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Distinct fMRI Responses to Self-Induced versus Stimulus
Motion during Free Viewing in the Macaque
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Visual motion responses in the brain are shaped by two distinct sources: the physical movement of objects in the environment and motion
resulting from one’s own actions. The latter source, termed visual reafference, stems from movements of the head and body, and in
primates from the frequent saccadic eye movements that mark natural vision. To study the relative contribution of reafferent and
stimulus motion during natural vision, we measured fMRI activity in the brains of two macaques as they freely viewed �50 hours of
naturalistic video footage depicting dynamic social interactions. We used eye movements obtained during scanning to estimate the level
of reafferent retinal motion at each moment in time. We also estimated the net stimulus motion by analyzing the video content during the
same time periods. Mapping the responses to these distinct sources of retinal motion, we found a striking dissociation in the distribution
of visual responses throughout the brain. Reafferent motion drove fMRI activity in the early retinotopic areas V1, V2, V3, and V4,
particularly in their central visual field representations, as well as lateral aspects of the caudal inferotemporal cortex (area TEO). How-
ever, stimulus motion dominated fMRI responses in the superior temporal sulcus, including areas MT, MST, and FST as well as more
rostral areas. We discuss this pronounced separation of motion processing in the context of natural vision, saccadic suppression, and the
brain’s utilization of corollary discharge signals.
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Introduction
When animals use their vision to perceive and act upon their
surroundings, their visual cortex draws upon retinal signals

whose structure is strongly shaped by self-generated actions. For
example, each time a human or nonhuman primate makes a
saccadic eye movement, which typically occurs 2–3 times per
second, the image is abruptly swept across the retinal surface,
with velocities that overlap with the movement of real objects
(Westheimer, 1954; Zuber et al., 1965). Self-induced retinal stim-
ulation caused by saccadic, head, or bodily movements, collec-
tively termed visual reafference, has been shown to elicit neural
responses in the retina and the brain (Wurtz, 1968; Noda and
Adey, 1974; Toyama et al., 1984; Galletti et al., 1990; Thier and
Erickson, 1992; Bair and O’Keefe, 1998; Leopold and Logothetis,
1998; Vinje and Gallant, 2000). How the brain treats these self-
generated signals is a long-standing, though often ignored, ques-
tion in visual neuroscience. In some areas of the primate visual
cortex, reafferent neural responses are known to closely resemble
those elicited by external stimuli (Wurtz, 1968; Galletti et al.,
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Significance Statement

Visual motion arises not only from events in the external world, but also from the movements of the observer. For example, even
if objects are stationary in the world, the act of walking through a room or shifting one’s eyes causes motion on the retina. This
“reafferent” motion propagates into the brain as signals that must be interpreted in the context of real object motion. The
delineation of whole-brain responses to stimulus versus self-generated retinal motion signals is critical for understanding visual
perception and is of pragmatic importance given the increasing use of naturalistic viewing paradigms. The present study uses
fMRI to demonstrate that the brain exhibits a fundamentally different pattern of responses to these two sources of retinal motion.
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1984, 1988; Toyama et al., 1984; Bair and O’Keefe, 1998; Leopold
and Logothetis, 1998; Vinje and Gallant, 2000). Moreover, reaf-
ferent events often occur in conjunction with real stimulus mo-
tion, as when an agent shifts their gaze over a dynamic scene. A
fundamental challenge of the brain is to compensate for, or ig-
nore, self-induced visual activity to accurately perceive the move-
ment of objects in the external world (Holst and Mittelstaedt,
1950; Moeller et al., 2007; Ibbotson et al., 2008; Bremmer et al.,
2009; Inaba and Kawano, 2014).

In contrast to conventional visual testing paradigms, where a
subject typically fixates a small spot while well-defined visual
patterns are briefly flashed onto a screen, natural visual input
entails a rich and dynamic mixture of external stimuli combined
with self-determined reafferent events. In recent years, visual
neuroscience has increasingly recognized the need to address as-
pects of vision that are not captured by conventional testing
(Einhäuser and König, 2010). Several laboratories have begun to
use free viewing paradigms, often in combination with dynamic
video stimuli (DiCarlo and Maunsell, 2000; Vinje and Gallant,
2000; Hasson et al., 2004, 2010; Hanson et al., 2007; Bartels et al.,
2008; Berg et al., 2009; Huth et al., 2012; Marsman et al., 2013;
McMahon et al., 2015; Russ and Leopold, 2015). These ap-
proaches complement more traditional fixation paradigms and
offer new perspectives on the brain’s integration of visual infor-
mation during active vision. In a previous study, we investigated
the brain’s processing of multiple visual features that were simu-
ltaneously present in videos depicting a range of social interac-
tions (Russ and Leopold, 2015). We found that the motion
content of the video drove fMRI responses in the extrastriate
visual cortex more strongly than any other identified stimulus
feature. The predominance of motion extended even to face
patches, which were identified by tracking the face content of the
movies, but were more strongly driven by the motion content. In
that study, we briefly acknowledged the potentially important
contribution of eye movements.

