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ABSTRACT

Naturalistic, dynamic movies evoke strong, consistent, and information-rich patterns of activity over a broad expanse of cortex and engage multiple perceptual and
cognitive systems in parallel. The use of naturalistic stimuli enables functional brain imaging research to explore cognitive domains that are poorly sampled in highly-
controlled experiments. These domains include perception and understanding of agentic action, which plays a larger role in visual representation than was appreciated

from experiments using static, controlled stimuli.

1. Introduction

The advent of digital video and programs for controlling presentation
of digital video made it feasible to present dynamic, naturalistic movies
in functional brain imaging experiments. Pioneering studies in 2004
(Bartels and Zeki, 2004; Hasson et al., 2004) have led to widespread use
of such stimuli, producing clear evidence of their utility for evoking
reliable, information-rich patterns of brain activity over a larger extent of
cortex than is activated by more controlled experiments. Movies also
provide a rich context with narrative structure (Hasson et al., 2008a,
2015; Chen et al., 2017), better hold attention (Hasson et al., 2008b), and
enhance subject compliance (Vanderwal et al., 2015).

Whereas controlled experiments minimize extraneous information in
stimuli and tasks, experiments with naturalistic stimuli better simulate
the full richness of natural visual and auditory experience. Movies sample
a broad range of brain states and engage multiple perceptual and
cognitive systems in parallel. Even within a sensory modality, such as
vision, different types of information are layered and simultaneously
present in natural movies. The rich, layered information in movies has
allowed concurrent modeling of multiple stages of perceptual processing
(Nishimoto et al., 2011; Huth et al., 2012; Giiclii and van Gerven, 2017).
Broader sampling and efficient engagement of multiple systems moti-
vated the use of movie-viewing data as the basis for developing algo-
rithms for aligning functional anatomy (Conroy et al., 2009, 2013;
Sabuncu et al., 2010; Haxby et al., 2011; Chen et al., 2015; Guntupalli
et al., 2016, 2018). Researchers have begun to dissociate overlapping
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neural representations in naturalistic paradigms using analytic methods
such as multivariate pattern classification (MVPC; Haxby et al., 2001,
2014), representational similarity analysis (Kriegeskorte et al., 2008;
Kriegeskorte and Kievit, 2013), and forward encoding models (Naselaris
et al., 2010; Nunez-Elizalde et al., 2019). Critically, the relative contri-
butions of different types of information are more faithfully represented
in naturalistic stimuli than in controlled experimental manipulations.

We argue here that studies of brain activity evoked by viewing a
naturalistic, dynamic movie better reflect the statistics of natural viewing
in a complex, cluttered, changing, and continuous visual environment.
Using naturalistic, dynamic stimuli has the potential to lead to surprising
new insights about how neural resources for visual perception are
structured and allocated. We refer here to naturalistic, dynamic stimuli as
those that present visual episodes, sometimes accompanied by a sound-
track, with the complexity of natural scenes. We examine the use of
naturalistic audiovisual clips or movies and distinguish these from still
images and from highly-controlled or schematic videos (e.g. point-light
displays or videos of isolated body parts performing simple actions
with no context), which have an intermediate status between non-
naturalistic stimuli and naturalistic, complex videos.

We focus here on one cognitive domain - the representation of action
by animate agents. We present evidence that agentic actions in natural-
istic movies are represented in patterns of neural activity across a sur-
prisingly wide expanse of cortex. Representation of agentic action
appears to play a more dominant role in the neural representation of
vision than perception of form, perhaps even in the ventral visual
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pathway, which was previously thought to be dedicated to form recog-
nition. We contend that the relative importance of action representation
was underappreciated due to the field’s reliance on tightly-controlled
static stimuli, which were often deliberately engineered to remove any
such agentic information. We review some earlier evidence for agentic
action representation in ventral temporal (VT) cortex that is often over-
looked or minimized and discuss how the apparent conflict with evidence
for the central role of the ventral visual pathway in form recognition can
be reconciled. We go on to discuss how the use of naturalistic, dynamic
stimuli can shed new light on the representation of agentic actions.

