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Somehow or other I had vaguely thought of myself as inhabiting this
house which is my body, and looking out through its two round windows
at the world. Now I find it isn’t really like that at all. As I gaze into the
distance, what is there at this moment to tell me how many eyes I have
here – two, or three, or hundreds, or none? In fact, only one window
appears on this side of my façade and that is wide open and frameless,
with nobody looking out of it. It is always the other fellow who has eyes
and a face to frame them; never this one.
D.E. Harding
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Chapter 1

GENERAL INTRODUCTION

General introduction

Although we intuitively have the idea that our visual experience is an objective
reality, it is in fact the result of a process of active inference performed by our
brain. Our perception of the environment is constantly updated in an effort to
integrate the incoming visual information with an internal model of how the
physical world behaves. A clear example of this integration process is binocular
perception. The two-dimensional retinal images from our two eyes each provide
slightly different information about the position of objects in a visual scene due
to the horizontal offset between the eyes, as illustrated in Figure 1.1, and the
brain has to infer the actual three-dimensional position of those objects by
integrating these two images. This happens, seemingly, without any effort and
we therefore only experience a single image of the objects in a scene. However,
because this inference is an active process and the brain not a perfect system, it
can also very easily go wrong and result in misinterpretations.

Left eye

N

FL
NL

F

FR
NR

Right eye

Figure 1.1 Because of the horizontal offset between the two eyes, much of the visual world projects
onto different points in each eye. Here, the eyes are fixating the object at location F and therefore
this object will fall on the same point in each retina (FL and FR). In contrast, objects that are not at
the currently fixated distance (as most of the visual scene will be) projects onto different points in
each eye. The object at location N projects onto different points (NL and NR) in the two eyes,
illustrated by the highlighted red area in each eye.
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In this thesis we aim to further our understanding of the underlying neural
mechanisms involved in the binocular perception of moving objects. To achieve
this, we use two different approaches. In the first approach we use
neuroimaging and normal functioning observers to study where in the human
brain the two retinal images are integrated into a single visual representation of
the world. In the second approach we investigate why a surprisingly large
number of otherwise healthy people are unable to judge the direction in which
objects are moving. The combination of these two approaches allows us to gain
a better understanding of how the brain integrates binocular visual information
and further our knowledge on how the visual system is able to determine the
motion direction of moving objects.

A well-established feature of visual cortex is the idea that adjacent neurons will
preferentially respond to stimulation at adjacent locations on the retina
(Inouye, 1909). As a result, the visual cortex contains a fairly accurate map of
the retina across the cortical surface, called a retinotopic map (Wandell,
Brewer, & Dougherty, 2005), that we can study non-invasively using functional
magnetic resonance imaging (MRI, Engel, Rumelhart, & Wandell, 1994; Sereno
et al., 1995). There is not just one such map in the brain, over the years studies
have identified increasing numbers of visual field maps across the brain
(Wandell, Dumoulin, & Brewer, 2007; Wang, Mruczek, Arcaro, & Kastner,
2015). However, ultimately the brain needs to represent the position of objects
in the three-dimensional world, not on our retina. A first step in the processing
of the retinal visual input is to combine the information from the two retinas
into a single representation of the current view an observer has of the
environment. Most of what we now about the way the brain performs this
operation is based on electrophysiological measurements in animals. For most
mammals visual input signals from the two eyes remain largely segregated up
11
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to primary visual cortex (Casagrande & Boyd, 1996). In addition to monocular
neurons, the primary and secondary visual cortices contain a large number of
binocular neurons that respond to input from both eyes simultaneously (Hubel,
Wiesel, Yeagle, Lafer-Sousa, & Conway, 2013; Hubel & Wiesel, 1962). This
transition from monocular to binocular neurons suggests that the combination
of visual information from the two eyes occurs in the early visual cortical areas.
Here, we aim to expand our model of how the visual system accomplishes the
combination of binocular visual input by studying this process in the human
brain. Specifically, we will investigate how the representation of visual input
changes across different brain areas and different visual field maps.

Motion perception in general has been extensively studied and is well
characterized in terms of the neural substrates, yet the neural mechanisms that
underlie the perception of motion in depth are quite poorly understood by
comparison. A possible reason for this gap in knowledge is the fact that it is
easier to study frontoparallel motion (2D motion) because this type of motion
(up-/down-/left-/rightward) can be readily presented on a 2-dimensional
computer display. In contrast, to study motion in depth (3D motion) perception
a more complicated setup is required in which the observer can be presented
with a different image for each eye. Since 3D motion involves movement
toward and away from the observer in depth, and it generally is not possible to
move real-world objects in a sufficiently controllable manner in the lab, we
make use of the fact that when an object moves in 3D the projection of this
object on the two retinas moves in opposite directions. Using a setup in which
we can present a different image to each eye separately, called a stereoscope
(Wheatstone, 1838), allows us to simulate this type of movement in the lab.

12
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Here we aim to further the understanding of the neural mechanisms involved in
motion in depth perception by investigating a particular visual deficit. Even
though the ability to discriminate between approaching and receding motion
seems quite critical for survival, there are studies that suggest that this ability
can be impaired in otherwise normal, healthy individuals (Hong & Regan,
1989; Richards & Regan, 1973). An observer with such a visual field deficit is
able to perceive motion in depth in most of their visual field but not in one
specific region. Even though this visual deficit was first described over 40 years
ago, there is currently very little known about the characteristics and potential
underlying cause. In this thesis we will first make an effort to better
characterize the inability to discriminate motion in depth and subsequently we
will use neuroimaging methods to study where in the brain this deficit
originates and what the possible underlying cause is.

When the inability to judge the direction of motion in depth was first described
(Richards & Regan, 1973) it was termed a stereomotion scotoma. The term
scotoma is typically used to describe a region in the visual field of an observer
where visual acuity is severely reduced or entirely absent, i.e. a blind spot. This
means that the term is generally used in the context of deficits that result in a
lack of visual input from a specific region in the visual field. However, for the
visual deficit that we investigate here there is no problem with visual input (as
we will demonstrate) but the observer is unable to properly discriminate
between different motion directions based on that visual input. Therefore we
argue that the deficit can be described as a form of visual agnosia (Farah,
2004). Since this was a progressive insight, the terminology in this thesis
incorporates both terms. In Chapter 3 we refer to stereomotion scotomas
whereas in Chapters 4 and 5 we make the case that this should be considered a
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visual agnosia. This position will also be further discussed in the general
conclusions at the end of the thesis.

Although magnetic resonance imaging (MRI) has been used to study in vivo
brain function for years, recent advances in the strength of the magnetic field
allow us to obtain very detailed measurements. These advances mean we can
now study questions in a living, and functioning, human brain that were
previously confined to the domain of invasive neural recordings in animals.
Studying the properties of the brains’ responses under various experimental
conditions will be a central method in this thesis. In particular, we make use of
the fact that the visual areas of the brain are organized into visual field maps
and therefore we can predict which parts of the brain will respond to which
portion of a visual display. This will be used in Chapters 2 and 4, where we use
fMRI to measure the responses in these visual areas, but also strongly inform
the behavioral methods used in the other chapters.

14

Chapter 2

THE CYCLOPEAN EYE IN HUMAN VISUAL
CORTEX

Published as:
M Barendregt, BM Harvey, B Rokers & SO Dumoulin (2015) Transformation
from a retinal to a cyclopean representation in human visual cortex. Current
Biology 25 (15), 1982-1987

Acknowledgement of author contributions: MB, BH, BR and SOD designed the experiment and MB
collected the data. MB performed data analysis under supervision of BR and SOD. MB wrote the
manuscript and the other authors provided critical comments.

The cyclopean eye in human visual cortex

Abstract
We experience our visual world as seen from a single viewpoint, even though
our two eyes receive slightly different images (Figure 2.1). One role of the
visual system is to combine the two retinal images into a single representation
of the visual field, sometimes called the cyclopean image (Julesz, 1971).
Conventional terminology, i.e. retinotopy, implies that the topographic
organization of visual areas is maintained throughout visual cortex (Inouye,
1909). However, following the hypothesis that a transformation occurs from a
representation of the two retinal images (retinotopy) to a representation of a
single cyclopean image (cyclopotopy), we set out to identify the stage in visual
processing at which this transformation occurs in the human brain. Using
binocular stimuli, population receptive field mapping (pRF), and ultra highfield (7 Tesla) functional magnetic resonance imaging (fMRI), we find that
responses in striate cortex (V1) best reflect stimulus position in the two retinal
images. In extrastriate cortex (from V2 to LO), on the other hand, responses
better reflect stimulus position in the cyclopean image. These results pinpoint
the location of the transformation from a retinal to a cyclopean representation
and contribute to an understanding of the transition from sensory to perceptual
stimulus space in the human brain.
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Results
Observers viewed a contrast-defined bar stimulus with slight opposite
horizontal offsets in each eye (binocular disparity), so that it was perceived
behind the fixation plane (Figure 2.2, “Position in depth”). This stimulus moved
across the visual field, producing systematic changes in fMRI response
throughout early visual cortex (Engel et al., 1994; Sereno et al., 1995). Position
in the retinal and cyclopean image of such a stimulus necessarily differ, such
that the cyclopean position is always in between the positions in the two retinal
images. We hypothesized that the neural response in visual cortex could either
reflect the superimposed positions of the stimuli on both retinas (retinotopic
representation Inouye, 1909) or the single position in the cyclopean image
(cyclopotopic representation).

Figure 2.1 Does Cortical Representation of Binocular Stimuli Reflect the Retinal or the
Cyclopean Image(s)? Elements of a 3D visual scene produce different retinal images in the two
eyes. The visual system combines the retinal images into a single cyclopean image of the visual
field. We investigated whether the cortical representation of such stimuli reflects their retinal or
cyclopean image.

17
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We used two control stimuli to generate two alternative models of the BOLD
response, one based on stimulus positions in the two retinal images, and one
based on stimulus position in the cyclopean image. The first control stimulus
matched the position of the experimental stimulus in the cyclopean image: a
contrast-defined bar was presented at identical locations in each retinal image
without binocular disparity (Figure 2.2, “Single position”). The second control
stimulus matched the position of the experimental stimulus in the two retinal
images without being integrated into a cyclopean image: a contrast-defined bar
temporally alternated between the left and right eye images of the experimental
stimulus (Figure 2.2, “Offset positions”), so that it stimulated the same retinal
locations, but due to the temporal alternation was not integrated into a single
cyclopean image.
We used the BOLD response to the control stimulus to estimate the population
receptive field (pRF), i.e. the region of visual space that optimally stimulated
the neural population at each recording site (voxel) (Dumoulin & Wandell,
2008; Zuiderbaan, Harvey, & Dumoulin, 2012). In all experiments, we verified
eye vergence by asking observers to perform a demanding task at fixation (on
average 77% correct, Appendix Figure A2.1).

Representations can be discriminated in early visual cortex
We first verified that the two models predicted significantly different responses
and that we could resolve differential activity between the two control stimuli
using cross validation. Figure 2.3A compares how well predictions based on the
“single position” and “offset positions” stimuli explained the measured fMRI
responses in V1, V2 and V3 for the two control stimulus conditions. This
analysis always included all responsive recording sites in each visual area. In V1
and V2, we could reliably discriminate responses elicited by the “single
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Figure 2.2 Stimuli used in the experiment. Position in depth stimulus: two bars are presented
simultaneously to both eyes with a horizontal offset. This results in the percept of a bar
positioned in depth so that the stimulated retinal locations differ from the bar’s perceived
location in the visual field. Single position stimulus: a bar is presented in the same position in
both eyes, and repositioned every 1.5 seconds (1 TR) to estimate the population receptive field of
each cortical location. Offset positions stimulus: presentation of the bar is alternated between the
two eyes. Bars are presented in the same retinal locations as the ‘position in depth’ stimulus but
alternate between the left and right eye to avoid the perception of a bar in depth.

position” and “offset positions” stimuli. In V3, response predictions did not
differ sufficiently to identify the stimulus representation when we include all
responsive recording sites. Therefore, we limited our first analysis to V1 and V2.

V1 represents retinal stimulus location, while extrastriate cortex represents
cyclopean stimulus location
To investigate the representation of the “position in depth” stimulus, we
compared whether the responses elicited by viewing of the “position in depth”
stimulus were better predicted by the pRF models based on either the retinal
images or the cyclopean image (Figure 2.3B). The negative difference in V1
(striped bar, t = -3.66, P = 2x10-5, n >= 1135 voxels/observer) indicates that a
prediction based on the retinal model best describes V1’s responses. The
positive difference in V2 (black bar, t = 3.64, P = 2x10-5, n >= 1010

voxels/observer) indicates that a prediction based on the cyclopean model best
19
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describes V2’s responses. The difference between the results of V1 and V2 is
also significant (t = 11.47, P < 1x10-7) further demonstrating that these areas
have distinct representations of the visual input. Results for each individual
observer can be found in Appendix Figure A2.4.
To investigate the representation of position in extrastriate cortex beyond V2,
we repeated this analysis using only recording sites that could correctly
discriminate between the control conditions (Figure 2.3B, right panel). By
selecting recording sites based on control conditions, we avoid biases when
evaluating the “position in depth” condition. We again find that the neural
response is best predicted by the retinal model in V1 (striped bar, t = -4.03, P =

8x10-7, n >= 365 voxels/observer) and is best predicted by the cyclopean model
in V2 (first black bar, t = 3.24, P < 0.01, n >= 293 voxels /observer).
Furthermore, the response to the stimulus in V3, V3A, LO1 and LO2 are also
best predicted by the cyclopean model (other black bars, t > 2.91, P < 0.005, n

>= 174 voxels/observer). As such, the BOLD response throughout extrastriate
visual cortex is consistent with the representation of binocular stimuli according
to their position in the cyclopean image rather than in the retinal images.
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Figure 2.3 A: In areas V1 and V2 our method successfully distinguishes between a stimulus
presented at a single position in the visual field and a stimulus presented at two offset positions
on the retina. Difference in variance explained between a model describing single versus offset
positions for the two control conditions and early visual areas (n=7). Each bar represents the
difference in variance explained between the two models when fitted to data collected using a
particular stimulus (as indicated by the stimulus icon above the bars). We demonstrate that data
from V1 and V2 correctly distinguish whether single position or offset position stimuli were
shown. When we include all responsive voxels within each ROI we find that area V3 cannot
correctly discriminate these two control stimuli for data obtained using the offset position
stimulus. B: Transformation from a representation of two distinct retinal images to a
representation of the cyclopean image across cortical areas. Difference in variance explained
between a model describing cyclopean image versus two distinct retinal images for the “Position
in depth” condition and early visual areas (n=7). The representation of the “Position in depth”
stimulus in V1 is best explained by the retinal images of the stimulus (striped bar, P < 0.01)
whereas the representation in V2 is best explained by the cyclopean image (black bar, P < 0.01).
In the left panel all responsive voxels in areas V1 and V2 are included in the analysis. The right
panel shows the same analysis limited to the voxels in visual areas V1 up to LO2 that are able to
correctly discriminate between our two control stimuli. Both the left and right panel show the
same transformation between area V1 and V2, going from a representation of the two retinal
images in V1 to a representation of the cyclopean image in V2. Further, we see that the responses
in subsequent extrastriate areas best reflect the cyclopean image as well. All errorbars represent
mean ± SEM.
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Responses reflect differences in position, not stimulus features
The temporal interleaving of the “offset positions” control stimulus used in the
experiment results in a difference in temporal contrast energy. We therefore
tested an additional stimulus condition in three observers to test whether the
predictions made by our models accurately reflect the differences in
representation of stimulus location rather than other stimulus features. We used
a stimulus with a vertical, instead of horizontal, offset between the two eyes.
Perceptually this stimulus is not fused into a single perceived position and
therefore behaves similar to our “offset positions” stimulus. However, this
stimulus is continuously presented to both eyes, rather than temporally
interleaved, such that the stimulus energy is comparable to the “single position”
and “position in depth” stimuli. Using the predictions generated by our control
stimuli we test whether the responses to this “vertical offset” stimulus are best
characterized as a response to two offset positions or a response to a single
position. We found that the models consistent with a representation of the
retinal images were significantly better at explaining the data obtained with this
stimulus in both V1 (t = -3.47, P = 5x10-4, n >= 1260 voxels/observer) and V2 (t

= -7.94 P = 2x10-14, n >= 1010 voxels/observer), suggesting that our results
reflect a true difference in the representation of stimulus location (Figure 2.4).

22
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Figure 2.4 Responses reflect differences in stimulus position. To exclude the possibility that the
differences in responses are due to differences in the stimulus energy of the control stimuli, we
tested three observers using a stimulus containing vertical instead of horizontal disparity. The
stimulus was presented continuously, so that it had the same stimulus energy as the “single
position” stimulus, but unlike the horizontal disparity stimulus, the vertical disparity stimulus
cannot be integrated into the representation of a single bar in the cyclopean image. We find that
the responses to the “vertical offset” stimulus in both V1 and V2 are best described by the retinal
position of the stimulus (V1: P = 5x10-4, V2: P = 2x10-14). All errorbars represent mean ± SEM.
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Discussion
We investigated the cortical responses to binocular stimuli in human visual
cortex and found that the neural response best reflects a superimposed
representation of the retinal position of visual stimuli in striate cortex (V1). We
also found that responses in extrastriate cortex (V2 to LO) better reflect the
position of visual stimuli in the cyclopean image. Taken together these results
provide evidence for a transformation from two superimposed retinotopic maps
to a single cyclopotopic map in early visual cortex.

Thus, the cortical responses in extrastriate cortex (starting in V2) are to some
extent independent of stimulus position in the retinal images, and more closely
reflect position in the cyclopean image. We would therefore predict that when
retinal position of a stimulus is changed (but cyclopean position remains the
same), the responses shift across the cortical surface in striate cortex but not
extrastriate cortex. For example, two objects that are positioned directly behind
each other with respect to an observer will result in responses in different
locations in striate cortex but the same location in extrastriate cortex.

These results using fMRI in humans are consistent with previous work in other
primates showing that in V1, neurons are commonly monocular, preferentially
responding to input from one or the other eye, whereas from V2 onwards
neurons are mostly binocular, responding to input from either eye (G. Chen, Lu,
& Roe, 2008). We show here that this change in neural responsivity from V1 to
V2 is accompanied by a change in the topographic organization of these visual
areas.
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We emphasize that our results are incompatible with the notion that the
representation in extrastriate cortex reflects a simple summation of the two
retinal images (Figure 2.5). If the representation in extrastriate areas were the
result of a simple summation of V1’s representation of the two retinal images,
then the “offset positions” model, predicting a broader response, would be
better at predicting the neural responses. This is indeed the case for stimuli with
a vertical disparity, which the visual system does not integrate into a single
cyclopean image. For stimuli with a horizontal disparity, which are integrated,
we find that simple summation does not predict neural responses as well.