Here we turn our attention to the basic question of how reaf-
ferent input from eye movements affects brain activity during
natural vision. Using a large amount of free viewing data from
the scanner (Russ and Leopold, 2015), we compare brain re-
sponses due to reafferent motion with those due to stimulus mo-
tion. In contrast to the previous study, where the analyses were
performed on the mean fMRI response over a large number of
presentations, the current study evaluates each presentation
separately to assess the unique contribution of stimulus versus
self-generated motion. The results show that reafferent motion
generates a fundamentally different, and complementary, pattern
of fMRI responses compared with the motion inherent in the
stimulus. Reafferent responses were pronounced in the early
retinotopic visual cortex, where stimulus motion responses were
minimal. Stimulus motion was much stronger in known motion-
sensitive areas in and around area MT. We discuss these findings
in the context of natural vision and potential mechanisms for the
active modulation of visual processing by eye movements.

Materials and Methods
Subjects. Two adult female rhesus monkeys (ages 5– 6 years at the time of
data collection) participated in the current study. All procedures were
approved by the Animal Care and Use Committee of the United States
National Institutes of Health, National Institutes of Mental Health, and
followed National Institutes of Health guidelines. Monkeys were pair
housed when possible and kept on a 12 hour light/d cycle with access to
food 24 hours/d. After collar and chair training, custom-designed fiber-
glass headposts were implanted on the animals’ skulls to immobilize their

heads during data acquisition. Animals were gradually acclimated to
head immobilization using positive reinforcement with juice and treats.
During periods of experimental testing, access to water was restricted
before testing 5 d/week, such that the animals were motivated to earn
liquid reward for free viewing of the video stimuli. Weights and hydra-
tion levels were continuously monitored to ensure the animals’ health
and well-being.

Video stimuli. Each 5 min movie was edited together from a set of
commercially produced nature documentaries. In our primary analysis,
we used data from movies that depicted other animals, primarily ma-
caques, engaged in natural behaviors including, but not limited to,
grooming, aggression, feeding, sleeping, copulating, and climbing. A to-
tal of 15 such movies were presented over the course of the experimental
sessions. In addition to these “social” movies featuring animals, the mon-
keys also viewed “nonsocial” movies, which we evaluated as part of con-
trol analyses. These nonsocial movies contained scenes that also featured
visual motion, including, but not limited to, storms, rivers, and natural
disasters, but no animals. All movies were encoded at 30 frames/s and a
frame resolution of 640 � 480 pixels. Further details on movie content
are given by Russ and Leopold (2015).

Free viewing task. Eye position was monitored and recorded using a 60
Hz MR-compatible infrared camera (MRC Systems) and transmitted to
an eye tracking system (SensoMotoric Instruments). Animals were first
calibrated through serial fixation to small spots of light at predetermined
points on the screen that encompassed the movies’ field of view. Eye
position was calibrated multiple times throughout the experimental
session, minimally after every second movie presentation, to ensure ac-
curate eye movement data. After calibration, subjects engaged in the
free-viewing task, in which they were permitted to direct their eyes to
features of interest while watching 5 min videos. The animals were re-
warded every 2 s for maintaining their gaze within the 10° � 8° area
subtended by the video stimulus. The amount of liquid per reward in-
stance grew steadily during periods of continuous movie watching. The
animals were permitted to blink normally without penalty. However,
breaks in movie viewing lasting �128 ms, in the form of prolonged eye
closure or direction of gaze away from the stimulus, led to an automatic
resetting of the reward volume to the initial amount. We (McMahon et
al., 2015) and others (e.g., Mosher et al., 2011) have previously reported
that the animals often attend to movies without reward, especially when
presented with novel movies. However, as the current paradigm involved
the repeated presentation of the same movies, we found that this reward
scheme helped to maintain the animals’ consistent motivation while hav-
ing no discernible effect on gaze behavior. During an fMRI session lasting
on average 2.5 h, each subject typically viewed three different movies
between three and four times each, in pseudorandom order. The two
monkeys participated in a total of 602 viewings of 15 five-min videos (347
in Monkey M1, 255 in Monkey M2, average 20 viewings per video). The
subjects’ gaze was directed consistently toward the video stimulus
(Subject M1, 87%; Subject M2, 87%).

fMRI scanning. Structural and functional magnetic resonance images
were collected using a 4.7 tesla, 60 cm vertical scanner (Bruker Biospec)
equipped with a Bruker S380 gradient coil. Functional EPIs were ac-
quired using an 8 channel transmit and receive RF coil system (Rapid MR
International). During each session (M1, 50 sessions; M2, 44 sessions),
whole-brain images were acquired as 40 sagittal slices, with isotropic
voxels of 1.5 mm and a TR of 2.4 s. Monocrystalline iron oxide nanopar-
ticles (8 –10 mg/kg), which act as a T2* contrast agent, were administered
intravenously before the start of each scanning session (Leite et al., 2002).