2. Representation of agentic action in natural vision

Nearly all movies depict people or other agents, such as animals and
robots, performing actions. In the following, we walk through a series of
studies providing evidence—sometimes incidentally—for the primacy of
action representation in natural vision. In a recent study (Nastase et al.,
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2017), we used RSA to study the geometry of representations evoked by
viewing naturalistic movie clips of behaving animals. We analyzed the
data with separate predictors of representational geometry based on the
similarities of action categories (eating, fighting, running, swimming),
independent of the species of animal performing the actions, and on
similarities of taxonomic categories (primates, ungulates, birds, reptiles,
insects), independent of the action being performed. The results showed
that the geometry of representations evoked by videos of behaving ani-
mals was dominated by species-invariant behaviors across a remarkably
broad expanse of cortex, including most of extrastriate visual cortex in
both the dorsal and ventral pathways, as well as parietal, motor, and
premotor cortices (Fig. 1A). By contrast, representational geometry that
correlated with behavior-invariant taxonomic categories was more
restricted to the lateral and ventral occipitotemporal cortices of the
ventral visual pathway. Surprisingly, even the representational geometry
in VT cortex was dominated by animal behavior rather than by taxo-
nomic form, accounting for 2.5 times more variance (Fig. 1B). This was
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Fig. 1. The dominant role of action in neural representation of movie clips of behaving animals. A. In a human fMRI study of representation of animal behavior and
taxonomy (Nastase et al., 2017), the representational geometry of responses to video clips of behaving animals was dominated by geometry that reflected action
categories, as compared to geometry that reflected taxonomic categories. A regression model was constructed to evaluate the relative contributions of representational
geometries capturing action categories and taxonomic categories. This model was applied using a searchlight analysis, revealing the broader extent of cortex with
stronger representation of actions, including occipital, ventral and lateral temporal, posterior parietal, and premotor cortices. This dominance was evident whether the
participants attended to behavior or to taxonomic classes. B. Variance accounted for by models of representational geometry capturing action categories and taxo-
nomic categories, averaged across tasks. Action representation overwhelmingly dominated taxonomic form representation in all dorsal and ventral extrastriate,
posterior parietal, and premotor cortical ROIs (vPC/PM: ventral pericentral and premotor; PCS: left postcentral sulcus; IPS: intraparietal sulcus; OP: occipitoparietal;

VT: ventral temporal, LO: lateral occipital). Adapted from Nastase et al. (2017).
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true even using a cross-classification analysis where action classification
was cross-validated across taxonomic categories (and stimuli; Nastase
et al., 2017, Supplementary Figure 3). Note that the dominant role of
action in the geometry of responses to these video clips was independent
of the task performed by participants (one-back repetition detection
based on action or taxonomic category). The dominance of action rep-
resentation was evident for both tasks individually (Fig. 1A), and the
results in Fig. 1B were averaged over tasks. In other words, differences
were found in analyses that distinguished the action- and
taxonomy-related representational content in the same response patterns
to the same trials and, therefore, cannot be attributed to differences in
task or eye movements. This unexpected result contrasts with previous
work based on experiments using still images that emphasized the role of
VT cortex in the perception of form-related properties (Kanwisher et al.,
1997; Epstein and Kanwisher, 1998; Ishai et al., 1999; Haxby et al., 1994,
2001, 2011; Connolly et al., 2012, 2016; Konkle and Oliva, 2012; Kravitz
et al., 2013; Grill-Spector and Weiner, 2014; Sha et al., 2015; among
many others).