Figure 2.5 Responses in extrastriate cortex reflect the cyclopean image, independent of the
position in the retinal images. Our results cannot be explained by assuming that the cortical
responses in area V2 are based on the average of the stimulus positions in the two retinal images.
Each panel illustrates a schematic view of the cortical surface in V1 and V2. The panel on the left
depicts the prediction of a simple summation of the retinal images underlying the cortical
responses in V2. The right panel shows the prediction of a response in V2 that is a
transformation into a different position from the positions in the retinal images. Since our “single
position” model provides a better prediction of the observed responses in V2, our data suggests
that a transformation occurs between V1 and V2, such that responses in V1 reflect stimulus
position in the two retinal images, whereas responses in V2 reflect stimulus position in the single
cyclopean image.
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Instead we suggest a transformation where the responses to the retinal images
are combined with a corresponding binocular disparity. This means that two
objects that are located exactly behind each other but at different distances
from an observer elicit responses at different recording sites in V1 but not in V2
or subsequent extrastriate areas.

A well-known feature of the organization in visual cortex is the increase in
population receptive field size between visual areas (Dumoulin & Wandell,
2008). While our data also show this increase between visual areas, we
emphasize that this does not explain our results. If the difference in responses is
solely due to larger population receptive fields in extrastriate cortex we should
not have been able to dissociate between our two control stimuli (single versus
offset bars). Given that we can dissociate between these stimuli we conclude
that the increase in population receptive field size is not a sufficient explanation
of our findings.

Further, the change in the proportion of neurons responding to monocular or
binocular input between striate and extrastriate cortex is not sufficient to
explain our results (Blasdel & Fitzpatrick, 1984; Hayhow, 1958; Talbot &
Marshall, 1941), as binocular input alone does not a priori distinguish between
a summed retinal and cyclopean visual field map representation (Figure 2.4).
The goal of this study was not to identify where binocular combination occurs
in visual cortex but rather to investigate how the human visual system infers the
cyclopean representation from the two retinal images.

We would like to emphasize that our results do not provide evidence in favor of
a spatiotopic representation of the visual field independent of fixation (d’Avossa
et al., 2007; Gardner, Merriam, Movshon, & Heeger, 2008). Rather, our results
26
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are in line with the notion that the representation in extrastriate cortex reflects
visual field location relative to fixation, i.e. a cyclopean representation (Julesz,
1971).
Our findings provide neurophysiological evidence of a representation of the
cyclopean image in early visual cortex. Further research based on our results
could investigate the role of monocular occluded objects in the cyclopean visual
space, which has previously only been studied using psychophysical methods
(Erkelens & Van Ee, 2002; Ono, Mapp, & Howard, 2002). Our results might
shed light on psychophysical results showing that many low-level adaptation
effects (assumed to be mediated in V1) do not transfer or only partially transfer
interocularly, while some higher-level effects transfer almost completely.

The topographic organization of sensory and motor cortices is a central pillar of
neuroscience, and has been instrumental to our understanding of cortical
representation. Recently, we demonstrated a topographic organization that
does not reflect the layout of sensory organs (Harvey, Klein, Petridou, &
Dumoulin, 2013). In visual cortex the topographic maps are commonly thought
to mirror the layout of the retina, and hence topographic regions of visual
cortex are often referred to as retinotopic. Here, we demonstrate that early
visual cortex deviates from the sensory organ layout, by representing the
cyclopean image instead, which may be better suited to inform subsequent
behavior.

In conclusion, our results show that the representation of position is
systematically transformed between striate and extrastriate cortex. The
transformation alters a retinotopic to a cyclopotopic representation. These
results contribute to a growing body of work (Freeman, Ziemba, Heeger,

27

The cyclopean eye in human visual cortex
Simoncelli, & Movshon, 2013; Tong & Engel, 2001) dispelling the notion that
V2 is simply a more complex version of V1.
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Methods
Participants
fMRI data were collected in seven participants (three authors, one female, aged
27-38), all with normal or corrected-to-normal visual acuity. All were
experienced psychophysical participants in both motion and depth experiments.
We tested all participants on their stereovision (using the same fixation dot task
as the experiment) prior to the experiment and found no abnormalities. Aside
from the authors, all participants were naïve to the purpose of the experiment.
Experiments were approved by the Medical Ethics committee of University
Medical Center Utrecht, undertaken with the written consent of each
participant and were carried out in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki).

Stimuli
Visual stimuli were back-projected onto a screen (15x7.9 cm) located inside the
MRI bore. The participant viewed the display through custom-built prisms that
allowed separate presentation for each eye. The total viewing distance from the
participant to the display screen was 41 cm.

Stimuli were generated in Matlab (Mathworks, USA) using the PsychToolbox
version 3 (Brainard, 1997; Pelli, 1997). All stimuli were presented in a central,
circular aperture with a diameter of 6 degrees. A small dot (0.1 degrees)
presented in the center of the aperture was used to maintain fixation. Outside
the stimulus aperture, the same pink noise (1/f) background was presented to
both eyes, facilitating binocular fusion. See Figure 2.2 for illustrations of the
different stimuli described here.
29
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All stimuli consisted of a moving bar aperture (Figure 2.2) that moved through
the visual field in 8 different directions. These bar apertures revealed a random
1/f noise (pink noise) pattern that was re-generated at 10Hz. The bar had a
width of 0.75 degrees and moved through the aperture in 20 discrete steps of
0.3°, each lasting 1.5 seconds, the TR. As such, each bar pass lasted a total of
30 seconds.

In the main stimulus condition (“position in depth”), binocular disparity was
introduced by displacing the bar stimulus by 0.25 degrees in opposite
horizontal directions in the two eyes. Perceptually the stimulus simulated an
uncrossed disparity, i.e. the bar is perceived as floating in depth behind the rest
of the display.

For the first control stimulus (“single position”) the bars were presented in the
same position in both eyes. Because there is no binocular disparity, this
stimulus is perceived as a single bar at the same distance as the rest of the
display. In the second control stimulus (“offset positions”), the bars were offset
between the eyes by the same amount as the main stimulus, but were presented
alternating between the two eyes, i.e. temporally interleaved, at 10 Hz. This
stimulated the same retinal positions as the “position in depth” condition, but
without the perceptual experience of a bar floating in depth.

Fixation task and monitoring binocular fusion
During the presentation of the stimuli the participant performed a simple task
at fixation. At random intervals the fixation dot would move either slightly
towards or slightly away from the participant in depth. The participant reported
the direction of the change (i.e. towards or away) by pressing one of two
response buttons. This task ensured fixation of gaze at the center of the display,
30
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and ensured proper binocular fusion. The difficulty of the task, i.e. the amount
of disparity, was adjusted so that most participants would be correct around
75% of the time. The behavioral results for this task (Appendix Figure A2.1)
show that participants performed this discrimination task correctly on an
average of 77% of trials.

Magnetic resonance imaging
All MRI data was collected at the University Medical Centre Utrecht using a
Philips 7 Tesla MRI scanner.

T1-weighted anatomical MRI data were acquired using a 32-channel head coil
at a resolution of 0.5x0.5x0.8 mm. These were subsequently resampled to 1
mm isotropic resolution. Repetition time (TR) was 7 ms, echo time (TE) was
2.84 ms, and flip angle was 8 degrees.

For four participants functional T2*-weighted 2D echo planar images were
acquired using a 16 channel head coil. For the other three participants
functional images were acquired using a 32 channel head coil. In all cases the
resolution was 1.98x1.98x2 mm, field of view was 190x190x52 mm, TR was
1500 ms, TE was 25 ms, and flip angle was 80 degrees. The acquired volume
was always oriented perpendicular to the Calcarine sulcus providing coverage
of the occipital lobe and posterior parts of the parietal and temporal lobes.

Functional runs were each 248 time frames (372 seconds) in duration, of which
the first eight time frames (12 seconds) were discarded to ensure the signal was
at steady state. Data for all conditions was collected during 2-3 sessions per
participant, for a total of 7-9 repetitions per condition.
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Processing of functional imaging scans
Functional scans were first compensated for head movement and motion
artifacts (Nestares & Heeger, 2000). Subsequently, the functional images were
averaged and aligned to the whole-brain anatomical scan. The alignment was
done automatically (Nestares & Heeger, 2000) and afterwards checked and
refined manually if needed.

Model-based fMRI analysis
The population receptive field (pRF) is defined as the region of visual space
that optimally stimulates a recording site (Dumoulin & Wandell, 2008). Using a
previously described method, we estimated pRF properties (position and size)
as well as the haemodynamic response function (HRF) from the fMRI data
(Dumoulin & Wandell, 2008; Zuiderbaan et al., 2012).

Briefly, the pRF method is based on a forward model that estimates the pRF
position and size based on the time course of the stimulus aperture and the
measured BOLD time series. As illustrated in Appendix Figure A2.2, we model
the pRF as a 2-D difference of Gaussians function described by four parameters
(position: x, y, size: σcenter, σsurround). We multiply each candidate pRF with the
stimulus aperture at each point in time, resulting in a predicted time course of
the neural activation. After convolution with the HRF, this yields a prediction of
the BOLD response, given the candidate pRF. Next, the predicted BOLD
response is compared to the measured BOLD time series, and the residual sum
of squares (RSS) is used to assess the goodness-of-fit. We use a coarse-to-fine
procedure to identify the optimal pRF parameters. We start with a large set of
permutations of possible pRF parameters. For each recording site the optimal
parameters from this large set are refined using a non-linear optimization
routine. The pRF parameters that produce the prediction with the smallest RSS
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are chosen for each recording site.

The analysis in this study differs from the typical pRF analysis because we use
two different stimulus apertures to make the candidate time series predictions.
This results in two different predictions for each recording site’s time series. As
an additional step at the end of the analysis we compare which of the predicted
time series better explains the measured BOLD time series across recording sites
in terms of the amount of variance explained. Appendix Figure A2.3 shows an
example BOLD time series with the pRF model predictions for a recording site
in area V1 of a single participant. As shown in the top panel (black dots:
measured time series, blue line: single bar prediction, red line: offset bars
prediction) the differences are quite small since the difference between the two
stimulus sequences used to generate the predictions is small. However, looking
at the difference between the two pRF predictions (bottom panel, green line) it
is evident that the differences are mainly located at the points in the time series
where the bar makes a horizontal (left-to-right, v.v.) or diagonal pass through
the visual field. This is what we would expect since the binocular disparity is
only present when the stimulus passes through the visual field in horizontal
(left-to-right, v.v.) and diagonal directions.

Selecting voxels
In our main analysis we included all voxels whose best-fitting pRF model could
explain more than 25% of the observed BOLD response variance (in addition to
criteria such as eccentricity and size of the pRF) to exclude unresponsive voxels.
We found however that many such voxels in areas beyond V2 could not reliably
discriminate between the two control stimuli used in the experiment, although
they still explained over 25% of response variance. To investigate cortical
representations in these areas we ran an additional analysis that only used
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voxels whose pRF models in our two control conditions could correctly
discriminate which stimulus was shown. In order to be included in the analysis
a voxel had to correctly discriminate between the two pRF models based on the
original time series as well as explain at least 25% of the variance in the time
series.
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Appendix
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Figure A2.1 Behavioral results for all participants. At random intervals during the experiment the
fixation dot’s position in depth was changed briefly. Participants reported the direction of the change
in position (towards or away) by pressing one of two buttons on the response box. The results are
plotted as the percentage of correct responses during the experiment for each participant. Data for
participant 2 is missing due to a technical problem with the response box. All error bars ± s.e.m.

35

The cyclopean eye in human visual cortex

Figure A2.2 Schematic description of the pRF modeling analysis. Flowchart describing the pRF
analysis for a single MRI recording site. We computed the overlap of the stimulus aperture with a
model of the pRF (modeled as a 2-D Difference of Gaussians) for a given recording site and
convolved the resulting time series with the haemodynamic response function (HRF) to provide a
prediction of the measured time series for each recording site. Using different parameters for the
modeled pRF we searched for the best fitting prediction to the measured data. When applying this
method using different stimulus apertures, we can establish which model better predicts the observed
data. The models are compared by the amount of variance explained in the observed BOLD time
series.
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Figure A2.3 A: Examples of an observed V1 recording unit (voxel) time series and the predicted
pRF model time series. pRF model predictions generated using two different stimulus apertures
(single bar and offset bars) look relatively similar by eye and both predict a large proportion of the
variance in the fMRI time series (panel 1). Panel 2 reveals that the major differences in the predicted
time courses coincide with vertical and diagonal orientations of the bar stimuli. This is expected
since the retinal positions of the stimulus in the two eyes differ for diagonal and vertical orientations
of the stimulus, whereas no such difference in retinal position exists for the horizontal stimulus
orientation. B: The observed HRF response averaged across voxels, stimulus repetitions and
observers. The normalized BOLD response (vertical axis) is plotted as a function of time relative to
the center of the pRF (horizontal axis). Because differences in pRF position between voxels result in
different time courses we used a previously described method to align the BOLD response to the
same point in time: the moment the stimulus passes through the center of each PRF (Dumoulin, Hess,
May, Harvey, Rokers, & Barendregt, 2014). We observe a slightly broader HRF in visual area V1
compared to visual area V2 when the position-in-depth stimulus is oriented vertically, but not when it
is oriented horizontally.

37

The cyclopean eye in human visual cortex

Figure A2.4 Individual participant results for participants S1-S3. Difference in variance explained
between a model encoding a single stimulus position and a model encoding two offset retinal
positions for the 3 datasets and three early visual areas. The solid black bars indicate that the data is
best explained by a model encoding a single stimulus position and the striped bars indicate the data
is best explained by a model encoding two offset retinal stimulus positions. As with Figure 2.3B in
the main text, the right panel shows the difference in variance explained only for voxels that could
correctly discriminate between the stimuli. All error bars ± s.e.m.
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Figure A2.4 (cont.) Individual participant results for participants S4-S6. Difference in variance
explained between a model encoding a single stimulus position and a model encoding two offset
retinal positions for the 3 datasets and three early visual areas. The solid black bars indicate that the
data is best explained by a model encoding a single stimulus position and the striped bars indicate
the data is best explained by a model encoding two offset retinal stimulus positions. As with Figure
2.3B in the main text, the right panel shows the difference in variance explained only for voxels that
could correctly discriminate between the stimuli. All error bars ± s.e.m.
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Figure A2.4 (cont.) Individual participant results for participant S7. Difference in variance
explained between a model encoding a single stimulus position and a model encoding two offset
retinal positions for the 3 datasets and three early visual areas. The solid black bars indicate that the
data is best explained by a model encoding a single stimulus position and the striped bars indicate
the data is best explained by a model encoding two offset retinal stimulus positions. As with Figure
2.3B in the main text, the right panel shows the difference in variance explained only for voxels that
could correctly discriminate between the stimuli. All error bars ± s.e.m.
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Stereomotion scotomas occur after binocular combination

Abstract
Stereomotion scotomas are a surprisingly common visual impairment that result
in an observer’s inability to accurately report the direction of an object’s motion
in depth in restricted parts of the visual field. In this study we investigated the
role of binocular cues to motion in depth. Using stimuli containing only nonstationary cues to stereomotion, we measured sensitivity across the visual field
and identified areas of significant impairment in stereomotion processing in
over 50% of otherwise healthy observers. These impairments vary
idiosyncratically in extent and location between observers. We established that
these impairments occur for a variety of visual stimuli, as long as they share the
property that stimulus motion is exclusively defined by interocular and velocity
differences. We tested for concordant impairments at relatively early stages
along the visual pathway, i.e. changes in sensitivity across the visual field to
local eye-dominance, monocular motion or instantaneous binocular disparity.
Although we find variability in sensitivity across the visual field of our observers
for all visual tasks, this variability across visual field locations did not correlate
with the impairments in stereomotion processing. We therefore conclude that
these stereomotion scotomas are due to impaired processing of dynamic cues
after the stage of binocular combination.
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Introduction
Everyday activities such as playing sports, driving a car or just navigating the
world depend on the ability to perceive motion in depth. Despite its
importance, the ability to perceive motion in depth can be impaired in a large
proportion of otherwise healthy observers (Hong & Regan, 1989; Regan,
Erkelens, & Collewijn, 1986). These impairments are specific to regions of the
observers’ visual field in which they are not able to judge whether an object is
moving towards or away, termed stereomotion scotomas (Richards & Regan,
1973). The nature and underlying cause of these visual impairments have
received little attention and therefore remain poorly understood. We
investigated whether these stereomotion scotomas are specific to either a deficit
in early visual processing of the binocular cues to motion in depth or rather the
result of deficient processing in a later stage of the visual hierarchy.
In natural scenes an object moving towards or away from an observer produces
both monocular and binocular cues to motion in depth. We consider only
binocular cues and their monocular constituent signals here because we are
specifically interested in stereomotion processing. The visual system can use
two binocular cues to motion in depth: changing disparity over time (CD) and
interocular velocity differences (IOVD) (Harris, Nefs, & Grafton, 2008; Regan &
Gray, 2009). The visual system processes these two cues independently
(Rokers, Cormack, & Huk, 2009) and there is mounting evidence that the cues
make independent contributions to the percept of motion in depth (Brooks &
Stone, 2004; Brooks, 2002; Czuba, Rokers, Huk, & Cormack, 2010; Nefs,
O’Hare, & Harris, 2010; Rokers, Cormack, & Huk, 2008; Shioiri, Nakajima,
Kakehi, & Yaguchi, 2008; Shioiri, Saisho, & Yaguchi, 2000).
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In order to identify stereomotion scotomas we measured sensitivity to the
direction of motion in depth across the visual field in our observers. To exclude
possible contributions from instantaneous binocular disparity, we used a set of
stimuli that were specifically designed to contain only non-stationary cues to
stereomotion. Specifically, in previous work the stimulus consisted of a small
rectangular bar that was moved back and forth in depth (Hong & Regan, 1989;
Regan et al., 1986). Such a stimulus is confounded because it contains static
cues to the direction of motion in depth (instantaneous disparity at the start
and end of motion). To circumvent this issue, we used a drifting grating pattern
within a Gaussian aperture. Because of the periodicity of the grating,
instantaneous disparity would be uninformative of the direction of motion. In
order to ensure that the measured sensitivity for stereomotion is not specific to
certain stimulus parameters, we also used a different stimulus (moving dots) to
independently verify the location of any stereomotion scotomas.
Next, we considered the possible underlying causes for stereomotion scotomas
in early stages of visual processing. As illustrated in Figure 3.1 the binocular
percept of 3D motion can be computed by processing monocular signals in two
separate ways, corresponding to the two binocular cues to motion in depth (CD,
IOVD). We hypothesized that a deficit in processing of either the monocular
velocities (VL,R) or binocular disparity (Dt) could be the underlying cause of the
stereomotion scotomas, since either of those deficits could result in a less
reliable stereomotion signal (V3D). Another possible cause for the scotomas,
binocular rivalry, is not directly represented in Figure 3.1, but would most
likely occur prior to extracting these cues.
We were particularly interested in this question, since visual sensitivity for each
of the constituent cues to stereomotion varies across the visual field.
Stereomotion scotomas might therefore be the result of a specific impairment at
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one of these stages of stereomotion processing. Specifically, sensory eye
dominance in binocular onset rivalry has shown to be anisotropic across the
visual field (Carter & Cavanagh, 2007; Xu, He, & Leng, 2011). Additionally,
there is variability in sensitivity to binocular disparity (Blakemore, 1970; Julesz,
1971; Westheimer & Truong, 1988), as well as directional anisotropy of motion
sensitivity (Ball & Sekuler, 1980; Edwards & Badcock, 1993; Georgeson &
Harris, 1978; Giaschi, Zwicker, Young, & Bjornson, 2007; Raymond, 1994)
across the visual field. We therefore compared the variability in sensitivity to
these cues with the variability in the locations of observers’ stereomotion
scotomas.
Briefly, we found evidence for stereomotion scotomas based on noninstantaneous cues in over 50% of our observers. The scotomas varied
idiosyncratically in size and location between, but not within, individual
observers. We found variability across the visual field in sensitivity at each of
the three stages of stereomotion processing in our observers but these variations
were not predictive of the location of the stereomotion scotomas. These results
lead us to conclude that stereomotion scotomas are not due to binocular rivalry,
and occur based on deficits in visual processing after the extraction of retinal
motion and binocular disparity. The impairments therefore have to be due to
impairments in the processing of the cues underlying stereomotion, i.e. the
changing disparity (CD) and/or interocular velocity difference (IOVD) cues,
later in the visual hierarchy.
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Figure 3.1 An estimate of motion in depth can be computed by processing binocular information
in two ways. Based on the two retinal images the visual system can extract velocities for each eye
(VL,R) and compare these velocities to compute the motion in depth (V3D) percept (formula in pink
rectangle). The computation of motion in depth can also be based on disparity information. After
computing the binocular disparity (Dt) from the retinal images the visual system could track the
change in disparity over time (Dt+1) as a cue to motion in depth (formula in pink rectangle). A
deficit in extracting the monocular velocities or in processing the binocular disparities is
hypothesized as a possible cause for the stereomotion scotomas.
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Methods
Observers
A total of 11 observers (1 female, ages 24-38) participated in the experiments.
The participants gave informed consent and all had normal or corrected-tonormal vision. All were experienced psychophysical observers and naive to the
purpose of the experiments, with the exception of the three authors. The
experiments were carried out in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki).

