Hence, recognizing a tool usually serves to recog-
nize its function, and to act with it. According to our proposal, the LOTC encodes the action
associated with a tool, that is, its function, whereas the VOTC encodes features important for
using the tool, for example, size andweight (e.g., scissors versus shears) and texture andmaterial
(sharp andmetal). Naming the functions of tools activates the LOTC [80], and the LOTC responds
to tool words also in blind individuals, suggesting that tool representations in the LOTC are acces-
sible independently of visual shape or motion [81]. Studies specifically investigating surface
properties of tools are sparse. Surface properties of tools are not only relevant for manipulating a
tool but also for its function. Thus, tool function often covaries with certain properties (e.g., that
both knives and scissors have a sharp metal part), which might explain why surface-property-
sensitive regions in the VOTC group tools based on their functions [82,83].
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Finally, dissociations are also observed for scenes in line with our proposal. The parahippocampal
place area (PPA) in the VOTC seems most sensitive to scene layout and landmarks [7,84],
whereas in the LOTC, scenes are organized along actions that usually take place in them [85].
This scene effect in the LOTC does not coincide with the occipital place area (OPA), which is
locatedmore posteriorly [86] andmight be better ascribed to the dorsal pathway, although anterior
parts of the OPA might overlap with the LOTC as defined here. Although the OPA is more strongly
associated with the detection of scene boundaries and navigational affordances [7], TMS to the
(right) OPA impairs scene discrimination [87,88]; a function that is usually not associated with the
how/where profile of the dorsal pathway [89].

Relationship between functional topography and retinotopy
Many of the functional responses described in the previous section overlap with retinotopic
maps in the lateral and ventral pathways. How is action- and object-related information
topographically related to retinotopic organization? In the LOTC, retinotopic maps appear to
overlap the posterior LOTC, but not anterior LOTC [86,90]. By contrast, in the VOTC, some
anterior regions, for example, the PPA, show retinotopic organization, but retinotopic maps
seem restricted to regions medial to the fusiform sulcus [91,92], whereas lateral areas like
the FFA do not overlap known retinotopic maps and are foveally biased [93]. A reason for
this organization could be that medial VOTC regions have preferences for position-specific
object information important for navigation and object manipulation, whereas the lateral
VOTC and anterior LOTC preferentially process less position-relevant information like animate
entities and their actions, respectively.

Another noteworthy distinction, revealed by human fMRI [94] and macaque tracer studies [95], is
that the anterior VOTC shows a preference for the upper visual field, whereas a reverse prefer-
ence for the lower visual field is found in the LOTC [56]. Motion-responsive regions, like the MT,
MST, and pSTS, do not show this visual field bias [96]. This seems to imply that object recognition
also relies on input from lateral visual cortex. Lateral and ventral (and likely also dorsal) pathways
thus might be less segregated at their origins and become increasingly specialized in anterior
regions. In line with this view, TMS-induced disruption to lateral occipital regions showing prefer-
ences for faces (OFA), body parts (EBA), scenes (OPA), and inanimate objects (LO) result in
category-selective recognition interference [88,97], suggesting that object recognition depends
on posterior LOTC, at least partially.