In an fMRI study of monkeys viewing naturalistic movies, Russ and
Leopold (2015) used a forward encoding analysis to predict voxelwise
responses based on low-level visual features, namely luminance, contrast,
and motion energy, and high-level features, namely the presence of faces,
extremities, and animals. The results showed that motion energy was the
strongest predictor of activity in lateral inferior temporal (IT), anterior
superior temporal sulcal (STS), and lateral prefrontal cortices, in addition
to visual motion areas such as MT, MST, and FST (Fig. 2A). This effect
was not due to simple motion energy but, more specifically, to biological
motion, as motion only weakly predicted responses to movies without
animals. Surprisingly, motion energy was a stronger predictor of re-
sponses in the temporal face patches (Tsao et al., 2008) than was the
presence of faces, suggesting that even these areas may be more involved
in the representation of biological motion than the representation of
facial form in natural viewing.

Related movie-viewing fMRI studies in humans (Huth et al., 2012)
also demonstrated that the principal component that captures the largest
share of response variance distinguishes between semantic labels for
entities and actions with high and low movement energy (Fig. 2). This
principal component was a strong, positive predictor of neural responses
across mostly the same cortices that Nastase et al. (2017) found to
contain representation of taxonomy-invariant animal behaviors. Even
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after regressing out this dimension, semantic qualities such as animacy
and social interaction still dominate the residual response space. Even in
the FFA, the semantic qualities of animacy, social interaction, and
mobility play a surprisingly important role in the response space (Cukur
et al., 2013).

3. Convergent evidence from non-naturalistic paradigms

Earlier evidence also supports the hypothesis that VT cortex plays a
role in the representation of perceived agentic action (Grosbas et al.,
2012). Controlled experiments dissociated responses to agentic action
from responses to animate form using stimuli that were dynamic but not
naturalistic and depict biological motion, social interaction, or
goal-directed action in the absence of animate form. These studies
consistently found that activity in VT cortex is modulated by perception
of agentic action. Point-light displays of human body and human hand
motion (Bonda et al., 1996; Grossman and Blake, 2002; Beauchamp et al.,
2003; Peelen et al., 2006; Gobbini et al., 2007) consistently evoke
stronger responses in VT cortex than point-light displays of scrambled
motion and tool motion (Fig. 3A-D). Animations showing social in-
teractions depicted with moving, simple geometric figures (Heider and
Simmel, 1944) consistently evoke stronger responses in VT cortex than
the same geometric figures with movement driven by external physical
forces (Castelli et al., 2000; Schultz et al., 2003; Gobbini et al., 2007,
Fig. 3E-H). Other studies have used videos of moving robots performing
meaningful actions (Gobbini et al., 2011; Shultz and McCarthy, 2011)
and show that the representation of agentic action in VT cortex does not
require the agent to have a naturalistic animate form. Shultz and
McCarthy (2011) showed that goal-directed actions performed by inan-
imate robots, as compared to non-goal-directed actions, evoke strong
activity in both ventral and lateral temporal areas, as well as parietal and
premotor cortices, even when the robots performing the goal-directed
actions bear little resemblance to naturalistic animate forms. These re-
sults suggest that action representation in VT may be related to the
meaning and goals that motivate agentic actions, analogous to VT form
representation that is related to the semantics of categories and animacy
(Connolly et al., 2012, 2016; Grill-Spector and Weiner, 2014; Sha et al.,
2015; Thorat et al., 2019).

More recent studies (Wurm and Lingnau, 2015; Wurm et al., 2016)
have controlled for the effect of animate form by keeping the animate