Apparatus & display
All stimuli were presented using a mirror stereoscope. The setup consisted of
two 20” CRT displays (85Hz, 1024x768 pixels) with each display containing the
image for one eye at a simulated viewing distance of 75 cm. The luminance of
the two displays was linearized using standard gamma-correction procedures,
and the mean luminance was 46.7 cd/m2. The observer viewed the images
through a set of mirrors that redirected each image to the corresponding eye.
Vergence was facilitated by a 1/f noise background pattern. In addition a small
fixation dot and a fixation cross of nonius lines was presented in the center of
the display to help the observer maintain fixation and monitor vergence during
the experiments. (See Figure 3.2 for an example of the stimulus display). The
stimuli were generated using a Apple Mac Pro computer using Matlab
(Mathworks, Natick, MA, USA) and the Psychophysics Toolbox 3 (Brainard,
1997; Kleiner, Brainard, Pelli, & Ingling, 2007; Pelli, 1997).
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Stimuli
The stimuli were presented within circular apertures (1.5º diameter) positioned
within a 7.5º radius around fixation. The centers of the apertures ranged from
1.5º to 7.5º eccentricity in 5 equal steps and were laid out in a spoke-wheel
pattern with 8 locations per ‘ring’ (see Figure 3.2). This arrangement provided a
total of 40 testing locations across the visual field.

Figure 3.2 Example of the stimulus display for one eye. Each eye’s image contained 40
locations (gray circles) across the visual field where sensitivity would be assessed. The displays
for the two eyes were identical except for the fixation cross and the stimulus. A: The stimulus for
the stereomotion and ocular dominance experiments consisted of a sinusoidal grating pattern. B:
In the stereomotion and lateral motion experiments, the stimulus consisted of randomly
positioned black and white translating dots. C: In the static depth experiment the stimulus was a
randomly generated circular patch of pink (1/f) noise with horizontal offset between the two eyes.
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Stereomotion sensitivity
We measured stereomotion sensitivity in three different experiments. In the
first stereomotion sensitivity experiment, the stimulus consisted of a sinusoidal
grating (2 cycles/º) drifting laterally at 4 cycles/sec within a stationary spatial
envelope (2-dimensional Gaussian, sigma 0.25º, falling to 1% luminance at
0.56º eccentricity, Figure 3.2A). These stimulus parameters were used based on
previous work which showed that stereomotion sensitivity is highest at a
monocular speed of ~2 º/sec (Czuba et al., 2010) and our pilot data which
showed that this spatial frequency produces the strongest percepts of motion in
depth for this size of the Gaussian envelope.

In the second stereomotion experiment we used the same procedure as the first
experiment but the stimulus consisted of moving dots rather than drifting
grating patterns. A group of randomly distributed black and white dots (Figure
3.2B, dot diameter 0.06º) was presented moving laterally at 2 º/sec in opposite
directions in the two eyes. Because the disparity range was limited this created
a percept of the dots continuously wrapping through a cylindrical volume.

In the final stereomotion sensitivity experiment we used the exact same
stimulus configuration as the first experiment (drifting grating, Gaussian
aperture) but with varying contrast levels (5%, 7.5%, 10%, 20%, 100%
contrast). Because the additional variable (contrast) increases the number of
trials needed for each observer, we confined the stimulus to a single eccentricity
‘ring’ that would include a region of reduced stereomotion sensitivity (as
measured by the previous two methods) in each observer. Because we had 5
levels of contrast as well as 5 different eccentricities in the previous
experiments, this resulted in the same number of trials for this experiment and
the previous ones.
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In order to identify a possible underlying cause for the impairments relatively
early in the visual pathway, we conducted four experiments that measured
extent of eye dominance (2 experiments), sensitivity to static binocular
disparity, and sensitivity to lateral motion, in the same locations across the
visual field. Movies of all stimuli used in the experiments have been included in
the Appendix.

Eye dominance
To measure sensory eye dominance we used a binocular rivalry paradigm and
two types of stimuli. The first stimulus was a stationary version of the 2 cycles/º
grating pattern used in the stereomotion experiment (Figure 3.2A) but oriented
± 45º (counter)clockwise in the two eyes. The second stimulus was the drifting
2 cycles/º grating pattern used previously, but instead of drifting horizontally,
this grating drifted vertically, in opposite direction (up-/downward) in the two
eyes. Both stimuli were designed to create binocular rivalry, instead of
binocular fusion, so that in the absence of strong eye dominance the percept
could alternate between the left- and right-eye stimuli.

Binocular disparity
To measure sensitivity to disparity-based static depth, a patch of randomly
generated pink (1/f) noise (Figure 3.2C) was presented within the same
Gaussian aperture as the grating stimuli. The use of a 1/f noise patch over a
stationary grating was necessary because the periodicity of the latter would
have rendered the disparity signal ambiguous (i.e. a binocular ‘match’ could be
found in either direction). The patch was displaced, inside the aperture,
between the two eyes to create a binocular disparity of ±0.1º (6 minutes of
arc).
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Lateral motion
In the motion sensitivity experiments the stimulus consisted of a set of
randomly distributed black and white dots (Figure 3.2B, dot size 0.08º)
contained within a 2º circular aperture centered on one of the 40 locations in
the same way as in the other experiments. This larger diameter of the aperture
was necessary because pilot experiments showed that a 1.5º aperture (which
would correspond more closely to the Gaussian apertures) was too small to
perform the task, even at 100% dot coherence. On each frame the dots would
be repositioned at either a random location or according to a set direction (left
or right) and displacement (dx=0.3º, dt=45ms). The number of dots that
would displace coherently was fixed at 50% (value based on pilot study using
staircase-method) and the signal and noise dots were randomly selected on
each frame-interval. A total of four sets of dots were presented interleaved to
prevent ‘streaks’ and tracking of individual dots (Newsome & Pare, 1988). The
dots where presented binocularly but with the exact same configuration in the
two eyes.

Procedure and task
The stereoscope was initially adjusted so that the vergence demand was
appropriate for the viewing distance given a typical interocular distance. Prior
to each session, the observer made further adjustments so that the nonius
markers were aligned both horizontally and vertically, and vergence was
comfortable. Observers were instructed to maintain fixation at all times during
the experiment.

All experiments followed a similar presentation procedure. In the stereomotion
experiments the grating stimulus drifted (or dots moved) in opposite horizontal
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directions in the two eyes creating a binocular percept of motion drifting
towards or away from the observer. On each trial the stimulus was presented
for a single 250ms interval in one of the 40 possible locations. Observers were
asked to maintain fixation at the center of the display at all times, so that this
procedure mapped sensitivity to the stimuli across the visual field. After
stimulus offset observers responded via a key press. For each observer, 20
repetitions of each of the 40 locations were pseudo-randomly distributed across
trials, ensuring that the observer was unable to predict the location for any
given trial. In the stereomotion experiments, the observer performed a 2alternative forced-choice (2AFC) task on the direction of motion
(towards/away) of the stimulus on each trial.

The binocular rivalry experiments followed a similar presentation procedure but
with a longer stimulus duration (500ms). In pilot experiments we did not
observe significant rivalry at the shorter 250ms duration used in the
stereomotion assessment. To determine if rivalry nonetheless might be a
contributing factor to the stereomotion scotomas, based on previous reports of
variation in eye dominance across the visual field (Carter & Cavanagh, 2007;
Stanley, Carter, & Forte, 2011), we assessed rivalry using the longer stimulus
duration. The task for the observer was to indicate on each trial which of the
two possible percepts (clockwise/counterclockwise orientation,
upward/downward motion) was observed. If there was no exclusive dominance
of one percept the observer was instructed to report the “more predominant” of
the two.

In the static depth experiment the stimulus was presented for 250ms and the
observer indicated whether the stimulus was perceived “in front” or “behind”
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the plane of fixation, as defined by the fixation cross and the 1/f noise
background.

The motion sensitivity experiment had a presentation duration of 500ms (the
task proved too difficult at shorter durations) on each trial. The task for the
observer was to report the perceived direction of motion (left/right) of the
coherently moving dots.

Data analysis
In order to quantify the stereomotion sensitivity of each observer, the
percentage of correct responses was computed for each location in the visual
field. To determine the stability of the measured stereomotion sensitivity we
tested each observer on three separate days and computed the Pearson
correlation coefficient across locations between the separate datasets. We
generally observed good session-to-session agreement and subsequently
combined data from three sessions for each observer to increase statistical
power. The percentages correct were then plotted in a visual field map (e.g.
Figure 3.3) were each sample location is represented by a colored circle. A
black contour marks locations where the percentage of correct responses was
significantly different from chance (p < 0.05, uncorrected, binomial test). We
opted to use an uncorrected statistical criterion because we were interested in
identifying locations where performance did not differ significantly from
chance. Adopting such a criterion makes us relatively conservative in classifying
a location as lying within a stereomotion scotoma.

Each of the other experiments was also repeated on three separate days and
then subsequently combined to increase statistical power. The data from these
experiments were analyzed in the same manner as the stereomotion
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experiment, i.e. using the percentage of correct responses in each location of
the visual field, with the caveat that for the binocular and motion rivalry
experiments there was no ‘correct’ response. For these experiments we
computed the percentage of correct responses to the stimulus presented in the
left eye. This produced a percentage between 0% and 100%, where 100% (0%)
indicates that the observer always reports the stimulus that was presented in
the left (right) eye and 50% means that the observer’s responses showed no
bias of one eye over the other. Locations in the visual field where this value was
significantly different from 50% (p < 0.05, uncorrected, binomial test)
therefore indicated locations where one of the eyes was dominant.

54

Chapter 3

Results
In the experiments described here we aimed to measure the sensitivity to
stereomotion across the visual field for individual observers and to establish
whether the location of deficits in stereomotion sensitivity was reproducible
over multiple testing days.

Regions of stereomotion insensitivity in ~50% of observers
We quantified the sensitivity to stereomotion across the visual field for
individual observers across three separate sessions using Gabor patterns (Figure
3.2A). We plotted the sensitivity in a visual field map for each observer,
providing a visual reference for the relative sensitivity across the visual field. In
Figure 3.3 the visual field maps for eight individual observers are shown. The
colormap indicates the percentage of correct responses at each location in the
visual field with 50% indicating total inability to determine direction of motion
in depth (chance level) and 100% indicating perfect ability. A black contour
indicates locations where the percentage correct is significantly different from
chance (p < 0.05, uncorrected binomial test).

Figure 3.3A shows the visual field map for a single observer with accurate
stereomotion discrimination performance in all measured locations (in all
locations the percentage correct responses is significantly above chance). The
variability in the percentage correct across locations is relatively small and only
shows a slight decrease over the 1.5º – 7.5º range of eccentricity. A second
observer is shown in panel (B) of Figure 3.3. For this observer the variation in
percentage correct responses is much greater across the visual field. In the
lower, central part of the visual field the observer was unable to reliably
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discriminate the direction of motion in depth, yet in the rest of the visual field
and at the same eccentricities, this observer was perfectly able to do so
(performance up to 100% in some locations). A third observer shown in Figure
3.3C has a region of poor stereomotion discrimination performance located very
close to the center of the visual field (at 1.5º and 3º eccentricity),
demonstrating that the decreased sensitivity is not an overall effect of visual
field eccentricity. The other five observers shown in Figure 3.3 all have a region

Figure 3.3 Stereomotion sensitivity across the visual field for eight observers. Points in the
graph correspond to visual field locations on a range of eccentricities (1.5-7.5º in 5 equal steps,
indicated by gray/white rings) and polar angles (8 steps of 45º per eccentricity). The colors
indicate percentage of correct responses as shown in the colorbar. The black contour marks
locations where the performance was significantly above chance, with the threshold as indicated
by the black box in the colorbar. The observer in the top left figure has near perfect performance
across the whole visual field, and is representative for 4 out of the 11 observers we tested. All of
the 7 other observers have a distinct region (at different locations) in the visual field where the
performance is not significantly different from chance.
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of poor stereomotion discrimination performance in their visual field, although
the locations and sizes differ between observers.

Measuring changes in stereomotion performance in terms of percentage correct
has the potential to confound changes in sensitivity with changes in response
bias. To exclude the possibility that our results are merely reflecting a
difference in response bias across the visual field, we also computed dʹ as a
direct measure of stereomotion sensitivity. The details and results are included
in the appendix (Appendix Figures A3.1 and A3.2). We found that the
percentage correct correlates very strongly with dʹ (R2 = 91%, p < 0.0001, N =

8) and only weakly with response bias (R2 = 4%, p < 0.001, N = 8).
We find stable impairments in stereomotion perception in 64% of our observers
(7 out of 11, all shown in Figure 3.3 and Appendix Figure A3.1). Within the
same observer performance could vary as much as 50%, from chance (50%) to
ceiling performance (100% correct), at identical eccentricities. The location and
size of the impairments varied idiosyncratically across observers and could be as
close as 1.5° from fixation.

Locations of stereomotion insensitive regions are stable over time
To test the stability of the measured visual field over time, we tested each
participants on three separate sessions divided over multiple days using the
same stimulus (Figure 3.2A). These sessions were separated by at least a day
and up to several weeks in some participants. Figure 3.4 shows visual field
maps for three observers in three separate sessions. Any region indicated with
dotted lines is the region of poor stereomotion discrimination as inferred from
the combined data (see Figure 3.3A, B and F). Although there is session-tosession variability in the percentage correct responses within locations, the
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Figure 3.4 Stereomotion sensitivity maps for three observers on three separate days with
intervals ranging from one day to several weeks. The marked region indicates the location of
possible stereomotion scotomas based on the cumulative data shown in figure 3.3. Although there
is variation in the percentage of correct responses from session to session, locations within the
scotoma (marked region) are not significantly different from chance in any of the sessions.

threshold level is never reached for the locations that lie within the marked
region. In general, we observe reliable session-to-session stability in all
observers (correlation from 1st to 3rd session: r = 0.60, p < 0.0001, N = 7). Thus
we conclude that the stereomotion scotomas are stable over time.

Locations of stereomotion insensitive regions are stable over stimulus
parameters
In order to assess whether the measured sensitivity to stereomotion across the
visual field is specific to the stimulus parameters used in this study, we repeated
our visual field measurements using a stimulus with different characteristics
(moving dots, Figure 3.2B). Figure 3.5 shows a comparison of the measured
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stereomotion discrimination performance at a single eccentricity using the
Gabor and moving dots stimuli for two observers (Figure 3.3E&F). Three
observers participated in this moving dots experiment. Performance was
correlated between the two different stimuli when combined across observers (r
= 0.68, p < 0.001). These effects are on the same order as the session-tosession variability we observed within observers using the drifting grating
stimuli.

To assess the stability of the scotomas as a function of stimulus contrast, we
varied the contrast of the Gabor stimulus (Figure 3.2A) and measured a
psychometric curve to quantify contrast sensitivity at 8 locations at a single
eccentricity (Figure 3.5C). At very low contrasts (5-10% Michelson contrast)
the performance decreases in all visual field positions, but above these values
stereomotion sensitivity remained constant over a large range of contrasts
(20%-100% Michelson contrast). This shows that sensitivity to stereomotion is
not simply the result of different contrast sensitivity inside and outside the
stereomotion scotoma. In summary, we found that the stereomotion scotomas
were stable across different stimuli and a wide range of stimulus contrasts.