fMRI analysis. fMRI data were analyzed using custom-written
MATLAB (The MathWorks) programs as well as the AFNI/SUMA soft-
ware package developed at National Institutes of Health (Cox, 1996).
Raw images were first converted from Bruker into AFNI data file format.
Motion correction algorithms were applied to each EPI time course using
the AFNI function 3dvolreg, followed by correction for static magnetic
field inhomogeneities using the PLACE algorithm (Xiang and Ye, 2007).
Each session was then registered to a template session, allowing for the
combination of data across multiple testing days. The first 7 TRs (16.8 s)
of each movie were not considered in the analysis so as to eliminate the
hemodynamic onset response associated with the initial presentation of
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each video. Surface and flat maps were generated using a combination of
AFNI (Cox, 1996) and CARET (Van Essen et al., 2001) software pack-
ages. The high-resolution anatomy volume was skull stripped and nor-
malized using AFNI and then imported in CARET. Within CARET,
surface and flattened maps were generated from a white matter mask,
and exported to SUMA for viewing.

Models of self-induced motion and stimulus motion. For each viewing,
we created a set of time-varying models to investigate the influence of
self-induced and stimulus motion from each presentation of a movie
using programs custom written in MATLAB (The MathWorks). We
based the model of self-induced (reafferent) motion on the eye move-
ments expressed on each trial. Following extensive pilot experimentation
with different reafference models, we settled on a straightforward esti-
mation of reafference based on the moment-to-moment velocity of the
eyes. Specifically, we calculated the time-varying 2D velocity vector dur-
ing each 5 min viewing period. Because reafferent sweeps of the stimulus
are coherent across the retina during eye movements, this velocity mea-
sure served as good approximation of mean reafferent motion speed,
similar to earlier approximations of reafferent stimulation using eye po-
sition parameters (Thiele et al., 2002). Across all viewings of the social
movie set, the median saccade amplitude was 3.1° and median peak
velocity was 82.4°/s, consistent with previous findings (Berg et al., 2009).
Averaged over time, including periods of fixation, the mean speed of this
self-induced motion across all movies was 10.5°/s. Because eye move-
ments differed across viewings of the same movie clip, each data session
was associated with its unique model of self-induced motion.

To estimate stimulus motion, we computed the mean instantaneous
speed of motions in the video on the image plane (Elias et al., 2006; Russ
and Leopold, 2015) for each frame. To minimize the contributions of
small luminance changes, movies were first down-sampled to 1⁄4 their
original image size and to 10 frames per second. We then computed an
image intensity differential at each pixel within a frame (horizontally and
vertically) and across consecutive frames of the movies. These differen-
tials were combined, using the sum of their squares, to calculate the
velocity of change at each pixel, with the magnitude of the velocities
averaged to compute the mean speed (in degrees per second) for each
frame. For repeated presentations of the same movie, the time course
stimulus-motion models were identical.

Each model (self-induced motion and stimulus motion) was subse-
quently down-sampled and low-pass filtered using the decimate function
in MATLAB to match the temporal resolution of the fMRI data (i.e., 1
sample per 2.4 s), convolved with an estimation of the hemodynamic
monocrystalline iron oxide nanoparticle response function, and concat-
enated across all presentations for comparison with the fMRI data (see
Fig. 1). It is important to note that such convolution acts as a low-pass
filter and, together with the hemodynamic constraints of the fMRI signal,
naturally places emphasis on slow changes. In the case of self-induced
motion, changes in eye velocity correlated relatively strongly with slow
changes in saccade frequency (r � �0.75). However, as eye velocity is
more directly related to visual reafference, we used this as the basis of our
reafference model.

Creation of functional maps. To create functional maps of the relative
contribution of reafferent and stimulus motion, we computed the partial
correlation for each of the two motion models for all voxels in the brain.
In contrast to our previous study (Russ and Leopold, 2015), this proce-
dure was performed on raw fMRI data for each viewing, rather than on
data that was averaged over multiple viewings. Analyzing each viewing
independently is necessary because of the unique pattern of eye move-
ments that contribute to the fMRI responses. In our present analysis, the
fMRI data from the large number of viewings for each movie were con-
catenated rather than averaged, and then matched with the correspond-
ing reafference model and stimulus motion model (in the case of the
stimulus motion, the model was repeated for multiple viewings of the
same movie). Together, we analyzed concatenated time courses of
102,600 s in Monkey M1 and 77,100 s for Monkey M2. The partial cor-
relation method allowed us to map the unique variance attributed to each
of the motion models, by first regressing out the variance explained by
the other model. Thus, the analysis presented here emphasized how each
variable uniquely contributes to a given voxel’s response. The resulting

partial correlation r values served as the basis for functional activity
maps, revealing voxels that were more strongly associated with one or the
other motion model.