Fig. 2. A. In an fMRI study of monkeys viewing
movies, motion energy was the best predictor for
widespread neural responses, and this effect was
limited to scenes with animal motion (Russ and
Leopold, 2015). The stronger response to motion as
compared to the presence of animate form was even
B T ’ evident in temporal face patches, cortical fields pre-
i viously thought to be dominated by responses to the
presence of faces (from Russ and Leopold, 2015). B.
; In an analysis of the semantic features that predict
; . a ¥ responses to natural movies (Huth et al., 2012), the
principal component that explained the most vari-
ance (1st PC) reflected a contrast between responses
to frames labeled with agents that move (e.g. people,
animals), vehicles, and action verbs, and to frames
labeled with names of stationary objects. This
action-related semantic principal component was a
positive predictor of responses in a broad extent of
cortex that included dorsal and ventral extrastriate,
posterior parietal, and premotor cortices (IPS: intra-
parietal sulcus, FEF: frontal eye field, FBA: fusiform
body area, FFA: fusiform face area, OFA: occipital
face area, PPA: parahippocampal place area, LO:
lateral occipital, pSTS: posterior superior temporal
sulcus). Adapted from Huth et al. (2012).
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Fig. 3. Stronger responses in VT cortex and the STS to dynamic stimuli depicting agentic action in the absence of naturalistic animate form. Point-light displays of
body actions (A, mid-point in a handspring sequence) evoke stronger responses than to point-light displays of scrambled motion. Converging results from studies by
(B) Bonda et al. (1996; PET-rCBF; these images are for hand motion, viewing body motion produced similar results; Copyright 1996 Society for Neuroscience), (C)
Grossman and Blake (2002; fMRI), and (D) Gobbini et al. (2007; fMRI). See also Beauchamp et al. (2003) and Peelen et al. (2006). Responses measured with fMRI to
social interactions depicted by moving, rigid geometric shapes (E, frame from a sequence depicting the big triangle coaxing the little triangle to go outside) evoke
stronger responses in VT and STS cortices than sequences showing movements driven by physical forces. Converging results from studies by (F) Castelli et al., 2000,

(G) Schultz et al. (2003), and (H) Gobbini et al. (2007).

form constant across a limited set of different actions performed in a
single, controlled environment. The type of hand action could be deco-
ded from patterns of brain activity in a set of cortices similar to those
found in Nastase et al. (2017). The authors emphasize the role of lateral
occipitotemporal cortices in action representation (Lingnau and Down-
ing, 2015), along with parietal and premotor cortices, but their results
also show decoding of perceived hand actions in VT cortex.

Studies of the effects of brain lesions in the ventral pathway show that
VT lesions can impair perception of motion coherence (Gilaie-Dolan
et al., 2013), structure from motion (Cowey and Vaina, 2000; Blanke
et al., 2007), and biological motion in point-light displays (Cowey and
Vaina, 2000; Gilaie-Dolan et al., 2015). Unilateral VT lesions can cause
mild impairment of biological motion perception, especially in patients
with prosopagnosia, and patients with lesions in the posterior superior
sulcus and premotor cortex show more severe impairments (Gilaie-Dolan
et al., 2015). Individuals with congenital prosopagnosia often show se-
vere impairment of perception of biological motion in point-light dis-
plays (Lange et al, 2009). These studies suggest that action
representation observed in VT using neuroimaging likely plays a causal,
albeit complex, role in the distributed system for perception of agentic
action.

4. Reconciling action and form representation

The representation of action in VT cortex appears at first glance to run
counter to studies that show that moving animate stimuli generally do
not evoke stronger responses than do still images of animate stimuli in VT
cortex, whereas such augmentation of activity is seen in lateral temporal
areas in the superior temporal sulcus and middle temporal gyrus
(Beauchamp et al., 2002; Fox et al., 2009; Haxby and Gobbini, 2012;
Pitcher et al., 2011). These studies all used still and video images of
animate forms, whereas the studies cited above either factored out the
activity evoked by animate form by using dynamic stimuli that are
stripped of animate form or investigated the representation of informa-
tion conveyed by different actions with equivalent animate form. The
studies that showed no difference between responses in VT cortex to
moving versus still images generally use videos that add little action
information that isn’t implied by the photographic still images of the
same animate forms. By contrast, the studies that dissociate the