Potential early visual mechanisms underlying stereomotion scotomas
We considered early visual mechanisms involved in stereomotion processing
(Figure 1) that could be impaired in the case of stereomotion scotomas. We
identified and tested three mechanisms of early processing that might have
been impaired: eye dominance, binocular disparity, and lateral motion. We
quantified variability across the visual field of our participants for each of these
three possible mechanisms in a series of experiments.
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Eye dominance
We measured sensory eye dominance in two related experiments, one using
stationary and one using vertically drifting Gabor patterns (Figure 3.2A). Both
experiments reveal significant variability in eye dominance across the visual
field. In Figure 3.6A eye dominance is reported as the percentage of responses
that correspond to the stimulus orientation or motion direction presented in
each eye, ranging from 100% right dominant (observer always reported
stimulus in right eye) to 100% left dominant (always reported stimulus in left
eye). We compared eye dominance based on the stationary Gabor (orientation)

Figure 3.5 Comparison of stereomotion sensitivity in two observers as measured by three
different tasks. All panels (A,B,C) display the results from the same two observers. A: Percentage
of correct judgments when using a drifting grating. B: Percentage of correct judgments when
using moving dots. Both panels A and B plot percentage of correct responses as a function of
visual field position. The performance for the two different stimuli (A:grating vs B:dots) are
significantly correlated r = 0.63 (p < 0.0001). C: Percentage of correct responses as a function
of Michelson contrast (5%-100%). Here we presented the drifting grating pattern at different
contrast levels. The two lines represent the average of the measurements taken at either the
normal (open symobls) or scotoma locations (solid symbols, also in panel A&B). Performance
remains relatively stable across a wide range (20-100%) of stimulus contrasts.
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with eye dominance based on the drifting Gabor (motion) stimulus. We found a
significant correlation between the two eye dominance experiments (r=0.28,

p<0.001, N=4), suggesting that motion-based and orientation-based rivalry
share a common mechanism. However, we did not find a significant correlation
between the performance in the stereomotion experiment and eye dominance
(r=0.005, p=0.94, N=7 for orientation rivalry and r=0.08, p=0.32, N=4 for
motion rivalry).

Figure 3.6 A: Measured eye dominance (in %) for 4 observers in two different experiments
(different colors indicate different observers). The data shows a significant correlation between
the results for the orientation stimulus (stationary grating pattern rotated +/-45) and the motion
stimulus (grating pattern drifting either up- or downward). B&C: Measured eye dominance
(vertical axis) as a function of stereomotion discrimination in observers with a stereomotion
scotoma. We did not find a significant correlation between the performance in stereomotion
discrimination and eye dominance with either of the two stimuli used to measure eye dominance.

Binocular disparity
We quantified sensitivity to instantaneous binocular disparities by the
percentage of correct responses when judging position in depth (near/far) for
all observers with a stereomotion scotoma. We found that the sensitivity was
stable over time (correlation from 1st to 3rd session: r = 0.45, p < 0.0001, N=7)
but we found no significant correlation between discrimination performance in
the binocular disparity experiment and the stereomotion experiment (Figure
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3.7A, r=0.08, p = 0.81, N=7). These results indicate that the variability in
sensitivity to the binocular disparity cue is not predictive of the observed
deficits in stereomotion processing.

Lateral motion
In Figure 3.7B we show the percentage of correct responses (between 50% and
100%) to the direction of motion (left/right) for 6 observers with a
stereomotion scotoma (correlation from 1st to 3rd session: r = 0.27, p < 0.05,

N=6). We did not find a significant correlation between performance in the
lateral motion experiment and the stereomotion experiment (r=0.01, p = 0.13,

N=6). These results indicate that the variability in sensitivity to lateral motion
are not predictive of the observed deficits in stereomotion processing.
In order to exclude stimulus duration as an explanation of differences in task
performance, we ran an additional version of the main experiment where we

Figure 3.7 A: Performance on the depth discrimination task (judging position in depth) as a
function of the performance on the stereomotion task (judging direction in depth) for all
observers with a stereomotion scotoma. B: Same for the lateral motion direction judgment task.
For both visual tasks we did not find a correlation between performance on the task and
performance on the stereomotion discrimination task.
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presented the stimulus (drifting grating pattern) for 500ms. The results are
included in the Appendix (Appendix Figure A3.3). The percentage correct at
250ms and 500ms presentations is significantly correlated (R2=0.89, p<0.0001)
demonstrating that a longer presentation time does not significantly alter the
results.

In summary, we find clear evidence for local variation across the visual field in
each of the three tested mechanisms. The results presented here are
correlations over all subjects’ data, however we also computed the individual
correlations per subject and performed a GLM analysis. In all cases we do not
find a systematic relationship between the variability in discrimination
performance across the visual field for binocular rivalry, binocular disparity, or
lateral motion and the location of stereomotion scotomas.
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Discussion
Our results demonstrate that over 50% (7 out of 11) of otherwise healthy
observers have impairments in the perception of 3D motion in regions of their
visual field. We find that these stereomotion scotomas can vary idiosyncratically
in eccentricity, polar angle and size between, but not within, observers. These
scotomas are stable in size and position in the visual field within individual
observers over time and a variety of stimulus parameters. We subsequently
investigated possible causes of these common deficits in 3D motion perception
relatively early in visual processing. Specifically, we hypothesized that either
binocular rivalry, or deficits in the processing of either lateral motion or
binocular disparity formed the basis of these deficits in 3D motion perception.
Although the observers showed variability across the visual field for all three
candidate mechanisms, none of these deficits in visual processing was
predictive of the locations of the stereomotion scotomas.
We designed the stimuli so that instantaneous disparity was excluded as a
possible cue. Nonperiodic stimuli will inherently contain such instantaneous
disparity cues, and previous work did not explicitly distinguish between the
instantaneous and time-varying cues (Hong & Regan, 1989; Regan et al., 1986;
Richards & Regan, 1973). We showed that these instantaneous disparity cues
are not the basis for the stereomotion deficits since the scotomas persist even
when the cues are eliminated, and variability in sensitivity to instantaneous
binocular disparity across the visual field does not predict stereomotion
performance.
Some variability in measured performance across the visual field could be the
result of an observers’ inability to maintain fixation throughout the experiment.
We did not explicitly monitor eye movements but using a short presentation
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time and randomizing the stimulus location on every trial ensured that eye
movements would not be informative to the task. In fact, the significant sessionto-session and stimulus-to-stimulus reliability of our findings would be unlikely
if the differences in performance across the visual field were purely due to eye
movements, and we therefore do not believe our results are driven by eyemovements.
All stimuli were presented at full contrast, except in the one experiment where
we explicitly assessed stereomotion sensitivity as a function of stimulus
contrast. When asked informally, all observers reported that they could easily
see the stereomotion stimuli, in all but the lowest (5%) contrast condition, but
that they were simply unable to judge their motion in depth. This indicates that
the observers had no trouble perceiving motion in the stimuli but they
specifically had trouble judging the direction of motion in depth. Some
observers reported that they perceived lateral motion, as if binocular rivalry was
occurring. Although, we did find regions of strong eye dominance in accordance
with recent findings by Carter & Cavanagh (2007), our analysis showed that
there was no systematic relationship between these percepts of binocular rivalry
and the location of the stereomotion scotomas.
Other observers reported motion transparency, which can occur when two
drifting gratings are superimposed (Adelson & Movshon, 1982; Wallach, 1935),
and especially when the gratings differ in spatial frequency, relative direction,
speed or contrast (Hupé & Rubin, 2004; Kim & Wilson, 1993; Kooi, De Valois,
Switkes, & Grosof, 1992; Smith, 1992; Victor & Conte, 1992). A recent model
has been proposed (Hedges, Stocker, & Simoncelli, 2011) that unifies those
perceptual phenomena, but it is unclear why a propensity for perceptual
coherence or transparency would vary across the visual field.
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Previous work has suggested that the perception of stereomotion might rely
more on the processing of velocity rather than disparity cues. For example,
sensitivity to changing disparity is often a poor predictor of 3D motion
discrimination (Harris & Watamaniuk, 1995), and that psychophysical
performance on velocity-isolating stimuli seems to better predict 3D motion
performance away from fixation (Czuba et al., 2010). Of course our present
findings suggest that sensitivity to lateral motion might be a poor predictor of
the ability to perceive 3D motion as well, and care should be taken in
attempting to isolate contributions of the constituent cues. Previous work (Nefs
et al., 2010) demonstrated large inter-individual differences in the relative
contributions of each cue to 3D motion perception. Therefore, it could be the
case that the underlying cause for stereomotion scotomas is different across
individuals. However, the inseparability of the changing disparity and
interocular velocity cues to motion in depth in our current experiments
precludes any strong inferences about their relative contribution based on our
results.
In sum, we conclude that the commonly occurring stereomotion scotomas are
due to deficits in relatively late stages of visual processing. While we do find
variability of sensitivity to local ocular dominance, lateral motion sensitivity and
static disparity sensitivity, these do not co-vary with the location of
stereomotion scotomas. Given the hierarchical organization of the visual system
(Essen & Maunsell, 1983), we posit that stereomotion scotomas are not the
result of an impairment in the processing of the constituent cues, but rather the
result of an impairment in the processing of the later stage cues underlying
stereomotion proper, i.e. the changing disparity (CD) and/or interocular
velocity difference (IOVD) cues.
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Appendix
Estimation of stereomotion sensitivity
In addition to reporting performance in terms of percentage of correct
responses, we also computed sensitivity in terms of dʹ. The values for dʹ were
computed using the following equation:
! " = $ & '()*+!, +-,&(.,- '()*+!, &+-,-.'-! )
− $( & '()*+!, +-,&(.,- *)*2 &+-,-.'-!))
Where p(towards response | towards presented) is the probability of the observer
reporting the motion as towards, given that the presented motion was towards,
p(towards response | away presented) is the probability of the observer reporting
the motion as towards when the presented motion was away, and z(p(…)) is
the conversion of a probability to the corresponding z score. In case any of
these probabilities equaled 1, i.e. performance was 100% correct, we set the
probability to 99.17%, or 1 −

4
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, where N is 60.

In Figure A3.1, the visual fields are plotted the same way as Figure 3.3 in the
main text with each dot representing a single location in the visual field and the
color representing the value of dʹ at that location. The location of the
stereomotion scotoma (dashed lines) for each observer has been transferred
from Figure 3.3 for easy comparison of the performance measured by the
percentage of correct responses and the sensitivity measured by dʹ.
We found a strong correlation (R2 = 91%, p < 0.0001) between the two
measures of stereomotion sensitivity in our observers. This is further illustrated
in Figure A3.2 where we plotted the individual data points for all observers
from the two different measures. A linear fit through the data (solid black line,
Figure A3.2 left panel) further illustrates the strong correlation between the
two measurements.
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Figure A3.1 Stereomotion sensitivity across the visual field. The results are plotted in the same way
as Figure 3.3, but here in terms of d′. We added the locations of the stereomotion scotomas (dashed
lines) from Figure 3.3. Locations with low sensitivity (d′) were in good agreement to locations of
stereomotion scotomas identified based on discrimination performance (% correct) that was not
significantly different from chance.

The right panel of Figure A3.2 shows the correlation between the performance
as measured by percentage correct and the estimate of the response bias. We
estimated the response bias by using the following equation:
78*, = −0.5 ∗ $ & '()*+!, +-,&(.,- '()*+!, &+-,-.'-!
+ $(& '()*+!, +-,&(.,- *)*2 &+-,-.'-!)))
We find a small correlation (R2 = 2%, p < 0.01) between the response bias and
the performance as measured by percentage correct, indicating that there is a
small increase in the response bias when the performance gets closer to chance
level. The results demonstrate a small bias in our observers to report the
direction of motion as towards more often than it was presented.
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Figure A3.2 Left panel shows the correlation between stereomotion performance as measured by
percentage correct (x-axis) and sensitivity as measured by d′ (y-axis). The solid line indicates the best
linear fit to the data. The analysis shows a variance explained (R2) of 91% (p < 0.0001) indicating
that these two measurements are highly correlated. The right panel shows the correlation between
the stereomotion performance (x-axis) and an estimate of the response bias (y-axis). The solid line
indicates the best fit through the data. The analysis shows a variance explained of 2% (p < 0.01)
indicating a weak correlation between the two measurements.

Stereomotion scotomas do not vary with stimulus duration
A concern might be that the relatively short (250ms) presentation time of the
stimuli in our main experiment contributes to the poor discrimination
performance in stereomotion scotoma locations. To investigate whether the
presentation time of the stimuli affects the performance in our experiments we
ran an additional version of the first experiment (drifting Gabor pattern,
observer judges direction of motion in depth) but with a presentation time of
500ms. Figure A3.3 shows the results we obtained in four observers (all part of
the first experiment) both with a stimulus presentation time of 250ms (x-axis)
and a presentation time of 500ms (y-axis). The results show a strong
correlation (R2 = 89%, p < 0.0001) between the stereomotion performance
measured with the two different presentation times. These results indicate that
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the poor performance in stereomotion scotoma locations cannot be the result of
the stimulus presentation time.
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Figure A3.3 Comparison of performance on stereomotion discrimination task with stimulus
presentation times of 250ms (x-axis) and 500ms (y-axis) in four observers (red, green, turquoise and
blue dots). The solid black line is a linear fit through the data and illustrates that the performance as
measured by a stimulus presented for 250ms is highly predictive of the performance when the
stimulus is presented for 500ms (R2 = 0.89, p < 0.0001). This shows that the inability to
discrimination the direction of motion-in-depth in the stereomotion scotoma locations is not affected
by stimulus presentation time.
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A neural basis for motion agnosia in visual cortex

Abstract
Although the accurate perception of approaching and receding motion is critical
for survival, over half of otherwise normal observers are unable to use binocular
cues to distinguish approaching from receding motion in part of their visual
field. This deficit is not due to impairments in early visual processing: binocular
disparity and monocular motion detection are unaffected. Here, we investigate
the neural basis of this deficit and the neural correlates of motion in depth
perception. Participants performed direction judgments on moving dot stimuli
across the visual field while in a MRI scanner. We found that neural responses
in the middle temporal area (MT) and striate cortex (V1) are modulated by the
deficit. We show that these modulations are due to the motion impairment per
se in MT whereas they reflect the participants’ response to the stimulus in V1.
Our results establish the neural bases for a common visual motion impairment.
Since the neural basis of the deficit is cortical, and there is no evidence for
impaired processing at earlier stages, we conclude that the deficit should be
considered a form of motion agnosia. Taken together these results provide new
insights into the roles of V1 and MT in the perception of motion in depth.
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Introduction
The ability to report the direction of moving stimuli often seems trivial and is
generally very robust to stimulus manipulations (Newsome & Pare, 1988). Yet,
over half of otherwise normal observers are not able to report the direction of
motion in depth (towards/away) in part of their visual field (Barendregt,
Dumoulin, & Rokers, 2014; Hong & Regan, 1989; Richards & Regan, 1973).
This visual field deficit in motion perception appears to originate in visual
cortex where motion signals from the two eyes are combined, and is unrelated
to problems with the eyes or processing monocular motion information
(Barendregt et al., 2014; Hong & Regan, 1989; Regan et al., 1986). While an
observer with such a deficit in motion perception is not able to discriminate the
direction of a moving stimulus, they are able to perceive that the stimulus
moves (Barendregt et al., 2014). The deficit therefore seems better
characterized as a form of visual agnosia (Farah, 2004), rather than motion
blindness (scotoma).

Here, we aim to investigate the neural basis of this selective inability to perceive
motion direction. The motion processing pathway is well-established in both
human and non-human primates, starting with direction-selective neurons in
primary (V1) and second (V2) visual cortex (Grunewald & Skoumbourdis,
2004; Livingstone & Hubel, 1988; Lu, Chen, Tanigawa, & Roe, 2010; Movshon
& Newsome, 1996). From here the pathway continues to areas MT and MST
(Maunsell & van Essen, 1983; Maunsell & Van Essen, 1983) which have a
central role in the integration of visual motion (pattern motion, Huk & Heeger,
2002) and a well-described organization for direction-selectivity (Albright,
Desimone, & Gross, 1984; DeAngelis & Newsome, 1999). While the physiology
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of motion processing is generally well understood, much less is known about
the role of area MT in the perception of motion (Richard, David, Born, &
Bradley, 2005). Stimulation of area MT can influence the reported motion
direction (Krug, Cicmil, Parker, & Cumming, 2013; Newsome & Pare, 1988)
and some studies suggest that MT BOLD activity may reflect the perceived
direction in motion aftereffects (He, Cohen, & Hu, 1998; Tootell et al., 1995),
however this might also be the result of attention (Huk, Ress, & Heeger, 2001).
Generally, it has been difficult to study the role of area MT in the perception of
motion without confounds.

Motion agnosia provides an opportunity to investigate the neural correlates of
the perception of motion since an identical physical stimulus can either elicit or
fail to elicit a percept of motion direction in the same observer using a nonambiguous stimulus. We therefore measured the responses of recording sites in
area MT and other visual areas that might be involved in motion perception to
stimuli moving in depth that were presented in a number of locations across the
visual field. Because the agnosia for motion is limited to part of the visual field
we can identify each recording sites’ preferred location in the visual field
(Dumoulin & Wandell, 2008; Engel et al., 1994; Sereno et al., 1995) and
subsequently compare the response from recording sites with a preference for
locations where the observer can not discriminate motion direction correctly to
recording sites that prefer a location where the observer can discriminate
motion direction.

One potential confound of the current study is that we might be looking at a
general visual field defect rather than a defect that is specific for motion in
depth. This would imply that any stimulus we present in different locations
across the visual field might elicit the same pattern of results. Although our
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previous work on this visual field defect has shown that there are no
corresponding deficits in other visual features (static disparity or lateral
motion), the current study allows us to directly examine the neural responses to
various stimuli rather than rely on behavioral reports. Therefore, we measured
responses to both horizontally opposite binocular motion patterns
(corresponding to real-world motion in depth) and vertically opposite binocular
motion patterns (not corresponding to any real-world motion) in order to keep
stimulus features as similar as possible.

We find that neural responses in both area MT and V1 are specifically
modulated for motion in depth stimuli presented in locations where an observer
is not able to judge motion direction. Using a combined analysis of behavioral
and fMRI data we find that the differences in neural response in area MT are
closely linked to motion agnosia per se. In contrast, the differences in area V1
appear to reflect the general ability to correctly judge motion direction,
independent of the visual field location. Our results establish a neural basis for
a common visual deficit and provide new insights into the neural correlates of
motion perception.
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Methods

Identifying motion agnosia
In order to identify participants with motion agnosia we adapted a previously
described perimetry paradigm (Barendregt et al., 2014) for use inside the MRI
scanner. Briefly, the experiment consists of presenting a small stimulus which
moves through depth (towards/away) in one of 16 locations across the visual
field. The participants performed a 2AFC task in which they report the
perceived direction (towards/away) of the visual stimulus. By computing a
percentage of correct responses for every measured location across the visual
field we can identify regions in the visual field where a participant performance
does not differ from chance (~50% correct). Such a region indicates that the
participant is unable to report motion direction and therefore indicates a region
of motion agnosia (Barendregt et al., 2014; Hong & Regan, 1989; Regan et al.,
1986).