Determination of fMRI voxel speed tuning. To assess the stimulus-based
speed tuning of fMRI responses for individual voxels, we computed the
percentage signal change during movie viewing as a function of the mean
speed at each point in time. The stimulus motion model was binned into
10 different velocity ranges. For each velocity range, the average fMRI
percentage signal change was calculated independently for each voxel.
This analysis was applied to the main movies analyzed in this study,
which were diverse in content but rich in social interaction (“social”), as
well as to a dataset collected during the viewing of an additional set of
movies, in which there was considerable motion but no animals were
present (“nonsocial”).

Results
Extracting separate time courses for self-induced and
stimulus motion
Two monkey subjects viewed 15 different 5 min videos, on aver-
age 20 times per video, for a total of �50 hours of video viewing
in the MRI scanner (see Materials and Methods). The videos were
composed of multiple, spliced segments taken from nature doc-
umentaries. The segments depicted animals, primarily macaque
monkeys, exhibiting a range of social behaviors. Previous reports
have shown that macaque gaze patterns show consistency across
viewings related to movie content and that rhesus monkeys’
viewing patterns tend to fall on regions of social interest, such as
faces (Shepherd et al., 2010; Mosher et al., 2011; McMahon et al.,
2015). The specific gaze trajectories differed across presentations;
however, within a given scene, the eyes were often directed to
particular features of interest, and most often to animals and
social interactions (Fig. 1F). Thus, each presentation’s unique
combination of self-directed eye movements and fixed video
content allowed us to investigate how these two determinants of
retinal motion simultaneously affected fMRI responses through-
out the brain (Fig. 1A).

For self-induced motion, we created a model time course us-
ing the recorded eye velocity on each trial as a surrogate (Fig. 1B).
This provided a good approximation of the induced image veloc-
ity because each eye movement sweeps the entire image coher-
ently across the retina. This phase of the analysis ignored the
motion content of the movie itself in an attempt to isolate the
reafferent component of the input. By contrast, for stimulus mo-
tion, we created a model time course based on the analysis of the
video content, ignoring trial-specific patterns of eye movements
(Fig. 1C). As in our previous study, we subjected each video
stream to an optic flow algorithm (Elias et al., 2006), from which
we computed the mean speed on the screen over time (Russ and
Leopold, 2015) (see Materials and Methods).

Following the independent extraction of the two models (self-
induced motion and stimulus motion) for each of the sessions,
the time course of each was convolved with the hemodynamic
response function for comparison with fMRI voxel time courses.
Examples of the relationships between these motion models and
the fMRI activity of single voxels are shown in Figure 1, D and E.
Here, the raw time courses of voxels from cortical areas V1 and
MT are shown with the motion time course models for the view-
ing of three different 5 min video clips. These examples highlight
the correspondence between the temporal fluctuations of voxel
time courses in V1 (Fig. 1D) and MT (Fig. 1E), and the self-
induced (eye movement-based) motion model and the stimulus
(video-based) motion models. We next investigate how these two
determinants of fMRI responses are expressed in voxels across
the brain in the form of whole-brain functional maps.
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Distinct areas showing fMRI responses to self-induced and
stimulus motion
The comparison of fMRI responses associated with the self-induced
and stimulus motion time courses revealed a striking dissociation in
the spatial patterns of responses (Fig. 2A,B; shown for Subject M2).
Analysis of self-induced motion demonstrated prominent fMRI cor-
relation in a large swath of the occipital cortex, corresponding to
early retinotopic areas serving central vision (more detailed descrip-
tion below). Weak positive correlations were also observed in the
caudal superior temporal sulcus (STS), in caudal aspects of the lat-

eral inferotemporal cortex, and in parietal and prefrontal structures.
The pattern of strong stimulation of early visual cortex resembled
our previous findings related to the contrast and luminance of these
naturalistic videos (Russ and Leopold, 2015), raising the possibility
that the eye movement based reafference might indeed relate to
those low-level features. However, further analysis revealed that
the eye movement-based reafference model was not appreciably
correlated with either feature (Table 1), suggesting that the model
captured independent self-induced motion signals that robustly ac-
tivated early visual areas.