representation of form from the representation of action all use stimuli in
which information about action is revealed or specified only by the
movement. For example, the still images used in Beauchamp et al.
(2002), Pitcher et al. (2011)), and Haxby and Gobbini (2012) were all
taken from the video stimuli used in the moving faces and bodies con-
ditions. For point-light and social interaction stimuli, on the other hand,
the presence and nature of agentic action is only evident in the dynamic
stimuli. In the richer naturalistic stimuli used in Nastase et al. (2017), the
videos convey information about types of different agentic behaviors that
are independent of taxonomic categories. In more controlled videos of
hand actions (Wurm and Lingnau, 2015; Wurm et al., 2016), the same
animate forms (hands) in the same controlled environments perform
different actions that can be decoded from activity evoked in VT cortex.
The studies that find no increase in response when movement is added to
images of animate stimuli, therefore, mostly show that VT areas are not
sensitive to simple motion, unlike motion vision areas in hMT+ and
pSTS, but an extensive literature consistently shows that VT areas,
nonetheless, represent information about agentic action.

It is firmly established that VT cortex plays a central role in the
perception of object and animate form. Indeed, the original work on two
visual cortical pathways dissociated perception of spatial relations and
action in the dorsal spatial vision pathway from perception of static form
in the ventral object vision pathway (Ungerleider and Mishkin, 1982;
Mishkin et al., 1983). This distinction has been repeated in the initial
imaging studies of this hypothesis (Haxby et al., 1991, 1994; Ungerleider
and Haxby, 1994), in Goodale and Milner’s reformulation of the two
visual systems hypothesis (Goodale & Milner, 1992), and in the appli-
cation of this framework to the face perception system (Haxby et al.,
2000; Gobbini and Haxby, 2007; Haxby and Gobbini, 2012). Neuro-
imaging studies of the functional organization of the ventral visual
pathway have similarly emphasized the representation of form, as
exemplified in category-selective areas (Puce et al., 1996; Kanwisher
et al., 1997; McCarthy et al. 1997; Epstein and Kanwisher, 1998; Haxby
et al., 1999; Ishai et al., 1999; Downing et al., 2001; Grill-Spector and
Weiner, 2014), the distinction between animate and inanimate forms
(Kiani et al., 2007; Kriegeskorte et al., 2008; Grill-Spector and Weiner,
2014), a continuum for animacy or agency (Connolly et al., 2012, 2016;
Sha et al., 2015; Thorat et al., 2019), a continuum for real world size
(Konkle and Oliva, 2012), and high-dimensional models of the
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representational space (Haxby et al., 2001, 2011; Guntupalli et al.,
2016).

The evidence that neural activity in VT cortex also represents infor-
mation about agentic action doesn’t contradict evidence for the central
role of VT cortex in form perception. The evidence reviewed here in-
dicates that VT cortex represents information about agentic action
concurrently with information about form. In fact, concurrent represen-
tations of form and action in VT cortex appear to be related. The topo-
graphic organization for the representation of form in VT cortex is
strongly related to representation of potential for agentic action. This
dimension of the topography for representation of still images has been
labeled the “animacy continuum,” with a lateral-to-medial gradient for
agency and a posterior-to-anterior gradient for a transition from a rep-
resentation of this continuum based on static visual features to one based
on semantic features (Connolly et al., 2012, 2016; Sha et al., 2015; Thorat
et al., 2019).

The neuroimaging evidence for agentic action representation in VT
cortex is not new but, rather, begins (Bonda et al., 1996) at the same time
as the discovery of a face-selective cortical field in the fusiform gyrus
(Puce et al., 1996; McCarthy et al. 1997; Kanwisher et al., 1997). The
significance of this extensive and consistent literature has been over-
shadowed by attention to the role of the pSTS and middle temporal gyrus
in the same studies. Pre-existing assumptions based on knowledge about
motion vision and form vision in the dorsal and ventral pathways were
reinforced by the studies that showed no increase in activity for moving
relative to static animate stimuli. The emphasis on the role of VT cortex in
the representation of animate and object form appears to have effectively
excluded consideration of the possibility that it may also participate in
other visual functions. Concomitantly, evidence for the roles played by
the STS/MTG, parietal, and premotor cortices in action perception
steered many away from considering that VT cortex may also be part of a
broadly distributed system for action perception.