Participants
fMRI data were collected for seven participants with motion agnosia (one
author, one female, aged 25-38). Other than the motion agnosia all participants
had normal or corrected-to-normal visual acuity. Aside from one author, all
participants were naïve to the purpose of the experiment. Experiments were
approved by the Medical Ethics committee of University Medical Center
Utrecht, undertaken with the written consent of each participant and were
carried out in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki).
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Stimulus display
Visual stimuli were back-projected onto a screen (15x7.9 cm) located inside the
bore. The participant viewed the display through custom-built prisms that
allowed separate presentation for each eye. The total viewing distance from the
participant to the display screen was 41 cm.

Figure 4.1 The behavioral experiment participants performed inside the MRI. a: The stimulus
configuration used in the MRI experiment. The left half of the display was only presented to the
left eye and v.v. For every participant the stimuli (moving dots) would be presented in two of the
three rings, depending on the visual field position of motion agnosia in the participant (as
determined prior to the MRI experiment). On every trial the stimuli were presented in a semirandom selected location and the task for the participant was to report the perceived direction of
motion in depth (towards/away) b: Behavioral results for one participant as measured during the
MRI experiment. Each small dot corresponds to the same location in the stimulus display (a) and
the color represents the percentage correct responses for that location in the participants’ visual
field. Locations where the participant was able to reliably report the direction of motion are
indicated with a small circle (P < 0.05, binomial test). In the locations that lie inside the region
highlighted in gray the participant was at chance level for the task. The locations in this regions
are considered the motion agnosia locations for this participant.

Magnetic resonance imaging
All MRI data was collected at the University Medical Centre Utrecht using a

77

A neural basis for motion agnosia in visual cortex
Philips 7 Tesla MRI scanner.
T1-weighted anatomical MRI data were acquired using a 32-channel head coil
at a resolution of 0.98x0.98x1 mm. These were subsequently resampled to 1
mm isotropic resolution. Repetition time (TR) was 7 ms, echo time (TE) was
2.76 ms, and flip angle was 8 degrees.

For all participants T2*-weighted 2D echo planar images were acquired using a
32 channel head coil at a resolution of 1.97x1.97x2 mm resulting in a field of
view of 190x190x50 mm. TR was 1500 ms, TE was 25 ms, and flip angle was
80 degrees. The acquired volume was always oriented perpendicular to the
Calcarine sulcus providing coverage of the occipital lobe and posterior parts of
the parietal and temporal lobes.

For the retinotopy scans, functional runs were each 248 time frames (372
seconds) in duration, of which the first eight time frames (12 seconds) were
discarded to ensure the signal was at steady state. For the experimental scans,
functional runs were 200 time frames (300 seconds) in duration, of which the
first four time frames (6 seconds) were discarded in order to achieve a steady
signal. Each participant was scanned in two sessions, a first session to acquire
the T1 whole-brain anatomy and the retinotopy scans and the second session to
acquire the experimental scans.

Processing of functional imaging scans
Functional scans were first compensated for head movement and motion
artifacts (Nestares & Heeger, 2000). Subsequently, the functional images were
averaged and aligned to the whole-brain anatomical scan. The alignment was
done automatically (Nestares & Heeger, 2000) and afterwards checked and
refined manually if needed.
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Identification of visual areas
We determined the location of the different regions of interest (ROI) in visual
cortex by identifying the visual field maps using a population receptive field
(pRF) mapping technique (Dumoulin & Wandell, 2008; Zuiderbaan et al.,
2012).

fMRI experiment
Inside the MRI scanner, participants performed an experiment, which was a
slightly altered from a version previously used to identify motion agnosia
(Barendregt et al., 2014). The participant was presented with a stimulus
configuration consisting of a central fixation dot surrounded by three concentric
rings of small (1.5°) circular apertures, so that largest eccentricity was 4.5°. An
example of the stimulus display is shown in Figure 4.1.

Every trial lasted 2 TRs (3 seconds total) during which a set of 8 (half white)
moving dots was shown for 1 second, with the exact stimulus onset randomly
jittered to occur within the first TR. For every participant the stimulus could
appear in one of 16 locations, on two of the three eccentricities in the stimulus
display. The eccentricities for each participant were chosen such that they
would intersect with their region of motion agnosia as determined prior to the
fMRI experiment. The location in which the stimulus was presented on any trial
was determined by a pseudo-random sequence that was optimized to reduce
overlap in HRF responses between stimulus presentations.

In the main experiment, the direction of motion of the presented dots was
horizontally opposite between the two eyes, which normally results in a percept
of motion in depth (towards/away). The dots moved with a monocular speed of
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0.6°/s per eye through a disparity range of ±0.3° (total range of 0.6° centered
on 0°). Upon reaching the end of the volume a dot would be randomly
repositioned (in x,y) on the opposite end of the volume. Every dot started at a
random position (x,y,z) inside the volume. The instructions for the participant
were to always fixate the centre of the display (central fixation dot) and to
report the perceived direction of motion (toward or away) after every stimulus
presentation.

In the attention experiment, the presented stimulus and method of presentation
were identical to those in the main experiment. The only difference in this
experiment is the task performed by the participant. The participant performed
a previously described task (Barendregt, Harvey, Rokers, & Dumoulin, 2015) in
which they had to report small changes in the position of the central fixation
dot (i.e. closer to the observer or further away) that occurred at random
intervals unrelated to the presentation of the motion stimuli. The average
performance across participants on this fixation task was 74%.

For the vertical motion experiment, the direction of motion of the dots was
vertically opposite (upward/downward), instead of horizontal, between the two
eyes. Since such a stimulus does not elicit a motion in depth percept the task for
the participant was to report which of the two motion directions (upward or
downward) they perceived more. This task mainly served to keep the conditions
of this experiment as close to the main experiment as possible.

Data analysis behavioral data
The behavioral data collected during the MID condition was converted into a
percentage correct score for every position in the visual field (Barendregt et al.,
2014). These scores are then plotted in a visual field plot for every participant
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(Figure 4.2a and Appendix Figure A4.1) where the score at each position is
represented by a colored dot. Positions where performance is significantly
different from chance (p < 0.05, binomial test) are marked with a black
contour. Because we are interested in identifying positions where performance
does not differ from chance we opted to use an uncorrected criterion so that we
are relatively conservative in classifying regions of motion agnosia.

Analysis of fMRI data based on stimulus locations
Since motion agnosia is defined in terms of locations in the visual field we
needed to compute the responses to different visual field positions within each
ROI. From the visual field map we have an estimate of the position (x,y) for
every recording sites’ population receptive field (pRF). Based on these
parameters we select recording sites that have their pRF within one of the
circular apertures around a stimulus location (Figure 4.1) and then
subsequently group those recording sites based on their preferred stimulus
location for the rest of the analysis. Each pRF also has an estimate for its size
(σ) that was only used to exclude recording sites with a very large pRF size (σ
> 10°). We choose a conservative use of the pRF size estimate because this
parameter is known to increase between visual areas and therefore excluding
recording sites based on this parameter would affect later areas more than early
areas. We also used a general linear model to only include recording sites that
show a significant response to any stimulus presented in their preferred location
across the entire experiment.

Computing the average HRF profile
In order to compute an average haemodynamic response function (HRF) for
every participant, we first determined the preferred stimulus location for each
recording site based on the visual field map that we obtained for every
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participant (see above). Then we used the time course of the stimulus
presentations at each location to deconvolve the HRF for every recording site
and trial. Finally, we computed the average HRF for all recording sites with a
preferred location in a particular visual field region (either the agnosia region
or one or more of the control regions).

Comparing response amplitudes between visual field regions
We used a two-gamma function convolved with the time course of stimulus
presentations to fit a general linear model to the BOLD time course of every
recording site in order to estimate the BOLD response amplitude. Subsequently,
we used a linear mixed effects model (fitlme in the Statistics Toolbox for
Matlab) to quantitatively compare the response amplitudes of recording sites
with different preferred stimulus locations. By using a linear mixed effects
model we can account for individual differences in response amplitudes
between participants while analyzing the responses of individual recording sites
instead of working with averaged data.
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Results

Determine the visual field location of motion agnosia
While we measured fMRI responses in visual cortex, participants viewed
binocular motion stimuli at different locations in the visual field through a
mirror stereoscope (Figure 4.1a). We determined the location of motion
agnosia in our participants’ visual field, based on the reported motion direction
of the presented stimuli (towards/away) in the scanner. The percentage of
correct responses at 16 locations across the visual field are shown in Figure
4.1b for a representative participant (results for all participants included in
Appendix Figure A4.1). Each dot in the figure is one of the 16 locations where
we assessed the participants’ ability to report direction of motion in depth.
Locations where an observers’ performance is significantly different from
chance (P < 0.05, binomial test) are marked with a black contour. In
accordance with previous psychophysical studies we find that sensitivity to
direction of motion varies across the visual field (Barendregt et al., 2014; Hong
& Regan, 1989; Richards & Regan, 1973), as indicated by the color of the dots.
For every participant, we find a distinct region in the visual field where
performance is not significantly different from chance, highlighted in grey,
indicating that they were not able to correctly perceive the movement direction
of stimuli. It is important to note that while we find these impairments in
motion perception in all the participants of this study, the position of these
regions in the visual field varies across participants (see Appendix Figure A4.1).
These findings are consistent with previous psychophysical results for each
observer obtained using a stereoscope outside the scanner.
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Motion agnosia evident in MT responses
Given what is known about the cortical processing of visual motion, a first
candidate area for a neural basis of motion agnosia is the human middle
temporal area (MT). We identified the preferred visual field position of
recording sites in several areas of visual cortex based on a separate set of scans
(Dumoulin & Wandell, 2008; Zuiderbaan et al., 2012). From previous work we
know that the human middle temporal complex (MT+) is comprised of two
visual field maps, referred to as TO-1 and TO-2, and these are thought to
correspond to the macaque areas MT and MST (Amano, Wandell, & Dumoulin,
2009; Huk, Dougherty, & Heeger, 2002). Since recent work has demonstrated
neuronal tuning for direction of motion in depth in area MT specifically (Czuba,
Huk, Cormack, & Kohn, 2014; Rokers et al., 2009; Sanada & DeAngelis, 2014),
we were first interested in the responses of this area.

We investigated the responses of area MT to stimuli presented in different
visual field positions by computing the average BOLD response across recording
sites that preferentially respond to either visual field positions inside (affected
location) or outside (unaffected locations) the motion agnosia region of a
participant. The results of this analysis are shown in Figure 4.2a for the single
participant from Figure 4.1b (all participants are shown in Appendix Figure
A4.2), where we plotted the average BOLD response in area MT to stimuli
presented in the agnosia locations (black line). When compared to stimuli
presented outside this region (other lines) we find a lower BOLD response for
stimuli presented inside the agnosia locations.

In order to rule out any influence of global visual field asymmetries, e.g. upper
versus lower visual field, we choose three regions of control locations that
mirror the agnosia locations at a constant eccentricity. The BOLD response is
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lower for stimuli presented in the agnosia locations, compared to each of the
control locations across the visual field (t tests between locations, all t > 3.59, P

< 0.001).

Figure 4.2 BOLD responses in area MT and V1 are modulated by motion agnosia. a: The
average BOLD response profile in visual area TO1 (MT) for the participant shown in Figure 1b.
Each line in the plot represents the average response of all recording sites in the visual area that
preferred the correspondingly colored region in the visual field. Time (x-axis) is relative to the
onset of a motion in depth stimulus (indicated by the dashed vertical line) presented in a location
that falls within one of the colored regions. b: The average BOLD response profile in visual area
TO1 (MT) across all participants. Each line represents the average response of recording sites
that preferred either the affected location (black line) or any of the unaffected locations (red
line). c: The average BOLD response profile in primary visual cortex (V1), across participants.
We find a lower BOLD response for stimuli presented inside a motion agnosia region (black line)
in area V1, similar to area MT. d: The average response amplitude to stimuli presented in either
an agnosia (black bars) or control locations (red bars) across multiple areas in visual cortex (V1,
V2, V3, V3a, LOC, MT and MST).
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BOLD responses to the motion in depth stimuli were similar across participants.
Therefore, we computed the average response to a stimulus presented inside a
motion agnosia region (of any participant) and the average response in all the
control regions. We find that the average response to a stimulus presented in
the agnosia location is consistently lower compared to the average response for
the control locations (Figure 4.2b) across all participants. Note that the visual
field position of the agnosia and control regions differ between participants
(Appendix Figure A4.1) and that, as a result, the only shared characteristic
between the responses in each average is the ability or inability of the
participant to consistently report the direction of a moving stimulus.

Agnosia-modulated responses also evident in primary visual cortex
While area MT is a likely candidate based on its role in motion in depth
processing, we also investigated the neural correlates of motion agnosia in
earlier visual areas. Because we know the visual field position of the
impairment we can repeat the same analysis in other areas that contain a visual
field map. In Figure 4.2c we plot the average BOLD response profile for
recording sites in primary visual cortex (V1) that correspond to the agnosia
location (black line) or a control location (red line). As for area MT, we find
that in area V1 the response for stimuli presented inside a motion agnosia
location is lower compared the control locations across the visual field.

Next, we extended the analysis to include multiple visual areas and used a
linear mixed effects model to quantitatively compare the average response for
stimuli presented in different visual field positions across visual cortex (V1, V2,
V3, V3a, LOC, MT and MST, Figure 4.2d). We find a significantly lower
response for stimuli presented in the agnosia locations across all observers in
areas V1 and MT (V1: F1,6 = 10.91, P = 0.017, MT: F1,4 = 15.08, P = 0.02) but
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not in other visual areas (V2: F1,6 = 4.46, P = 0.08, V3: F1,6 = 1.87, P = 0.222,

V3a: F1,4 = 0.32, P = 0.601, LOC: F1,4 = 0.004, P = 0.95, MST: F1,5 = 0.03, P =
0.82).

The observed differences are not a general visual deficit
A possible confound of our experiment is the specificity of the results we have
obtained. In other words, it might be the case that any stimulus presented in
the visual field locations we identified will result in a lower BOLD response
compared to other locations. In order to test this possibility, we performed a
control experiment using vertically, instead of horizontally, opposite motion
(upward/downward) in the two eyes. These stimuli are matched for basic
visual properties but, since opposite vertical directions of motion in the two
eyes do not correspond to real world motion, the stimuli are not informative to
the visual system.

We computed the average BOLD responses to the vertically opposite motion
stimulus presented in the same locations across the visual field (Figure 4.3a).
Contrary to the previous experiments we find no difference between the BOLD
responses for the agnosia location and control locations in any visual area (V1:

F1,6 = 3.89, P = 0.096, V2: F1,5 = 2.24, P = 0.185, V3: F1,4 = 2.57, P = 0.183,
V3a: F1,5 = 0.55, P = 0.491, LOC: F1,4 = 0.96, P = 0.382, MT: F1,3 = 0.53, P =
0.532, MST: F1,3 = 0.53, P = 0.532). Based on these results we conclude that the
differences we find in the previous experiments are specific to motion signals
that correspond to approaching/receding motion and not due to a general
visual deficit.

87

A neural basis for motion agnosia in visual cortex

Spatial attention does not explain the observed effects
Since motion agnosia has so far only been demonstrated behaviorally, the
influence of the task that the observer performs is of potential concern.
Although our previous work on motion agnosia always used a randomized
order of presenting stimuli across the visual field (Barendregt et al., 2014) to
account for attentional effects, attention has been shown to affect the responses
measured in MT+ in several studies (Huk et al., 2001; Klein, Harvey, &
Dumoulin, 2014; Womelsdorf, Anton-Erxleben, Pieper, & Treue, 2006). In
order to rule out that we are simply measuring differences in spatial attention
we included an additional experiment to test whether motion agnosia-related
differences in the neuronal response are independent from the task that the
observer performs.

Stimuli that elicit a 3D motion percept may draw more attention than those
that do not. In order to exclude this possibility, we repeated the experiment
with the same stimuli but now included a challenging fixation task. The
participants were instructed to monitor the central fixation dot and report small
changes in its position in depth that were temporally and spatially unrelated to
the moving dot stimuli that were being shown (Barendregt et al., 2015). The
average performance on the fixation task was 74% correct, indicating that the
task was challenging enough to keep attention in the center.

In Figure 4.3b we show the results for this experiment for the different
locations (agnosia and controls) across all measured visual areas. Although the
task for the participant is now unrelated to the location and content of the
motion stimulus, we again find that the BOLD response is significantly lower for
the agnosia locations in visual areas V1 and MT+ (V1: F1,6 = 15.93, P = 0.003,

V2: F1,6 = 4.37, P = 0.07, V3: F1,6 = 5.84, P = 0.039, V3a: F1,6 = 0.82, P = 0.4,
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LOC: F1,5 = 0.46, P = 0.523, MT: F1,5 = 17.54, P = 0.01, MST: F1,6 = 3.48, P =
0.11). This shows that our previous finding is independent of the task the
participant is performing and cannot be explained by attentional effects.

Figure 4.3 a: The average BOLD response to vertically opposite motion in affected (black bars)
and unaffected (red bars) locations across participants and visual areas. In contrast to the main
experiment (Figure 4.2d) where horizontally opposite motion was presented, we don’t find any
differences in the responses between affected and unaffected locations (all F < 3.89, all P >
0.09). This indicates that the observed differences in the main experiment are due to a deficit in
motion in depth perception and not a general visual deficit. b: To exclude the possibility that our
findings are due to attentional influences, we repeated the main experiment with identical stimuli
but the participant monitors the position of the fixation point, rather than the direction of the
motion in depth stimuli. We again find that the BOLD responses in areas V1 and MT are
significantly modulated by motion agnosia (V1: F1,6 = 15.93, P = 0.003, MT: F1,6 = 9.43, P =
0.013), demonstrating that these differences are independent from the task that is performed.
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Response in V1 predicts behavioral performance in unaffected, but not
affected locations
While the involvement of the motion processing area MT in motion agnosia was
expected, the differences in response we find in primary visual cortex are more
surprising. Participants with motion agnosia are not able to report on the
direction of motion of a presented stimulus but they have no difficulty seeing
the stimulus per se. Therefore, we would not immediately expect to find an
effect of motion agnosia at the level of primary visual cortex.