Figure 1. Creation of time course models for self-induced motion and stimulus motion from the eye movement traces and video stimulus, respectively. A, Subjects freely viewed the events in
dynamic movies; thus, two types of visual motion events were present on the retina. These two motion components were decomposed into time courses to create functional maps using the
simultaneously recorded fMRI data. B, Self-induced (reafferent) motion was approximated using the measured eye velocity. Eye traces differed for different viewings. Inset, Detailed example.
Consequently, a unique self-induced motion function was applied to each dataset (different colored traces). C, Stimulus motion was computed based on the optic flow within the video. For each
frame, the mean speed of optic flow was calculated across the entire screen. For all viewings, the self-induced motion and stimulus motion time courses were convolved with a hemodynamic
response function and then decimated to match the sampling rate of the fMRI scans. D, Example of self-induced motion responses in area V1 over a 15 min period. The V1 voxel time course closely
follows that of the self-induced motion derived from the eye movements. E, Example of stimulus motion responses over same 15 min period in MT. The MT voxel time course closely follows that of
the stimulus motion derived from the content of the video stimulus. F, Representative still frames from the presented movies overlaid with the eye position from between 12 and 20 viewings of each
movie. The color of each fixation represents the trial from which it came. Fixations were taken within a 200 ms window overlapping the exhibited frame.
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Stimulus motion gave rise to a very different functional cor-
relation map. Stimulus motion contributed minimally to fMRI
responses in the central representation of the retinotopic visual
areas and instead was the principal determinant of activity within
the motion areas of the STS, consistent with our previous natural
viewing results (Russ and Leopold, 2015). In addition, moderate
correlation was observed in regions of the intraparietal sulcus
(area LIP) and arcuate sulcus (area F5). Importantly, the maps for
the stimulus motion analysis and the self-induced motion analy-
sis were derived from the same datasets, demonstrating the
brain’s separate processing of the two types of input despite their
co-occurrence in time. Further analysis revealed a fundamental

difference in the nature of motion responses in two regions of
interest (ROIs), namely, foveal V1 and MT (Fig. 2C). The V1 ROI
responded significantly more to self-induced motion, whereas
the MT ROI responded significantly more to stimulus motion
(two-way ANOVA: interaction between cortical area and motion
type, M1: F(1,390) � 117.7, p � 0.01; M2: F(1,186) � 176.1, p � 0.01;
main effect of cortical area, with MT showing stronger responses
than V1, M1: F(1,390) � 355.5, p � 0.01; M2: F(1,186) � 140.0,
p � 0.01).

Across the brain, the relative preference for the two motion
components is illustrated by the difference between the correla-
tion maps (Fig. 2D), which shows reafference-dominated re-
sponses to be concentrated in a posterior ventral region and
stimulus motion responses to be concentrated in an anterior dor-
sal region. The maps represent the difference of the Fischer
z-transformed partial correlations on the inflated (Fig. 2D) or
flattened (Fig. 3) cortical surface, with yellow/red areas represent-
ing regions more responsive to the stimulus motion component
and cyan/blue areas representing regions more responsive to the
reafferent motion component. In the case of the flattened maps,
the Saleem and Logothetis histological atlas (Saleem and Logo-
thetis, 2012; Reveley et al., 2016) was registered to the brain of
each subject for further examination of the cortical areas differ-
entially affected by the two types of motion. Approximations of

Figure 2. Comparison of functional responses to self-induced motion versus stimulus motion throughout the brain. A, fMRI responses, from Subject M2, to self-induced motion, expressed as the
partial correlation of voxel time courses throughout the brain over all sessions, are largely restricted to the occipital visual areas and caudolateral aspects of the inferotemporal cortex. B, fMRI
responses to stimulus motion were nearly absent on the lateral surfaces of the occipital and temporal cortex but were strong throughout the STS. C, Quantitative comparison of the partial correlation
of V1 and MT time courses with both motion types over all data sessions for both subjects. Error bars indicate SEM across voxels. D, fMRI map of the z-transformed difference in partial correlations,
computed over all sessions for M2. There are distinct foci in the occipital and STS regions with opposite preferences for self-induced motion versus stimulus motion.

Table 1. Self-induced motion’s correlation with stimulus features

Self-induced
motion

Stimulus
motion

Stimulus
contrast

Stimulus
luminance

Stimulus
faces

Monkey 1 0.18 0.04 �0.00 0.00
Monkey 2 0.00 0.10 �0.00 �0.00

Independence of self-induced motion and other stimulus attributes in the videos. Values indicate the Pearson
correlation coefficients for reafference motion feature of both subjects to stimulus motion and three additional
stimulus features (contrast, luminance, and faces) that gave rise to prominent fMRI responses in our previous work
(Russ and Leopold, 2015). Importantly for the present study, the self-induced motion model is not strongly corre-
lated with any of these stimulus parameters, suggesting that the measured functional maps reflect reafferent input
rather than a physical movie feature.
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areal boundaries from the atlas are superimposed on the un-
thresholded difference scores, allowing for area-by-area evalua-
tion of the relative contribution of stimulus motion and self-
induced motion during free viewing of the video.