Studies using naturalistic, dynamic stimuli can serve to broaden our
understanding of how the visual system disentangles and interprets
different types of information that are layered in complex, natural
stimuli. By using analytic methods that can disentangle the roles the same
cortical field plays in the representation of information about form and
agentic action, brain activity evoked by naturalistic, dynamic stimuli can
more fully reveal the complexity of visual function and how it is adapted
to the statistics of the natural vision. Multivariate pattern classification
(Haxby et al., 2001, 2011, 2014; Haxby, 2012) can decode information
about action that is invariant across variations in the form of the agent
and vice versa. Representational similarity analysis (Kriegeskorte et al.,
2008; Kriegeskorte and Kievit, 2013) can examine the representational
geometry of population responses to different actions, factoring out the
geometry of responses to different forms, and vice versa. Forward
encoding analysis (Naselaris et al., 2010; Huth et al., 2012; Nunez-Eli-
zalde et al., 2019) can estimate the extent to which action features and
form features independently predict responses.

Existing results using naturalistic, dynamic movies suggest that the
representation of agentic action is more extensive and stronger than the
representation of form in natural vision, even in VT cortex (Russ and
Leopold, 2015; Nastase et al., 2017). This unexpected result requires
further corroboration and elaboration with different stimuli, different
imaging modalities, and converging analytic methods. For example,
studies of the geometry of representations for a rich variety of human
actions in naturalistic contexts may produce fresh insights. Perception of
action may play a disproportionate role in adaptive behavior where rapid
and accurate assessment of the actions of other people and animals can be
critical for achieving goals and avoiding harm. The dominant role of
action perception also may be a function of the statistics of natural
viewing and the sensitivity of neural systems to change. Features that are
invariant to movement and support recognition of form don’t change, by
definition, whereas action perception is driven by dynamic features that
change continuously. Consequently, whereas representations of form —
objects, animals, and people — can be established quickly and thereafter
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remain constant, requiring no further updating, perception of actions
unfolds over time, is continuously changing, and requires constant pro-
cessing. Imaging methods with higher temporal resolution, such as MEG
(cf. Cichy et al., 2014, 2017; Isik et al., 2018) may be able to resolve the
roles of transient and sustained population responses for actions and
forms, although the study of brain activity evoked by naturalistic stimuli
with high temporal resolution electrophysiology presents many, as yet
unresolved, challenges (Park et al., 2017).

5. Summary and conclusion

Naturalistic, dynamic stimuli evoke strong neural responses over a
large extent of cortex. The information in a natural audiovisual movie
engages multiple neural systems in parallel to process different types of
information that are layered and simultaneously present. Studies using
naturalistic, dynamic movies reveal that agentic action plays a surpris-
ingly dominant role in visual representation. Previous studies with still
images concentrated on the perception of the form of objects, animals,
and people, but the perception of action appears to play a decidedly
larger role in neural representation during natural vision.

Paradigm shifts in science are often driven by technical de-
velopments, such as the introduction of naturalistic, dynamic stimuli in
cognitive neuroscience. These developments not only change how ex-
periments are conducted but also reveal gaps in our collective knowledge
and motivate fundamentally novel questions. Visual experiments with
still images revealed mechanisms for perception of object and animate
form but were not well-suited for study of the perception of action. The
use of naturalistic, dynamic stimuli, in which form and action are
simultaneously present, and analytic methods that can distinguish their
overlapping representations, will allow us to better appreciate the
powerful role of observed action in vision.
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