To further investigate the nature of these effects in V1 and MT, we combined
the measured fMRI responses with the behavioral data that was collected at the
same time. Across all visual areas we compared the average BOLD response in
the agnosia location with the average BOLD response in the control locations
for trials where the participant reported either the correct or the incorrect
direction of motion (Appendix Figure A4.4). We find that the average response
in area V1 is significantly lower when the participant reports the incorrect
motion direction compared to reporting the correct direction (t1938 = 2.34, P =

0.019). Further, there is no difference between the V1 responses for trials that
were reported incorrectly and trials that were presented in the agnosia region,
regardless of the reported direction (Correct/incorrect: F1,2520 = 1.26, P = 0.261,
Agnosia/control: F1,14 = 1.84, P = 0.197).
The same analysis in area MT (Appendix Figure A4.4) gives a very different
result. In this area we find no difference based on the correctness of the
reported motion direction (F1,2354 = 1.17, P = 0.28) but only based on whether
or not the stimulus was presented in the agnosia region (F1,14 = 18.67, P = 7 x

10-4). This suggests that the modulation of neural responses in area MT is based
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on the processing of the physical stimulus and relatively independent from the
percept of the stimulus.
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Discussion

Our results demonstrate a neural basis for the inability to judge motion
direction (motion agnosia) in human visual cortex. We find that neural
responses in primary visual cortex (V1) and area MT are reduced in amplitude
when stimuli are presented in visual field locations where an observer can’t
report the direction of moving stimulus. While we find a clear effect of motion
agnosia on the responses in both area V1 and area MT, the effects appear to
have different origins. By combining the fMRI data with simultaneously
collected behavioral data we find that the responses in V1 are lower for both
stimuli presented in agnosia locations and locations where the stimulus
direction was misreported, even in the unaffected locations. Conversely, for
area MT we find that the responses only differ based on whether a stimulus is
presented in a motion agnosia region or not. Using a number of control
locations in the visual field we also demonstrated that these differences are not
due to global visual field asymmetries or a general visual deficit.

Our results in the human middle temporal area (MT) show that the neural
responses in this area can be significantly modulated by the presence or absence
of motion agnosia at different visual field locations. While this result is in itself
not surprising given the role of MT in human motion processing(Richard et al.,
2005) and the well-established selectivity for motion in depth (Czuba et al.,
2014; Rokers et al., 2009; Sanada & DeAngelis, 2014), it does provide some
new insights into the role of area MT in the perception of motion. In particular,
by combining behavior and neuroimaging we show that the BOLD response in
MT is only influenced by the presented location of the visual stimulus and not
by whether or not the participant can report the correct direction of motion.
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The responses in human area MT therefore might reflect whether the binocular
motion signals can be integrated properly into a coherent motion in depth
percept and not whether the observer can subsequently report this percept
correctly.

Previous studies on the relation between MT activity and the perception of
motion have produced conflicting results (Richard et al., 2005). Using bi-stable
stimuli (Brouwer & van Ee, 2007), transparent motion (Castelo-Branco et al.,
2002) or adaptation (He et al., 1998; Tootell et al., 1995) previous studies have
found that responses in MT reflect the perceived motion direction of a stimulus
rather than the physical stimulus properties. However, studies have also shown
that some of those results are based on attention (Huk et al., 2001) and that
MT might in fact respond to local rather than global motion (Hedges, Stocker,
et al., 2011; Hedges, Gartshteyn, et al., 2011). Because we used highly
localized stimuli to compare the responses of different subpopulations of MT
along with the observers general ability to report a percept we find evidence
that area MT responds to the binocular integration of motion signals and not
the percept of motion per se.

The exact role of primary visual cortex (V1) in the perception of motion has
been troublesome to pinpoint in humans. Human V1 shows little adaptation to
motion direction (Huk & Heeger, 2002) and while motion-direction can be
decoded from V1 with high accuracy (Kamitani & Tong, 2006; Serences &
Boynton, 2007) it has recently been shown that this is based on the stimulus
aperture rather than the absolute direction of motion (H. X. Wang, Merriam,
Freeman, & Heeger, 2014). Even more so than for lateral motion, V1 typically
shows very little sensitivity to motion in depth (Rokers et al., 2009). In this
context the fact that we find a modulation of the V1 response by the presence of
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motion agnosia is unexpected. However, our additional analysis of the behavior
suggests that the differences in area V1 can be interpreted as an increased
BOLD response for trials where the observer correctly perceives the motion
direction of the stimulus. This finding is consistent with results showing that
activity in V1 can predict whether a visual stimulus is sufficiently processed to
be reported (Ress, Backus, & Heeger, 2000; H Supèr, Spekreijse, & Lamme,
2001; Hans Supèr, van der Togt, Spekreijse, & Lamme, 2003). Further, our
results fit with the role that V1 is thought to play in visual awareness (Cowey &
Walsh, 2000; Silvanto, Cowey, Lavie, & Walsh, 2005).

A potential concern for any visual field mapping study is the effect of eye
movements on the results. In all experiments we instructed the participants to
fixate the central fixation dot, regardless of the task they were performing.
While we did not explicitly monitor eye movements to verify that the
participants maintained fixation the the pattern of behavioral results that we
obtained are highly unlikely if participants were fixating the presented stimulus
location on every trial (performance would be close to uniform). Further, since
we find identical results regardless of the spatial location of the task (the
stimulus location or the fixation location) our data cannot be explained by eye
movements.

The inability to discriminate the direction of motion in depth is considered here
to be a form of visual agnosia. This is a different approach from previous
studies on this subject, those by our own lab included, where this has been
described as a form of motion blindness (Barendregt et al., 2014; Hong &
Regan, 1989; Regan et al., 1986). The difference is that agnosia is not a deficit
in perception but in discrimination (Farah, 2004) and this better describes the
deficit we investigate here. Although the prevalence of motion agnosia (>50%)
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is much higher compared to other forms of visual agnosia, a study by
Kennerknecht et al (Kennerknecht et al., 2006) indicates that congenital
agnosia might be more common than previously thought because it often goes
unnoticed. Another difference between agnosia for motion and for other
features is that motion agnosia does not extend across the whole visual field.
This is most likely due to the fact that motion is processed much earlier in the
visual hierarchy, where receptive fields are much smaller, compared to most
other visual features that are known to be affected by agnosia.

In conclusion, we reveal the neural correlates of a common visual impairment,
motion agnosia, in human visual areas V1 and MT. Further we provide new
evidence for the respective roles that each of these two area play in the
perception and awareness of visual motion. These findings therefore have
implications for our current understanding of motion processing in general and
motion agnosia in particular.
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Appendix
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Figure A4.1 Behavioral results across the visual field as measured inside the MRI scanner for all
participants. The 16 colored dots represent the locations where the participant performed a motion
discrimination (approaching vs receding) judgment. The color of each dot indicates their
performance and the black circles identify the locations where a participant was able to correctly
judge motion direction above chance level (P < 0.05, binomial test). The grey shaded region in each
participants’ visual field indicates the region where the participant is unable to perform a motion
direction judgment above chance level.
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Figure A4.2 The average HRF in visual area MT for stimuli presented inside (black line) and outside
(other colours) the affected region in all participants. The three coloured lines represent the average
response to stimuli presented in the three regions indicated in the visual field plot of each participant.
We find that the HRF amplitude in the affected region (black) is consistently lower compared to all
the other locations showing that our results cannot be explained by global visual field asymmetries.
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Figure A4.3 The average HRF in visual area V1 for stimuli presented inside (black line) and outside
(other colours) the affected region in all participants. The three coloured lines represent the average
response to stimuli presented in the three regions indicated in the visual field plot of each participant.
We find that the HRF amplitude in the affected region (black) is generally lower compared to all the
other locations showing that our results cannot be explained by global visual field asymmetries.
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Figure A4.4 The average BOLD response across seven visual areas (V1, V2, V3, V3a, LOC, TO1/2)
for correct and incorrect responses in either affected or unaffected visual field locations. We find that
in area V1 there is only a significant increase in BOLD response for correct responses in unaffected
visual field locations, whereas in area TO-1 (MT) we find a significantly higher BOLD response in
unaffected locations independent from the response given.
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Motion agnosia is the result of impaired velocity processing

Abstract
Many individuals with intact form- and color perception are unable to
discriminate the direction of three-dimensional motion in parts of the visual
field. This deficit has been labeled a stereomotion scotoma, but it has remained
unclear whether the origin is ocular, visual, or cognitive. We hypothesized that
the impairment is due to a failure in the processing of one of the binocular cues
to 3D motion: either changes in binocular disparity or interocular velocity
differences. We found that sensitivity to interocular velocity differences, but not
to changes in binocular disparity, varied systematically with the locations of
stereomotion scotomas in the visual field. These results show that an
individual’s inability to interpret motion in depth is due to a failure in the
neural mechanisms that combine velocity signals from the two eyes. Our results
uncover the existence of a prevalent but previously unrecognized agnosia
specific to the perception of visual motion.
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Introduction
Under general viewing conditions, judging the direction of two-dimensional
(2D) motion is trivial. However, under the exact same conditions the perception
of motion in depth (approaching/receding) can be severely impaired. These
impairments are traditionally termed stereomotion scotomas, because the
deficits are typically not complete but rather confined to a part of the observers’
visual field (Hong & Regan, 1989; Richards & Regan, 1973). The impairments
occur in over 50% of otherwise healthy observers, are stable over time, and are
not predicted by impairments in the processing of monocular information
(Barendregt et al., 2014). The underlying cause of these stereomotion scotomas
has remained elusive.

Our previous work suggests that the deficit underlying stereomotion scotomas
must originate near the stage where signals from the two eyes are combined
(Barendregt et al., 2014), and there are only two known binocular cues to
motion in depth, (1) changes in binocular disparity over time (CD), and (2)
interocular velocity differences (IOVD). Under natural viewing conditions, these
two cues tend to co-occur, with the primary functional difference arising due to
a difference in the order of operations. For CD, binocular disparity for an object
is computed first, followed by computation of the change in disparity over time
(Cumming & Parker, 1994; Regan, 1993); for IOVD, change in monocular
object position (velocity) is computed first, and the difference in velocity is
computed subsequently (Harris et al., 2008; Regan & Gray, 2009; Shioiri et al.,
2000).

103

Motion agnosia is the result of impaired velocity processing
Even though these two cues occur simultaneously in most viewing situations, it
is possible to isolate the cues in an experimental setting. Julesz (1971) designed
a dynamic random dot (DRDS) stimulus that contains changes in binocular
disparity over time, but no coherent motion in either retinal image. Conversely,
anti-correlated (Rokers et al., 2008) or uncorrelated (Shioiri et al., 2000)
stimuli can be created that contain coherent motion in each retinal image but
disrupt the processing of changes in binocular disparity over time. Both types of
stimuli still support the perception of motion in depth.
Thus, we set out to identify the neural impairment that underlies stereomotion
scotomas, by measuring sensitivity to motion in depth across the visual field in
a number of observers with no obvious retinal impairments. We then used cueisolating stimuli to evaluate the relative contribution of the two motion in depth
mechanisms. We showed that at the spatial scales at which stereomotion
scotomas occur, the CD cue contributes little to the perception of motion in
depth. Instead, the variation in sensitivity to the direction of motion in depth
across the visual field is well-predicted by the sensitivity to the IOVD cue. These
findings indicate that stereomotion scotomas are caused by a failure in the
combination of retinal motion signals from the two eyes in visual cortex. Since
we identify a clear neural basis for this visual deficit we argue that these
impairments are more correctly described as motion agnosia, a previously
unrecognized form of apperceptive visual agnosia.
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Methods

Observers
A total of 11 observers (1 female, ages 24-35) participated in the experiment.
The participants gave informed consent. All had normal or corrected-to-normal
vision and were able to judge position in depth in stereo displays. All
participants were experienced psychophysical observers and all but one (one of
the authors) were naive to the purpose of the experiments. Our sample size was
based on the assumption of a relatively large (r2 ~ 0.25) within-subject effect
size. The experiments were carried out in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki).

Apparatus & display
Stimuli were presented on two 20” CRT displays (60Hz, 1024x768) with each
display containing the image for one of the eyes at a simulated viewing distance
of 75cm. Using a mirror stereoscope, in which a set of mirrors redirected each
image to the corresponding eye, the observer fused both images into a single
binocular image. A pink noise (1/f ) background pattern was presented
throughout the experiment to facilitate vergence. The stimuli were generated
using a Apple Mac Pro computer using Matlab (Mathworks, Natick, MA, USA)
and the Psychophysics Toolbox 3 (Brainard, 1997; Kleiner et al., 2007; Pelli,
1997). The experimental setup used here has previously been described in more
detail (Barendregt et al., 2014).
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Figure 5.1 Illustration of the stimulus display for the left and right eyes. Stimuli were presented
at one of 40 locations ranging from 1.5º to 7.5º eccentricity in 5 equal steps and with 8 locations
per ‘ring’. In these example images a stimulus is displayed in one location in the lower right
visual field.

Stimuli
The stimuli were presented within circular apertures (1.5º diameter) positioned
within an 8.25º radius around fixation. The centers of the apertures ranged
from 1.5º to 7.5º eccentricity in 5 equal steps and were laid out in a spokewheel pattern with 8 locations per ‘ring’ (Figure 5.1). This arrangement
provided a total of 40 testing locations across the visual field.
Each stimulus consisted of a set of dots, half white and half black, randomly
positioned within the gray background (46.7 cd/m2) aperture. During each trial
the dots moved in opposite directions between the two eyes consistent with a
monocular speed of 0.6º/s. The dots were randomly repositioned whenever
they reached a binocular disparity of ±0.3º. The starting position of the dots
was chosen such that they would not move beyond the edge of the aperture in
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either monocular image. In every condition all dots shared the same position in
depth so that the stimulus defined a single plane that moved through depth.

Figure 5.2 Illustration of the stimuli used in the experiment. In our FULL stimulus condition
the left and right eyes images are be both binocularly and temporally correlated. To isolate the
fundamental binocular cues to motion in depth, the CD stimulus isolates the changing disparity
over time by randomly repositioning dots on every frame while systematically changing the
binocular disparity. In the IOVD stimulus we anti-correlated the dots in the left and right eye
images, that is corresponding dots had opposite contrast in the two eyes. While anti-correlation
of the dots does not remove the disparity information entirely, the information is greatly
degraded relative to the velocity information.

We used three main stimulus conditions in these experiments (Figure 5.2). In
the FULL stimulus condition, the position of each dot is correlated both
between the eyes (binocular correlation) and from frame-to-frame (temporal
correlation), so that it contained both CD and IOVD cues. To isolate the
changing disparity cue in the CD stimulus we randomly reposition the dots in
the image-plane on every frame while coherently increasing/decreasing their
binocular disparity. Perceptually the resulting stimulus looks like the static of a
poorly tuned television moving through depth. To isolate the velocity
component in the IOVD stimulus we anti-correlate the dots in the two eyes,
which greatly reduces the percept of position in depth. This stimulus still
contains interocular velocity differences, and we had previously shown that
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observers retain the ability to judge the direction of motion in depth for such
stimuli (Rokers et al., 2008).

Procedure
The stereoscope was initially adjusted to accommodate the typical interocular
distance. Prior to each session the observer could make further changes if
needed so that the nonius markers in the display appeared aligned both
horizontally and vertically. Observers were instructed to maintain continuous
fixation on the center of the display using a central fixation dot.

The experimental paradigm was a block design where each block comprised a
complete sampling of the visual field for one stimulus condition. A total of 800
trials (40 locations x 20 repetitions) were presented during each block with the
location of the stimulus pseudo-randomly distributed across trials. As a result,
observers could not predict in which visual field location the stimulus would
appear on any given trial.

On every trial a stimulus that randomly moved either towards or away from the
observer was presented for 500ms. During each trial the stimulus would move
through a cylindrical volume (based on the maximal disparity) and would
“wrap around” when it reached either extreme (near/far) of the volume. The
instantaneous disparity at any point throughout the trial could not serve as a
potential cue to the direction of motion in depth, in any of the experiments. For
the main experiment, parameters were such that the randomly chosen starting
position of the plane in depth was always equal to the ending position. For
experiments with slower (0.3º/s) and faster (1.2º/s) speeds, we chose to keep
all other parameters (such as the size of the volume) identical to the main
experiment. As a result, the dots in these stimuli would wrap around either
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more (1.2º/s) or less (0.3º/s) frequently. In all experiments, we chose the
starting position in depth of the dot plane on each trial randomly, so that
starting (or ending) position could not serve as a cue to motion in depth. Note
also that due to the stimulus wrapping, the starting and ending position of the
dot plane would be identical in all but the slow (0.3º/s) condition.

Depending on the stimulus, observers reported either the perceived direction of
motion, or the perceived position in depth after stimulus offset by pressing one
of two keys, thus performing a two alternative forced choice (2AFC) task.

Data analysis
The data collected in the 2AFC task was converted into a percentage correct
score for every position in the visual field. We also assessed sensitivity by
calculating d-prime. Since the results were essentially identical using either
measure we report all further analyses in terms of the percentage correct scores
of the observers.

To assess the contribution of the velocity and disparity cues to 3D motion
perception, we fitted a linear mixed effects model to the percentage correct
scores. To account for any overall differences in task performance between
observers, we entered observer as a random effect and performance on the
different stimuli as fixed effects. All linear models were fitted using the fitlme
function in the Statistics Toolbox for Matlab and we used restricted maximum
likelihood to obtain a less biased estimate of the variances.

We fitted a model to the data obtained for every cue separately to assess how
well the performance on a single cue can predict the performance on a stimulus
containing both cues (FULL condition). Further, to directly compare the models
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obtained for different stimulus speeds, we used a likelihood ratio test. We
tested the assumption that the observed responses are more likely to occur
under one model compared to the other model. Using the compare function in
the Statistics Toolbox for Matlab we computed a p-value to determine if the
likelihood ratio of two linear models significantly deviated from a reference chisquared distribution.

Figure 5.3 Sensitivity to motion in depth across the visual field for six observers with
stereomotion scotomas. Each plot shows the visual field for a single observer with the color of
each dot representing the percentage of correct responses in that location. A black circle around
a dot indicates performance that was significantly different from chance. While performance may
be variable across the visual field, we consistently identify locations where the performance is
not different from chance in each of these observers, indicating a stereomotion scotoma (dotted
regions).
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Results

We measured sensitivity to motion in depth across the visual field and aimed to
evaluate the relative contribution of the binocular cues, changing disparity (CD)
and interocular velocity differences (IOVD), to motion sensitivity.