Overall, the pattern of activity across the two subjects is markedly
similar. The maps in Figure 3A reveal three potentially important
aspects of the data that were observed in both animals. First, the
activity associated with the two types of motion highlight the central

Figure 3. Detailed areal description of preference for self-induced motion versus stimulus motion for the two monkey subjects. A, Raw (unthresholded) differential activity is shown atop the corresponding
areal atlas boundaries from the Saleem and Logothetis atlas (Saleem and Logothetis, 2012), registered independently to the two monkeys through warping of the 3D digital atlas volume (Reveley et al., 2016).
Cyan/blue represent more responsivity to self-induced motion. Orange/red represent more responsivity to stimulus motion. B, Diagram comparison showing opposite biases for self-induced versus stimulus
motion processing in two broad cortical regions representations of central vision. Left, The difference map from monkey M2, overlaid with a coarse approximate meridian boundaries based on the atlas
transitions. Right, fMRI activity map in macaque showing the visual eccentricity for the same regions (adapted from Orban et al., 2014). There are two foci for central vision, corresponding to the continual foveal
representation of the early retinotopic areas (red dotted line) and the caudal STS regions (surrounded by purple solid line). White dashed lines indicate the horizontal meridian. Black dashed lines indicate the
vertical meridian.
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visual representation of two distinct cortical
foci (Kolster et al., 2009, 2014; Orban et al.,
2014): one corresponding to the early reti-
notopic areas and one corresponding to
caudal STS areas. While self-induced mo-
tion dominated the foveal representations
that form a continuous chain from V1 to
V4, stimulus motion dominated MT and its
satellite areas in the STS (MST and FST),
although as can be seen in Figure 2, self-
induced motion did also activate these latter
regions. A comparison of these two foci to
the two visual representations of central vi-
sion emphasizes their opposite motion pref-
erences (Fig. 3B). Second, other rostral areas
within the STS responded to stimulus mo-
tion, including subregions of areas PGa, IPa,
and TPO (Fig. 3A), which is consistent with
high motion sensitivity demonstrated in
face- and body-selective regions located in
these areas (Polosecki et al., 2013; Fisher and
Freiwald, 2015; Russ and Leopold, 2015).
Third, the difference maps for both animals
demonstrate a preference for stimulus mo-
tion in frontal cortex, localized to area F5, a
multimodal region implicated in the pro-
cessing of dynamic social stimuli and action
observation (Rizzolatti et al., 2001; Nelissen
et al., 2005). Together, these findings suggest
consistent differentiation between self-
induced and stimulus motion in cortical re-
gions that contribute to the processing of
socially relevant motion signals.

To further investigate the difference between V1 and MT, we
asked whether the observed preferences for reafferent versus stimu-
lus motion, respectively, might arise simply from the inherent speed
tuning of voxels in the two areas. We reasoned that such speed pref-
erences could act as a natural filter for the saccade- versus stimulus-
related motion if the two motion types exhibit speeds over very
different ranges. We thus computed the distribution of mean self-
induced and stimulus velocities within 10 s epochs (Fig. 4A). This
analysis revealed that the velocities of stimulus motion (0.20–5.4°/s)
were, on average, considerably lower than those of self-induced mo-
tion (0.05–26.28°/s). We performed these analyses for the main
movies in the study, here termed “social” to reflect their rich social
content, as well as for an additional set of movies with motion con-
tent but no animals present (“nonsocial”). The results showed
clearly that speed tuning could not account for the observed re-
sponse differences between V1 and MT. Voxels in area MT re-
sponded preferentially to higher speeds than those in V1 (Fig. 4B),
consistent with previous electrophysiological and fMRI findings
(Mikami et al., 1986; Chawla et al., 1999), but incompatible with the
preference of V1 for self-generated motion and the preference of MT
for stimulus motion (Figs. 2C, 4C). Together, these results indicate
that mechanisms other than straightforward speed tuning must ac-
count for the observed distribution of responses to reafferent versus
stimulus motion during natural vision.

Finally, we investigated the results of the current analysis
within the visual thalamus, in particular in the lateral geniculate
nucleus (LGN) and the pulvinar. Both nuclei showed significant
correlation with the two motion components. However, in the
pulvinar, stimulus motion produced a stronger relative contribu-
tion than did reafferent motion in both subjects. In the LGN, the

contribution of the two motion components differed between the
two subjects. Whereas the two components led to similar LGN
stimulation in Subject M2, the activity related to self-induced
motion was stronger in Subject M1, revealing a double dissocia-
tion between the two thalamic nuclei that resembled the pattern
in the cortex (Fig. 5).

Discussion
In this study, we found a strong segregation of cortical areas
responding preferentially to reafferent versus stimulus motion
during free viewing. Preferred responses for self-induced motion
were strongest in the central visual field representation of the
early retinotopic areas and some portions of the lateral temporal
cortex, whereas preferred responses for stimulus motion were
strongest throughout most of the STS. These two foci with oppo-
site preferences for the two types of motion are notably similar to
the two principal central visual field representations in the visual
cortex (Fig. 3B) (Kolster et al., 2009, 2014; Orban et al., 2014),
indicating that they may be specialized differently in their treat-
ment of self-generated motion signals during natural vision.