Dissociation of higher-level action and object representations in the LOTC and VOTC
In the previous section, we focused on relatively basic, perceptual representations in the LOTC
and VOTC. The organization of more abstract, semantic knowledge is less well understood.
However, there is evidence that also more anterior temporal regions show preferences for either
object- or action-related information. For example, object representations that generalize across
stimulus modality are found in the anterior VOTC [98,99], roughly parallel to modality-general
action representations in the anterior LOTC. More anteriorly in the ventral temporal cortex, the
perirhinal cortex is sensitive to semantic features that are relevant for basic level object discrimi-
nation (e.g., zebras but not horses have stripes) [100–102]. By contrast, the left lateral mid-
temporal cortex differentiates the roles that objects play as either agents or recipients in action
descriptions (e.g., man chases dog vs dog chases man) [103], which might point toward a
more integrated representation of specific actions/events (who did what to whom). Thus, taken
together, ventral and lateral pathways reveal roughly comparable gradients of representation:
from perceptual features (duplicate if relevant for both action and object recognition) to superor-
dinate categorical distinctions (e.g., person/object-directedness, animacy) to more specific
semantic representations of actions and objects.
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Connectivity between pathways and lateralization
In the previous sections, we proposed that lateral and ventral pathways subserve similar, but
complementary functions in action and object recognition, respectively. How do these pathways
interact with each other and with the dorsal pathway as well as other brain regions? There is
evidence for different networks that connect subregions in lateral, ventral, and/or dorsal pathways
to subserve common functions. A prominent example is object manipulation and tool use, which
draws on a network that connects VOTC regions representing object surface properties
(e.g., graphite and rubber endings of a pencil), LOTC regions representing tool function
(writing, erasing), and superior and inferior parietal regions for correctly grasping andmanipulating
an object, respectively [82,104–106]. As another example, scene-selective regions in the VOTC
form amoremedial network with superior parietal regions (and precuneus) to subserve navigation
[107]. These interpathway connections (among others) argue against a strict segregation of
pathways. In addition, the different pathways may form the basis for various downstream
functions. For example, proposition-like action representations in the anterior LOTC might form
the basis for language-related functions in superior temporal and inferior frontal cortex [108].
Body- and face-related representations in posterior LOTC may form the basis for representing
others’ mental states like feelings, desires, and intentions in regions of the mentalizing network
such as the temporoparietal junction (TPJ) [109].

Several aspects about action representation are left-lateralized, such as tools and hands
[5,6,40,47] as well asmodality-general action representations [27]. This lateralization likely reflects
associations to left-lateralized networks, for example, for tool use [82,104–106] and language
[108]. By contrast, areas sensitive to body- and face-related cues such as the FFA, EBA, and
pSTS [13,43], but alsomentalizing-related brain regions such as TPJ [109], aremore pronounced
in the right hemisphere. A plausible interpretation of these hemispheric dissociations is that action
recognition and representation (what someone is doing, what can be done with an object, etc.)
primarily draws on the left LOTC, whereas the processing of body-related cues that are important
for other aspects of social perception – such as the recognition of emotional expressions, eye
gaze, etc. – which is critical for representing others’ mental states, primarily draws on the right
LOTC. However, observed actions can be decoded equally well in left and right hemispheres,
suggesting that the right LOTC is also important for action recognition [24,25]. How the left and
right LOTC exchange information during action observation and their exact roles in action-
related representation remain a challenge for future research [110].

Concluding remarks
The evidence that the LOTC plays a central role in action recognition invites rethinking the general
functions of pathways in posterior cortex. Here, we build on the original conception of the ventral
stream as a ‘what’ pathway and propose that ventral and lateral OTC are specialized for distinct
aspects of recognition: to recognize objects and what these objects do, respectively. This model
is certainly an idealization and meant to emphasize major organizational principles – it remains to
be determined how strongly the functions of lateral and ventral pathways dissociate and where
and how they interact. Another pressing question concerns the interplay between LOTC and
frontoparietal regions during action (and object) recognition. Addressing these and other
questions that follow from our framework (see Outstanding questions) may help advance our
understanding of knowledge organization in the brain.
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Outstanding questions
What is the role of frontoparietal cortex
in action recognition and semantic
processing? To what extent and how
are frontoparietal areas also involved
in object recognition?

How strictly is action recognition left-
lateralized and how do the left and
right LOTC interact?

Which parts of the brain subserve
the integration of action concepts
(e.g., opening independently of who is
opening and what is opened) with
object knowledge (e.g., to understand
that Mary opens a present)?

Are physical actions that (directly)
induce a change of states in the world
represented in the same system as
nonphysical actions (e.g., mental
actions and perception actions)? How
are animal actions (e.g., the biting of
a mosquito) and inanimate events
(e.g., a rock rolling down a hill) repre-
sented in the brain?

Where is conceptual knowledge
about actions’ underlying motives
and intentions that are not directly
perceptible (e.g., drinking to quench
thirst) represented in the brain and
how does it relate to the representa-
tion of actions?

Does the auditory ventral stream also
subdivide into substreams for action
and object recognition? How do the
organizations of auditory and visual
ventral streams relate to each other?
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