Substantial variability of 3D motion sensitivity across the visual field
The percentage of correct responses across the visual field for six of our 11
observers to the FULL condition stimulus is shown in Figure 5.3. Sensitivity to
motion in depth varies greatly across the visual field with motion discrimination
reaching near perfect performance (white dots) in some locations, while
dropping to performance at or close to chance (black dots) in other locations of
the visual field. In some cases, these drops in performance are abrupt,
producing either near perfect or random performance in adjacent locations,
which are separated by 1.5° of visual angle (center-to-center), for example, see
Observer 3.

In short, we identify locations in the visual field where the observer is not able
to discriminate between a stimulus moving towards or away, indicating a
stereomotion scotoma (dotted regions). In previous work we showed that these
regions are stable over time, and persist across a range of stimulus parameters
such as duration and contrast. Moreover, the impairments are specific to the
perception of motion in depth. Changes in sensitivity across the visual field to
binocular rivalry, static disparity and lateral motion do not explain the location
of these impairments (Barendregt et al., 2014; Hong & Regan, 1989; Regan et
al., 1986).
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The changing disparity over time cue does not predict differences in motion
sensitivity
Changes in disparity over time that occur when an object moves towards (or
away from) the observer have traditionally been considered the primary cue to
motion in depth, with a smaller role for interocular velocity differences
(Cumming & Parker, 1994; Nefs et al., 2010). To assess if the location of the
stereomotion scotomas can be explained by a local deficit in the processing of
changing disparity cues, we measured the sensitivity to motion in depth using a
stimulus that isolated the changes in disparity. In Figure 5.4A we show the
sensitivity to motion in depth as measured by a stimulus isolating the changes
in disparity (CD) and as measured using a stimulus containing both binocular
cues (FULL) for three observers with stereomotion scotomas. The locations of
stereomotion scotomas as measured by the FULL stimulus are indicated by a
black dotted region in the left column of figures as well as by a light grey dotted
region in the middle column.

The same data for the other observers is included in Appendix Figure A5.1. We
find that the sensitivity to the CD stimulus is generally poor across the whole
visual field and there are no regions with systematically lower sensitivity that
correspond to a stereomotion scotoma.
To quantify how well the sensitivity to motion in depth as measured by the
FULL stimulus is predicted by the CD stimulus we fit a mixed effects linear
model to the combined data of all observers. Figure 5.4B shows the result of
this linear fit where the performance measured using the FULL stimulus is
plotted as a function of the performance predicted by the CD stimulus. Colored
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lines indicate the fits of individual observers and the thick black line shows the
fit of the overall data. Sensitivity to the CD cue did not significantly predict the
sensitivity to motion in depth across the visual field (F(1,75) = 2.55, p = 0.115)
as measured by a stimulus that contains both binocular cues, suggesting that
stereomotion scotomas are not due to variability of sensitivity to CD across the
visual field.

Poor sensitivity to changing disparity is not caused by diminished sensitivity
to static disparity
Our results suggest that the changes in disparity over time do not serve as a cue
to motion in depth in the spatially restricted stimulus conditions that reveal the
existence of stereomotion scotmas. These results are consistent with previous
findings that changing disparity cues require a large field stimulus to be
effective (Czuba, Rokers, Huk, & Cormack, 2012). We wished however, to
exclude the possibility that the relatively poor performance in our observers was
due to the stimulus containing poor cues to binocular disparity, on which the
extraction of changing disparity cues necessarily depends. This is a concern
especially given that we refresh the location of the dots in the CD stimulus on
each display frame (approx. every 17ms).

To evaluate the sensitivity to static disparity in our stimulus arrangement, we
therefore conducted a control experiment. We presented the stimulus
previously used to isolate the CD cue but at a constant depth (at 0.15° disparity,
half-way through the trajectory the motion stimulus would traverse) either near
or far relative to the fixation point. Note that in this stimulus, we still refreshed
all dots on each frame, but the plane defined by the dots did not move through
depth. The task for the observer was to indicate the stimulus position in depth
on every stimulus presentation. We find that all observers are able to perform
113

Motion agnosia is the result of impaired velocity processing
this task at better than chance levels across nearly all tested locations (right
column of Figure 5.4A). To test whether the sensitivity of an observer to static

Figure 5.4 Sensitivity to binocular disparity does not predict the location of stereomotion
scotomas A: Sensitivity to 3D motion and binocular disparity stimuli across the visual field in
three representative observers. Left column: the sensitivity as measured by the FULL stimulus.
Middle column: sensitivity as measured using the changing disparity (CD) stimulus. While the
location of the scotoma is easily identified in each of the left-column figures (black dotted
regions), performance based on the CD stimulus (middle column) is generally low, and does not
predict the stereomotion scotoma location. Right column: the sensitivity to static disparity across
the visual field for each observer, indicating that the relatively poor performance based on the
CD stimulus is not due to an inability to extract binocular disparity signals from the visual
display. The results for all observers are shown in supplementary Figure S1. B: Sensitivity to 3D
motion measured with the FULL stimulus as a function of sensitivity to the CD cue. Performance
on the CD cue does not significantly predict sensitivity to motion in depth (F(1,75) = 2.55, p =
0.115). The colored lines indicate fits for individual observers and the thick black line indicates
the overall fit based on a mixed effects linear model. C: Sensitivity to the CD cue as a function of
sensitivity to static disparity. Sensitivity to static disparity does not significantly predict
sensitivity to changing disparity across the visual field (F(1,4.2) = 0.89, p > 0.250 ). The colored
lines indicate fits for individual observers and the thick black line indicates the overall fit based
on a mixed effects linear model.
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disparity is predictive of their performance on the CD stimulus we fit a linear
model using the data obtained with both stimuli. Sensitivity to static disparity
did not significantly predict the sensitivity to changing disparity (F(1,4.2) =

0.89, p > 0.250) across the visual field (Figure 5.4C).
Taken together these results lead us to conclude that the CD cue is not
predictive of the sensitivity to motion in depth across the visual field at the,
relatively small, spatial scale of the stimuli used here. In addition, we conclude
that the sensitivity to disparity per se is not impaired and that the generally
poor performance we find on the CD stimulus task is not caused by a problem
detecting disparity in our displays.

Sensitivity to motion in depth is predicted by sensitivity to the IOVD cue
Next we investigated the failure to combine velocity signals from the two eyes
as a potential cause for stereomotion scotomas. Aside from changes in disparity,
it has been shown that the visual system can rely on a second binocular cue to
motion in depth: interocular velocity differences. Figure 5.5A shows the
sensitivity to motion in depth for three observers in whom we identified a
stereomotion scotoma (left column, indicated by black dotted region). An
inability to combine velocity signals from the two eyes seems to underlie these
visual deficits. When we present a stimulus in which binocular disparity is
disrupted, but interocular velocity signals are present, locations of poor
performance match those of the stereomotion scotomas (right column,
indicated by the grey dotted region). The same data for the other observers is
included in Appendix Figure A5.2.

A linear regression analysis to quantify how well the sensitivity measured by the
FULL stimulus is predicted by the sensitivity as measured by the IOVD stimulus,
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reveals that the sensitivity to the IOVD cue significantly predicts motion in
depth sensitivity (F(1,7.3) = 17.29, p = 0.004). To illustrate, Figure 5.5B plots
the sensitivity as measured in the FULL condition as a function of the sensitivity
measured using the IOVD stimulus. The colored lines represent the fits for
individual observers and the thick black line represents the overall fit to the
data.

Thus, the location of a stereomotion scotoma, as measured by a stimulus
containing all binocular cues to motion in depth, is best predicted by the
sensitivity of an observer to the IOVD cue across the visual field. The sensitivity
to the CD cue is uniformly poor across the visual field and therefore does not
predict the scotoma location.

Findings are robust across stimulus speed
Previous studies suggest that the sensitivity to the CD and IOVD cues depends
on the monocular speed of the stimulus, and that the peak sensitivity for both
cues is different (Czuba et al., 2010; Wardle & Alais, 2013). Specifically, the
mechanisms that underlie the CD cue seem to prefer slower speeds compared to
the IOVD mechanisms. We specifically chose the monocular speed (0.6 º/s) in
our experiments because it is closer to peak CD than peak IOVD sensitivity.
Naturally this leaves open the possibility that the existence of stereomotion
scotomas is specific to a particular speed, or that the underlying neural cause
varies depending on stimulus speed.

We therefore repeated all of our experiments at both halved (0.3 º/s) and
doubled monocular speeds (1.2 º/s). For each speed we tested whether the CD
or IOVD sensitivities were more predictive of the sensitivity to the FULL cue
stimulus. Figure 5.6 plots the linear fit of the FULL cue performance (y-axis) as
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Figure 5.5 Sensitivity to interocular velocity differences predicts location of stereomotion
scotoma A: Sensitivity to 3D motion and interocular velocity differences (IOVD) across the
visual field in three representative observers. Left column: sensitivity to 3D motion as measured
by the FULL stimulus. Right column: sensitivity as measured using the IOVD stimulus. The
stereomotion scotoma as identified in each of the left-column figures (black dotted regions)
match locations of poor performance in the right-column figures (grey dotted regions),
suggesting that impairments in motion in depth perception are related to deficits in the
processing of IOVD cues. The results for all observers are shown in supplementary Figure S2. B:
Sensitivity to 3D motion measured with the FULL stimulus as a function of sensitivity to the
IOVD stimulus. Sensitivity to the IOVD stimulus significantly predicts sensitivity to the FULL
stimulus (F(1,7.3) = 17.29, p = 0.004 ). The colored lines indicate fits for individual observers
and the thick black line indicates the overall fit based on a mixed effects linear model.
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a function CD (gray line) or IOVD (black line) cue performance (x-axis) for all
three different monocular speeds. CD cue sensitivity did not significantly
predict the FULL cue sensitivity at any monocular stimulus speed (0.3 º/s:

F(1,6.5) = 2.59, p = 0.15, 0.6 º/s: F(1,75) = 2.55, p = 0.115, 1.2 º/s: F(1,92.7) =
0.41, p > 0.250). Conversely we find that the sensitivity to the IOVD cue
significantly predicts the sensitivity to the FULL cue at all three stimulus speeds
(0.3 º/s: F(1,7.1) = 26.04, p = 0.001, 0.6 º/s: F(1,7.3) = 17.29, p = 0.004, 1.2 º/s:

F(1,6.3) = 72.20, p < 0.001). Further, using a likelihood ratio test to compare
the CD and IOVD linear models we find that for all speeds, sensitivity to the
IOVD cue is infinitely better at explaining FULL cue performance (0.3 º/s: LR =

81.26, p ~ 0, 0.6 º/s: LR = 73.33, p ~ 0, 1.2 º/s: LR = 71.06, p ~ 0). In addition,
sensitivity to motion in depth based on the CD cue does not generally improve
with lower speeds.

The individual cues in combination do not better predict stereomotion
sensitivity
In normal viewing situations the two binocular cues are both present.
Therefore, the contribution of the CD cue might not be significant when
considered separately, but it might contribute in a combined model. To test
this, we fitted a linear model using both the performance as measured by the
CD stimulus and the performance as measured by the IOVD stimulus. Using an
ANOVA we tested the contribution of the two cues in this combined model.
Across all three stimulus speeds we do not find a significant contribution of CD
stimulus sensitivity to the model (0.3 º/s: F(1,11.4) = 1.66, p = 0.22, 0.6 º/s:

F(1,5.8) = 0.91, p > 0.250, 1.2 º/s: F(1,85.9) = 0.80, p > 0.250). Conversely, we
find that sensitivity to the IOVD stimulus does contribute significantly to the
model at each speed (0.3 º/s: F(1,6.8) = 28.59, p = 0.001, 0.6 º/s: F(1,6.3) =

56.57, p < 0.001, 1.2 º/s: F(1,6.5) = 73.12, p < 0.001). Further, we do not find
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that the combined model is better at predicting the sensitivity to stereomotion
compared to a model that is only based on the IOVD cue (likelihood ratio test,

all p values > 0.88).

Motion sensitivity per se is not the underlying cause of stereomotion
scotomas
We find that the sensitivity to interocular differences in retinal velocity is
strongly predictive of an observer’s sensitivity to motion in depth. Previously,
we demonstrated that sensitivity to 2D motion (left/right) is generally not
predictive of sensitivity to motion in depth (Barendregt et al., 2014). In
supplementary figure S3 we included the results of a 2D motion discrimination
task that was performed in the previous study by four observers that also
participated in this study. Using a linear mixed effects regression we found that
performance on the 2D motion discrimination task is not predictive of the
performance on the motion in depth task (F(1,4) = 0.79, p = 0.43).

Taken together, our results lead us to conclude that the sensitivity to
interocular velocity differences is a strong predictor of sensitivity to motion in
depth. We fail to find a significant contribution of the changing disparity cue to
the perception of motion in depth at the spatial scales of our stimulus design,
even when we combine both cues in the same model. Finally, the ability to
predict 3D motion sensitivity based on the IOVD cue is relatively independent of
stimulus speed, even at very slow speeds optimized for the CD stimulus.
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Figure 5.6 Sensitivity to the IOVD cue, but not the CD cue, predicts sensitivity to 3D motion
across a range of monocular speeds. Each panel shows the relationship of sensitivity to 3D
motion as measured by the FULL stimulus and sensitivity to the CD (dashed line) or IOVD (solid
line) stimulus. From left to right the panels represent data collected using a stimulus with a
monocular speed of 0.3º/s, 0.6º/s and 1.2º/s. We find that sensitivity to the IOVD stimulus
significantly predicts 3D motion sensitivity at each speed (all p < 0.005). In contrast, sensitivity
to the CD stimulus does not significantly predict sensitivity to 3D motion at any speed (all p >
0.1). Shaded gray regions represent 95% confidence interval of the linear fit.
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Discussion

We investigated the cause of stereomotion scotomas, a surprisingly prevalent
deficit in the processing of visual motion, that occurs in over 50% of otherwise
healthy observers (Barendregt et al., 2014; Hong & Regan, 1989). Since
stereomotion scotomas are not associated with any clear retinal impairment or
a deficit in the processing of monocular information, we investigated if
stereomotion scotomas might result from failures in the processing of one or
both of the known binocular cues to motion in depth. We did not find a
significant contribution of the changing disparity (CD) cue to the sizable motion
impairments in these observers. Instead, we find that the visual field location of
deficits in motion perception is best predicted from deficits in the sensitivity to
the interocular velocity difference (IOVD) cue. Taken together our results show
that the cause of stereomotion scotomas is a deficit in the binocular
combination of retinal velocity cues.

Relation to previous work on stereomotion scotomas
The present work shows that the impairments in the perception of motion in
depth occur specifically as a result of impairments in processing visual cues that
vary over time. While previous work (Hong & Regan, 1989; Richards & Regan,
1973) has provided evidence for the existence of the impairment, it did not
explicitly distinguish between instantaneous and time-varying cues to motion in
depth. Moreover, we focused on the contribution of binocular cues because our
previous work (Barendregt et al., 2014) suggested that stereomotion scotomas
are due to a failure at or after the stage of binocular combination. Since there
are two binocular cues to motion in depth, this implied that the deficit had to

121

Motion agnosia is the result of impaired velocity processing
be due to a problem in processing either the changing disparity over time or
interocular velocity difference cue (or both).

The inability to detect motion in depth from CD cues is not due to an
inability to extract the binocular disparity signals
We emphasize that the observers in our experiments had no trouble detecting
binocular disparity per se, despite the short presentation time of each display
frame (~17 ms). In a control condition where observers had to judge position
in depth of a stationary stimulus with the same presentation time, we found
that all observers were easily able to perform this task across the visual field.
This is consistent with previous reports that stereopsis per se is mainly limited
by monocular luminance mechanisms (Gheorghiu & Erkelens, 2005b).
However, previous studies have also shown that the temporal frequencies that
can be used for the perception of motion from disparity are quite low
(Gheorghiu & Erkelens, 2005a; Kane, Guan, & Banks, 2014). Thus, the poor
performance in detecting motion from changes in disparity is not the result of
limitations in extracting binocular disparity signals per se, but instead derives
from poor sensitivity to the changing binocular disparity cue in displays that use
fast temporal updating and a small spatial extent that can expose these deficits
in motion perception.

Contributions of the changing disparity cue to motion perception
Previous work has suggested that these deficits in motion perception exist even
when (static) binocular disparity cues are present (Hong & Regan, 1989).
Taken together with the current result that observers perform poorly when
detecting motion from the CD cue stimulus, this would seem to suggest that
binocular disparity cues do not appear to contribute significantly to motion in
depth perception at all.
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We note however that disparity cues can contribute to the perception of motion
in depth, but such contributions seem restricted to situations where the motion
is slow (Czuba et al., 2010) and spans a large part of the visual field (Czuba et
al., 2012; Sakano, Allison, & Howard, 2012). A careful investigation of the role
of stimulus size on the perception of motion in depth from changing binocular
disparity would therefore be beneficial.

Contributions of the interocular velocity difference cue to motion perception
Our results indicate that deficits in motion perception are closely linked to an
observer’s ability to utilize interocular velocity difference cues in visual displays.
When we isolate the contribution of IOVD cues by eliminating instantaneous
binocular disparity as a cue, and disrupting the changing disparity cues, the
resulting behavior is highly predictive of the behavioral performance measured
using stimuli containing all binocular cues. Given that monocular motion
processing appears unimpaired under the same viewing conditions (Barendregt
et al., 2014), the problem is likely not in the motion signals per se, or a
binocular imbalance, but rather a failure in the integration of motion signals
from the two eyes. Thus our findings show that the underlying cause of
stereomotion scotomas is a failure to combine velocity signals between the eyes,
pointing to a deficit in visual cortical areas involved in motion processing.

Alternative explanations
One might consider that these deficits are not due to a failure in motion
processing, but to other factors, such as stimulus contrast. While there is some
evidence that motion in depth perception is more sensitive to stimulus contrast
compared to similar 2D motion stimuli (Fulvio, Rosen, & Rokers, 2015),
previous work explicitly investigating the effects of stimulus contrast in visual
displays very similar to the ones used here has shown that these specific
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deficits in motion in depth perception are relatively robust to contrast
(Barendregt et al., 2014).
We did not explicitly monitor observers’ eye movements in these experiments.
The short presentation duration and the randomized order of the stimulus
locations ensured that making eye movements would not be informative to the
task. Importantly, if observers had been actively making eye movements
towards the presented locations, we should expect their performance to be
either close to uniform across the visual field or declining as a function of
eccentricity. Moreover, we would not expect significant correlations across the
different stimulus types and speeds. Since we did not find such a pattern of
results in any of our observers, we feel confident that observers making eye
movements towards the stimulus location cannot explain our results.