It is long known that moving visual stimuli elicit responses
throughout the brain, with areas in the STS showing particular se-
lectivity for simple (Bruce et al., 1981; Maunsell and Van Essen,
1983) or complex (Nelissen et al., 2006; Bartels et al., 2008; Jastorff et
al., 2012) movement. Although motion sensitivity is traditionally
associated with the dorsal processing stream, anatomical and func-
tional studies indicate the existence of multiple parallel pathways
within the ventral stream, including a motion-sensitive ventral path-
way originating in the caudal motion-sensitive areas (Boussaoud et
al., 1990; Kravitz et al., 2013; Fisher and Freiwald, 2015). Supporting
the view that motion is a central feature of ventral stream processing,
our previous fMRI investigation of free viewing of naturalistic videos

Figure 4. ROI speed tuning. A, The mean velocities for each 10-s-long epoch of the two motion models for two sets of movies.
The proportion of epochs ( y-axis) for each motion type are shown for 0.5°/s bins (x-axis). Solid vertical lines indicate the mean
velocity across all bins. Dashed lines indicate the associated quartiles for each motion model. B, ROI motion velocity tuning for MT
and V1, from Subject 2, based on the stimulus motion model. Stimulus motion velocities were grouped into 10 equally spaced bins
(x-axis). The average percentage signal change across all voxels in the ROIs is plotted for each bin. Left, Data from the original 15
social movies presented to the subjects. Right, Same analysis for an additional set of three movies that contained no animals but
had a larger range of motions. C, Quantitative comparison of the correlation of V1 and MT time courses during the nonsocial movies
with both motion types. Error bars indicate SEM across voxels.
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identified motion as the primary driver of activity throughout the
inferior temporal cortex, beyond the early retinotopic areas (Russ
and Leopold, 2015). In the present study, we found that the self-
induced motion derived from eye movements is approximately
complementary in its spatial distribution, primarily influencing re-
sponses in central visual representations of the occipital cortex. In
the next section, we address possible reasons for this difference in
motion processing.

One possible interpretation of the current findings relates to
the active compensation of self-induced motion signals in certain
areas ascribed to extraretinal modulation, such as saccadic sup-
pression, in which sensitivity to visual stimuli is diminished
around the time of saccades. Evidence from several studies sug-
gest that such compensation would be more prominent in the
STS motion areas than elsewhere in early retinotopic areas or
the ventral visual pathway. Such modulation, which likely origi-
nates in oculomotor structures, such as the superior colliculus,
and is passed to the cortex via pathways through the thalamus, is
thought to diminish the effects of self-induced motion during
saccades and contribute to the perceptual stability during shifts of
gaze (Sommer and Wurtz, 2002; Crapse and Sommer, 2008; Ber-
man and Wurtz, 2011; Ibbotson and Krekelberg, 2011; Wurtz et
al., 2011; Krock and Moore, 2014). Notably, neurons in several of
the areas we found to be driven by stimulus motion exhibit pre-
saccadic modulation, a hallmark of extraretinal input. For exam-
ple, electrophysiological studies of areas MT and MST (Ibbotson
et al., 2008; Bremmer et al., 2009; Inaba and Kawano, 2014) have
demonstrated that neuronal activity can be suppressed just be-
fore saccade onset, suggesting sensitivity to internal signals re-
lated to eye movement generation. Similarly, the contribution of
extraretinal oculomotor signals to these stimulus-driven areas
has also been suggested by a 2-deoxyglucose study, where
memory-guided saccades in complete darkness led to increased
glucose utilization in MT, MST, and V4t (Bakola et al., 2007). By
contrast, perisaccadic neural activity in early retinotopic areas is
primarily postsaccadic and likely to be reafferent in nature
(Wurtz, 1969; Moeller et al., 2007). While there is some evidence
of extraretinal input to V1 (Sylvester and Rees, 2006; McFarland
et al., 2015; Leopold and Logothetis, 1998), modulation is less
widely reported, and has been shown to be weaker, than in the
STS areas. Thus, one interpretation of the present results is that
the STS regions incorporate extraretinal signals that make them
less responsive to reafference, whereas the occipital region is
driven more strongly by such input.

Our fMRI results in early visual cortex are also broadly con-
sistent with neurophysiological studies investigating responses in

V1, V2, and V3a to motion signals (Galletti et al., 1984, 1988,
1990). In those studies, which focused on stimulus- versus self-
generated signals in the context of smooth pursuit eye move-
ment, stronger responses for stimulus motion were uncommon
in areas V1 and V2 (�15% of neurons) (Galletti et al., 1984,
1988), and were more frequently observed in area V3a (�50% of
neurons) (Galletti et al., 1990). We similarly found V3a to be
more responsive to stimulus motion than self-induced motion in
both animals, whereas this was not the case in V1 and V2 (Fig.
3A). These findings, together with a study showing a high level of
perisaccadic receptive field remapping in V3a but not in V1 (Na-
kamura and Colby, 2002), further indicates an increasing ex-
traretinal influence of retinal motion signals beyond primary
visual cortex.