Motion agnosia
We propose that the deficit associated with stereomotion scotomas should be
considered a previously unrecognized type of visual agnosia. While a scotoma is
a localized loss of visual acuity or a blind spot, visual agnosias are characterized
by an inability to discriminate a specific feature of visual stimuli, in the
presence of normal basic visual function. The visual field deficit described here
is identified by an inability to discriminate the direction of motion in depth, but
affected individuals are not blind in those parts; rather, they are unable to
interpret what they see.
Visual agnosia is frequently associated with cortical lesion (Riddoch, 1917), but
this is not a necessary condition. For example, prosopagnosia exists in the
absence of any lesion, and is in part congential (Kennerknecht et al., 2006).
Unlike other such deficits, the motion agnosia we describe here is quite
common – based on our results, they occur in over 50% of the normal
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population – and typically restricted to part of the visual field. A likely reason
for this restriction of the agnosia in the visual field are the smaller receptive
field size of motion in depth sensitive neurons, compared to neurons sensitive
to other visual properties, such as objects or faces. It is currently not known if
other forms of visual agnosia also occur in a spatially-restricted form, but our
results suggest that this might be an interesting avenue of further research.
Identifying the neural mechanisms involved in visual agnosias is often
complicated by the fact that a large number of visual cues contribute to visual
perception (Avidan, Hasson, Malach, & Behrmann, 2005). However, since there
are only two cues that support the binocular perception of motion in depth, we
were in a unique situation to investigate the underlying neural cause of this
particular form of visual agnosia. Future work should incorporate these findings
with the existing knowledge on the cortical processing of motion in depth to
elucidate what cortical processes might lead to this visual deficit.

Conclusion
In sum, we studied a prevalent form of visual agnosia in which > 50% of
otherwise healthy observers are unable to judge the direction of motion in
depth in part of their visual field. We do not find that changing disparity cues
contribute significantly to the perception of motion in depth for these particular
stimulus configurations. Instead, we find that the cause for such motion agnosia
is a failure to properly combine retinal velocity signals in visual cortex. These
findings contribute to our understanding of visual motion perception and
identify the underlying cause for a specific type of visual agnosia.

125

Motion agnosia is the result of impaired velocity processing

Appendix

Figure A5.1 Sensitivity to changing disparity measured across the visual field for all observers in
our study. The dotted lines indicate the location of the 3D motion blindness region for an observer, as
determined by their performance on a task with a stimulus containing multiple cues to 3D motion
(Figure 5.3). Observers 4, 6, 7 and 11 did not have a stereomotion scotoma in their visual field.
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Figure A5.2 Sensitivity to changing disparity measured across the visual field for all six observers
with 3D motion blindness. The light grey dotted lines indicate the location of the 3D motion blindness
region for each observer, as determined by their performance on a task with a stimulus containing
multiple cues to 3D motion (Figure 5.3). Observers 4, 6, 7 and 11 did not have a stereomotion
scotoma in their visual field.
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Figure A5.3 Sensitivity to interocular velocity differences measured across the visual field for all six
observers with 3D motion blindness. The light grey dotted lines indicate the location of the 3D
motion blindness region for each observer, as determined by their performance on a task with a
stimulus containing multiple cues to 3D motion (Figure 5.3). Observers 4, 6, 7 and 11 did not have a
stereomotion scotoma in their visual field.
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Figure A5.4 Sensitivity to lateral (2D) motion measured across the visual field. Data shown is from a
previous publication with the same observers as the current study (Barendregt et al., 2014). The task
for the observer was to judge the direction of motion (left/right) of a subset of coherently moving dots
(50%) between randomly moving dots. The grey lines indicate a region of 3D motion blindness for an
observer, as based on the data in Figure 5.3.
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Summary and conclusions

Summary per chapter
Chapter 2
The two images our eyes have of the world are combined by the brain into a
single, cyclopean view. In this chapter we set out to identify where in the brain
this transformation from retinal images to a cyclopean image occurs. Using
computational neuroimaging techniques, we show that the representation of
the visual world is based on the retinal images in the first visual area, primary
visual cortex, but is then subsequently transformed into a representation of the
cyclopean image in the second visual area. We also find that in all later visual
areas, the cyclopean representation is maintained. These results shed light on
how our single, cyclopean view of the world is constructed based on the input
from our eyes.

Chapter 3
In this chapter we set out to characterize an odd visual deficit in binocular
motion perception: the inability to report the direction of motion of a stimulus
that moves in depth. In our experiments we find that over half of the
participants are unable to discriminate between approaching and receding
motion in a part of their visual field. Although the position of the deficit varies
widely between participants, we demonstrate that these visual field deficits do
not change in position over time but always occur at the same position for every
participant. Using a set of control experiments we show that there are no
corresponding visual field deficits in the discrimination of static disparity or
lateral motion as well as no evidence for strong eye dominance at these visual
field positions. In sum, we therefore conclude that this deficit in motion
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perception likely originates at the stage in visual processing where the
monocular signals from the two eyes are integrated.

Chapter 4
After describing the inability to report motion direction using behavioral
methods, we set out to identify a neural basis for this visual deficit in this
chapter. The fact that the deficit is confined to a particular location in the visual
field allows us to directly investigate neural responses at a relatively fine level
using the visual field maps in the brain. Comparing the responses for affected
locations with control locations, in the same participant, we find a significant
modulation of the neural response in two important visual areas. We find that
the neural responses in an important area for motion processing, the human
middle temporal complex, are significantly modulated by the inability to
discriminate motion direction at a seemingly low level of visual processing. In
addition, we also find a clear influence on responses in primary visual cortex.
These results provide the first evidence for the neural basis of this deficit in
motion perception and show that this deficit can best be characterized as
motion agnosia. The results also provide new insights into the roles of primary
visual cortex and the middle temporal complex in the perception of motion.

Chapter 5
A source of much recent debate in the literature is the role of two visual cues,
changing disparity over time and interocular velocity differences, in the perception
of motion in depth. In this chapter we evaluate the role of these two cues in
motion agnosia. Using a variation of the behavioral experiment described in
Chapter 2 we measure sensitivity to each of the two cues across the visual field
in participants with motion agnosia. We find that only the velocity-based cue,
and not the disparity-based cue, is predictive of the location of motion agnosia
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in the visual field. These results show that motion agnosia is primarily a deficit
of processing the velocity-based cue to motion in depth.

134

Chapter 6

General discussion
A large part of research in the field of neuroscience is concerned with
describing and understanding how the brain represents the outside world based
on the sensory input. In this thesis we used the binocularity of human vision to
study sensory representations in visual cortex. Binocular vision is a fundamental
property of the human visual system and plays a significant role in the
perception of depth. Because the retina is a two-dimensional surface on which
visual information from the outside world projects, all information about the
third dimension has to be inferred from these retinal projections. As a
consequence, the visual system has to perform a number of computations to
build up the interpretation that we end up perceiving. In this thesis the aim was
to gain a better understanding of the underlying computations that form the
basis for the binocular perception of motion in depth (3D motion). Using a
combination of behavioral and neuroimaging methods we investigated the
representation of monocular and binocular representations in human visual
cortex (Chapter 2) and the neural mechanisms involved in motion perception
using motion agnosia (Chapters 3, 4 and 5).

The nature of internal representations of the outside world
The idea that the information from the two retinal images is combined in early
visual cortex is not new (Hubel & Wiesel, 1962). From studies in cats and nonhuman primates we know that binocular neurons in primary visual cortex
respond to inputs from both eyes and can detect binocular disparities (Blasdel &
Fitzpatrick, 1984; Hubel et al., 2013; Hubel & Wiesel, 1962). However, this
does not tell us how the human visual system builds an internal representation
of the outside world: based on the retinal images or on the cyclopean image. In
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Chapter 2 we demonstrate, using a combination of fMRI and computational
modeling, that the human visual system contains two distinct internal
representations in primary visual cortex. These representations are then
transformed into a single, cyclopean representation of the visual world in
extrastriate cortex. An important distinction here is in the way this
transformation could be carried out. One possibility would be that the positions
of objects in the V1 representation are simply averaged into a single position in
the V2 representation. However, our results suggest that this is not what
happens. Rather, the two positions of an object in the V1 representation are
transformed into the position of the object in the cyclopean image (see Figure
2.4 for an illustration of this difference). This shows that in extrastriate visual
areas, an object is represented at a position that is largely independent from the
position of the object on the two retinas.

Our results on the representation of binocular visual information demonstrate a
fundamentally different cortical representation of the outside world by the
primary visual cortex and the extrastriate areas. These results build on the idea
that the processing of visual information is governed by a hierarchical structure
where different cortical areas sequentially process different features of the
sensory input (Essen & Maunsell, 1983). Traditionally, the view has been that
the primary and secondary visual areas perform similar operations on the
sensory input but on different spatial scales due to the increase in average
receptive field size between the two areas (Smith, Singh, Williams, & Greenlee,
2001; Zeki, 1978). However, the results in this thesis contribute to a growing
body of work that demonstrate a distinct role for the secondary visual area (V2)
in visual processing (G. Chen et al., 2008; M. Chen et al., 2014; Dumoulin et
al., 2014; Freeman et al., 2013). Importantly, we find that the internal
representation of the sensory information in V2 moves away from reflecting the
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sensory organ (retina) and instead transforms into a representation that is more
relevant to guide interactions with the outside world.

Why motion agnosia should not be considered a stereomotion scotoma
In this thesis, the inability to discriminate the direction of motion in depth has
been described both as a form of blindness (stereomotion scotoma) and a form
of agnosia (motion agnosia). In this thesis we skew towards using the latter
term but as is evident from Chapter 3 this point of view has evolved over time.
The original term ‘stereomotion scotoma’ to describe the deficit emphasizes the
limited spatial extent in the visual field (Richards & Regan, 1973). The term
‘scotoma’ typically refers to a region in the visual field that has a reduction in or
an absence of visual acuity. It is therefore often used in ophthalmological
literature and practice to describe such regions in the visual field of patients
with retinal or macular defects, thereby linking the term mostly to different
forms of (near-)blindness.

However, in the case of motion agnosia the most salient aspect of the deficit is
not the spatial extent but rather the phenomenology of the behavior. The deficit
is clearly not a form of blindness in the sense that the observer is unable to
perceive a visual stimulus. Rather, the observer can perceive the stimulus and
often even that it moves but in spite of this can not discriminate the direction of
motion. This points to a problem with visual discrimination, rather than a
problem with visual perception per se. Visual agnosia is defined as the inability
to discriminate specific visual features, such as faces or objects, in spite of
having normal visual input. Therefore, classifying the visual deficit that is
studied in this thesis as a motion agnosia better captures the phenomenology of
the deficit.
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How motion agnosia informs the understanding of cortical motion
processing
How do the results in this thesis fit within the existing models of binocular
motion in depth perception? In recent years, attempts to incorporate the
processing of motion in depth with the existing models of two-dimensional
motion processing have demonstrated that most of the cortical processing is
apparently done by area MT (Czuba et al., 2014; DeAngelis & Newsome, 1999;
Rokers et al., 2009; Sanada & DeAngelis, 2014). Our finding that area MT is
involved in motion agnosia therefore fits with our current understanding of
cortical motion processing but also adds more evidence for an inconsistency in
that understanding.

As illustrated in Figure 3.1, the current view of how the brain determines
direction of motion in depth is that there are two binocular cues the brain
utilizes in order to extract the 3D motion direction of visual input. Visual area
MT has been shown to process both of those cues (Rokers et al., 2009), yet the
relative roles and contributions of the disparity- and the velocity-based cues to
3D motion remain unclear (Czuba et al., 2010, 2012; Nefs & Harris, 2010; Nefs
et al., 2010; Sakano & Allison, 2014). In contrast, our results on the
mechanisms that might be defective in motion agnosia provide a very clear
answer in that only a deficit in the velocity-based cue leads to motion agnosia.
Visual area MT has been shown to be the location in cortex where the velocitybased cue is processed (Rokers et al., 2009), yet this means that this area
should have information about the eye of origin of the incoming motion signals
(Rokers, Czuba, Cormack, & Huk, 2011) in order to be able to compute a
difference between the velocity signals in each eye (Shioiri et al., 2000). Since
the traditional view holds that the signals from the two eyes are combined in
primary visual cortex, and our results in Chapter 2 support this, it is currently
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unclear how area MT is able to perform these computations. While there are
suggestions that area MT might receive direct projections from subcortical
structures that could in theory provide eye-specific visual input (Sincich, Park,
Wohlgemuth, & Horton, 2004), it remains an open problem and provides a
promising avenue for future research.

What motion agnosia contributes to the study of visual agnosia
Our results on motion agnosia provide strong evidence for a well-defined neural
basis of a novel form of visual agnosia. It has traditionally been difficult to
pinpoint the neural origins of the various known forms of visual agnosia since
there are often multiple visual features involved that interact in unknown ways
(Avidan et al., 2005; Bridge et al., 2013). In contrast to complex shapes or
faces, motion is processed in the earliest stages of the cortical visual hierarchy
and has also been much more thoroughly studied in both non-human primates
and humans. Even though our understanding of motion processing is far from
complete, as discussed above, the reduction in complexity of the features and
processes involved combined with the much higher prevalence in the
population means that the study of motion agnosia provides a very useful tool
in the study of visual agnosia in general. As one example, the fact that we show
that motion agnosia is not a complete deficit but rather varies across the visual
field suggests that this might also hold for other forms of visual agnosia,
something that has not yet been explicitly studied.

Where the findings of this thesis contribute outside of basic science
The results that we discuss in this thesis potentially have broader applications
beyond the laboratory. The knowledge of exactly where in the brain the human
visual system integrates the information from the two eyes is valuable for the
study and possible treatment of various disorders of binocular vision, such as
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amblyopia (lazy eye). Since disorders like amblyopia are often the result of a
deficit of the neural pathways rather than the eyes itself, it is very important to
have a complete understanding of how the visual pathways in the human brain
interact and ultimately lead to our perception of the environment. Our findings
regarding the neural basis and binocular mechanisms involved in motion
agnosia provide a novel opportunity to study visual agnosia and can inform new
models of the neural basis of other forms of agnosia. Therefore, the results in
this thesis could ultimately contribute to a better understanding and inform
potential treatments of both visual disorders like amblyopia as well as disorders
such as agnosia. Aside from clinical implications, the high prevalence of motion
agnosia should also have implications for the general population. In particular,
the fact that such a high proportion of people have difficulty discriminating
motion direction means that activities involving fast motion, such as driving a
car or playing sports, could benefit from the study of this deficit.
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Hoofdstuk 2
De twee beelden van de wereld in onze twee ogen worden door het brein
samengevoegd tot een enkel, cyclopisch beeld. In dit hoofdstuk is het doel om
erachter te komen waar in het brein deze overgang van de twee beelden op de
retina naar een cyclopisch beeld plaats vindt. Met behulp van computationele
neuroimaging methoden tonen we aan dat de interne representatie van de
visuele wereld in het eerste visuele hersengebied, primaire visuele schors, is
gebaseerd op de retinale beelden maar dat deze vervolgens transformeert naar
een cyclopische representatie in het tweede visuele hersengebied. Tevens
vinden we dat in alle volgende visuele hersengebieden, deze cyclopische
representatie blijft behouden. Deze resultaten geven inzicht in hoe ons brein het
enkele, cyclopische beeld dat we van de wereld waarnemen samenstelt op basis
van de beelden die via de ogen binnenkomen.

Hoofdstuk 3
In dit hoofdstuk onderzoeken we een vreemde visuele afwijking bij het
binoculair waarnemen van beweging: niet in staat zijn de bewegingsrichting te
duiden wanneer een stimulus in diepte beweegt. In onze experiment vinden we
dat meer dan de helft van de deelnemers niet in staat is om beweging naar zich
toe te onderscheiden van beweging van zich af, in een gedeelte van hun
gezichtsveld. Hoewel de positie van deze afwijking in het gezichtsveld sterk
varieert tussen deelnemers, vinden we dat de positie altijd hetzelfde is ongeacht
hoe vaak we dit bij een deelnemer meten. Met behulp van een aantal controle
experimenten tonen we aan dat er geen corresponderende afwijkingen zijn in
het onderscheiden van positie in diepte (binoculaire dispariteit) of zijdelingse
beweging. Tevens vinden we geen bewijs dat oog dominantie een rol speelt.
Uiteindelijk concluderen we hieruit dat de origine van deze afwijking bij het

142

Appendix
waarnemen van beweging in diepte zich waarschijnlijk bevindt in het stadium
waar het brein de signalen van de twee ogen samenvoegt.

Hoofdstuk 4
Nadat we (in Hoofdstuk 3) een visuele afwijking bij het waarnemen van
beweging hebben beschreven, gaan we in dit hoofdstuk op zoek naar een
neurale oorsprong voor deze afwijking. Omdat de afwijking zich altijd limiteert
tot een gedeelte van het gezichtsveld kunnen we gebruik maken van de kaart
van het gezichtsveld in het brein. Als we de hersenactiviteit voor aangetaste
locaties vergelijken met de activatie voor niet-aangetaste, control locaties dan
zien we dat de activatie significant wordt beïnvloed in twee belangrijke visuele
hersengebieden. In het hersengebied dat traditioneel wordt geassocieerd met
het verwerken van bewegingsinformatie, vinden dat de activatie sterk
verminderd onder de invloed van het niet kunnen onderscheiden van de
bewegingsrichting. Daarnaast vinden we ook een sterke invloed in de primaire
visuele hersenschors, hoewel deze effecten meer veroorzaakt lijken te worden
door het wel of niet juist kunnen antwoorden tijdens een taak. Deze resultaten
tonen het eerste directe bewijs voor een neurale oorsprong voor deze visuele
afwijking en tonen aan dat deze afwijking het beste kan worden
gekarakteriseerd als een vorm van agnosie: bewegingsagnosie.

Hoofdstuk 5
Een bron van veel recente discussie in de literatuur is de rol van twee visuele
cues, verandering in dispariteit over tijd en interoculaire snelheidsverschillen, in
de waarneming van beweging in diepte. In dit hoofdstuk evalueren we de rol
van deze twee cues in bewegingsagnosie. Met een variant van het
gedragsexperiment beschreven in Hoofdstuk 2 meten we gevoeligheid voor elk
van de twee signalen in het gezichtsveld van deelnemers met
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bewegingsagnosie. We vinden dat alleen de op snelheid gebaseerde cue en niet
de dispariteit-gebaseerde cue, voorspellend is voor de locatie van
bewegingsagnosie in het gezichtsveld. Deze resultaten tonen dat
bewegingsagnosie vooral wordt veroorzaakt door een verstoring in de
verwerking van de snelheid-gebaseerde cue.
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