Our analysis placed most emphasis on the two foci showing max-
imal differences to the two motion components, located in the oc-
cipital cortex and motion-sensitive regions of the STS. It is worth
mention that other structures, such as the LIP and FEF regions
known to be involved in eye movements, showed responses to both
self-induced and stimulus motion, albeit stronger responses to stim-
ulus motion (Fig. 2B,D). The dominance of stimulus motion in
these areas may be somewhat surprising, given these regions are
often associated with saccade generation and planning (Bruce et al.,
1985; Schiller and Tehovnik, 2005; Ipata et al., 2006; Bisley and Gold-
berg, 2010). However, it is important to reiterate the fundamental
distinction between self-induced motion that we studied here (i.e.,
reafferent visual stimulation of the retina) and signals associated
with saccade generation arising from oculomotor structures, such as
efference copy, which we did not study. Cortical areas involved in
saccade generation also show sensory responses to stimulus motion
(Shadlen and Newsome, 1996; Shadlen et al., 1996; Eskandar and
Assad, 2002; Fanini and Assad, 2009), which may account for the
strong motion responses we observed. It may also be possible that
the dominance of motion in areas, such as LIP and FEF, may be for
similar reasons as the dominance in the STS, as they have also been
shown to exhibit significant saccadic suppression that has been at-
tributed to corollary discharge signals (Bremmer et al., 2009; Joiner
et al., 2013). Further investigation will be necessary to discern poten-
tial similarities and differences among these cortical regions during
natural vision.

fMRI is well suited for questions involving large-scale spatial
mapping, such as in the present study, as it allows one the oppor-
tunity to investigate whole-brain responses. However, its reliance
on hemodynamic signals limits its capacity to follow fast neural
events; thus, functional mapping requires certain assumptions. It
is therefore important to consider other interpretations of the

Figure 5. Thalamic responses to stimulus and self-induced visual motion in Subject M1. Left, The coronal image is overlaid with difference scores of the partial correlation analysis, including the
pulvinar and LGN in each hemisphere. White box represents the region depicted in greater detail on the right. Bar plots in each voxel represent the partial correlation values for the self-induced
motion (purple) versus stimulus motion (green). The pulvinar (orange arrow) has the opposite motion preference of the LGN (cyan arrow).
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present results as well. We have already addressed one possibility,
namely, that the putative reafferent responses in posterior cortex
are indeed driven by some feature of the video. This was of par-
ticular concern because the spatial pattern of contrast and lumi-
nance responses we observed in our previous study resembled the
pattern seen here for self-induced motion (Russ and Leopold,
2015). However, we showed that this is unlikely because the eye
velocity time course was nearly uncorrelated with the contrast
and luminance models (Table 1).

Another possibility is that differential responsiveness to the
two motion types arises not from extraretinal compensation, but
from the basic receptive field sensitivity of neurons in the differ-
ent areas. Our analysis of inherent speed tuning (Fig. 4) is incon-
sistent with the idea that this property could readily explain the
observed differences between V1 and MT. However, it is also
possible that the differences in receptive field size among
areas might act as a type of selective filter, although with predic-
tions that are less clear than those offered by speed tuning. In this
scenario, the effective temporal frequency of contrast sweeping
through a receptive field might differentially stimulate areas
based on the receptive field size alone. The precise manner in
which speed, receptive field size, and temporal frequency might
determine the overall fMRI response is difficult to estimate.
However, our results indicate that receptive field size alone can-
not account for the differences we observe throughout the brain.
For example, neurons in areas TEO an ventral V4 have receptive
fields that are larger than those in central MT (Maguire and
Baizer, 1984; Gattass et al., 1988; Boussaoud et al., 1991), but like
foveal V1, they responded more to reafferent motion than to
stimulus motion. Although we cannot exclude that the receptive
field size has an influence on responses in these areas during
natural vision, there is no straightforward explanation of the ob-
served results based on receptive field size alone. Thus, at present,
we tentatively favor the explanation that extraretinal signals serve
to minimize the contribution of self-induced motion in the STS,
with the acknowledgment that future studies are clearly needed.

In conclusion, by applying two fundamentally different
modes of analysis to the same, extensive free-viewing datasets, we
found that the visual motion caused by eye movements impacts
the brain in a manner that is fundamentally different from visual
motion that is physically present in a viewed stimulus. The two
foci showing opposite preference for self-induced motion versus
stimulus motion correspond to the two, circumscribed central-
vision retinotopic representations in the visual cortex, suggesting
that they may be specialized for different aspects of motion pro-
cessing. Whether the basis of these results is due to the distribu-
tion of extraretinal influences, the selective processing of motion
velocity, or an entirely different mechanism, our findings draw
attention to the important consideration of eye movements in the
accounting of visual responses during naturalistic viewing para-
digms. Future studies that use both naturalistic and more stan-
dard visual paradigms will be important for attaining a deeper
understanding of the mechanistic basis of the observed activity
dissociation, as well as how this apparent division of labor in
motion processing contributes to visual perception.
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