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The posterior parietal cortex (PPC) is understood to be active when observers
perceive three-dimensional (3D) structure. However, it is not clear how central
this activity is in the construction of 3D spatial representations. Here, we exam-
ine whether PPC is essential for two aspects of visual depth perception by
testing patients with lesions affecting this region. First, we measured subjects’
ability to discriminate depth structure in various 3D surfaces and objects using
binocular disparity. Patients with lesions to right PPC (N = 3) exhibited
marked perceptual deficits on these tasks, whereas those with left hemisphere
lesions (N = 2) were able to reliably discriminate depth as accurately as control
subjects. Second, we presented an ambiguous 3D stimulus defined by struc-
ture from motion to determine whether PPC lesions influence the rate of
bistable perceptual alternations. Patients’ percept durations for the 3D stimu-
lus were generally within a normal range, although the two patients with
bilateral PPC lesions showed the fastest perceptual alternation rates in our
sample. Intermittent stimulus presentation reduced the reversal rate similarly
across subjects. Together, the results suggest that PPC plays a causal role in
both inferring and maintaining the perception of 3D structure with stereopsis
supported primarily by the right hemisphere, but do not lend support to the
view that PPC is a critical contributor to bistable perceptual alternations.

This article is part of the themed issue “Vision in our three-dimensional
world”.

1. Introduction

In order to execute appropriate motor responses, such as shaping the hand to
grasp an object or navigating through a crowded space, the brain must interpret
sensory information to construct an accurate internal representation of the
environment. Paramount to human sensorimotor actions is the visual system’s
ability to infer three-dimensional (3D) depth information from two-dimensional
(2D) retinal images. Posterior parietal cortex (PPC) is thought to play a critical
role in the transformation of visual information into action-oriented represen-
tations, as well as shaping perceptual experience through the selective
processing of information [1,2]. The important role of the PPC in perception is
most strikingly revealed by the neuropsychological condition of spatial neglect,
in which damage to this region, particularly in the right hemisphere, causes def-
icits of attention and awareness in the contralateral visual hemifield [3—5]. While
the 2D mapping of such perceptual deficits onto the visual field reflects the topo-
graphic functional organization of parietal cortex [6,7], it is less clear how parietal
damage affects perception of 3D space and objects within it.
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One important source of visual information for depth per-
ception is binocular disparity: the subtle positional differences
between corresponding scene elements in the left and right
retinal images, which arise naturally owing to the spatial sep-
aration of the eyes. Previous neuropsychological studies
suggested that the PPC might play a causal role in the percep-
tion of stereoscopic depth from isolated disparity information
[8-14]. Specifically, the majority of evidence suggests that
regions in the right hemisphere that produce unilateral neglect
when damaged (such as PPC) are also necessary for processing
depth from disparity in the unaffected hemifield [9,11,15-18],
although see [12,19]. However, many of these studies did not
have the benefit of accurate anatomical information about the
loci of damage, which could therefore only be inferred from
the presence or the absence of neglect-like symptoms, and
their lateralization. Since lesions to brain regions outside of
PPC, including frontal cortex and subcortical structures, are
also capable of inducing neglect [20,21] and potentially impair-
ing stereoacuity [22], it has been difficult to link stereopsis
specifically to the PPC. Furthermore, despite a wealth of func-
tional neuroimaging evidence for correlations between
stereopsis and activity in the intraparietal sulcus (IPS), few ima-
ging studies have reported significant lateralization of these
responses, as might be expected from the results in neglect
patients [23-26].

Binocular disparity is just one of many visual cues that the
brain uses to infer depth information. The inference of depth
structure-from-motion (SFM) cues is computationally similar
to that from disparity, but exploits motion parallax rather
than static positional parallax. Unlike binocular disparity,
SFM cues alone are consistent with more than one possible
depth arrangement, since the depth order of an object’s surfaces
remains ambiguous [27]. Under these conditions, perception
typically becomes bistable, meaning that an observers’ sub-
jective impression of the unchanging stimulus alternates
spontaneously between two competing depth interpretations
over time. At the single unit level, the perceptual interpretation
of these stimuli is reflected in the responses of neurons in corti-
cal visual area V5/MT of macaque monkeys [28,29], and
electrical microstimulation of these neurons can induce percep-
tual biases in the 3D interpretation [30]. Area V5/MT exchanges
prominent anatomical connections with PPC [31,32], where
many neurons are visually responsive to complex motion
features and 3D form [33-35].

The PPC, together with prefrontal areas, has also been
implicated in the generation of perceptual alternations during
viewing of bistable figures [36—38]. This view is supported
by some neuropsychological evidence, which suggests that
the rate of spontaneous perceptual alternations during binocu-
lar rivalry is reduced in patients with right hemisphere lesions
compared with healthy control subjects [39,40]. In addition,
transcranial magnetic stimulation (TMS) of PPC, particularly
in the right hemisphere, has been shown to influence the
rate of perceptual alternations, with perturbation of neighbour-
ing regions of the superior parietal lobule (SPL) and IPS
producing somewhat different effects [20,41-43]. However,
some of these results appear incompatible, and thus much
remains to be learned about how the PPC contributes to
perceptual alternations.

This study tested a group of patients with a range of cir-
cumscribed and well-characterized unilateral and bilateral
parieto-occipital lesions in order to evaluate the causal contri-
bution of PPC to the perception of depth. We tested two

aspects of patients” depth perception, the first being the per-
ception of stable stereoscopic depth defined by binocular
disparity and the second being the bistable perception of
motion-defined depth in an ambiguous SFM stimulus.
Using psychophysical methods to test visual sensitivity, we
found that stereopsis was severely compromised in patients
with lesions to right, but not left, PPC. By contrast, unilateral
lesions had little effect on perceptual alternations to ambigu-
ous SFM stimuli or on other bistable stimuli that did not
involve depth perception. Patients with bilateral PPC lesions
showed, if anything, an increase in perceptual alternation rate
compared with controls. Taken together, the results point to a
causative role of PPC in the inference of 3D structure, with the
perception of stereoscopic depth being strongly lateralized to
the right hemisphere.

2. Material and methods
(a) Participants

Five patients (four males and one female) were recruited from
the pool of neuropsychological volunteers established in the Be-
havioural Brain Sciences Centre at the School of Psychology,
University of Birmingham, and had previously participated in
the Birmingham Cognitive Screen battery [44]. All patients had
acquired brain lesions to parieto-occipital cortex (figure 1), and
had been previously evaluated for clinical deficits of spatial
neglect and extinction (summarized in table 1). Patients were
classed as having a clinical deficit on the basis of whether their
test scores were significantly below those of control participants
(n = 86) with no history of neurological disease (35 males, mean
age 67 years, range 47—-88 years). Additionally, two healthy age-
matched controls (DC and RC, right-handed males, aged 64 and
65) were tested, and 12 younger healthy adults (six males, ages
18-30). All subjects had corrected or normal visual acuity, and
none of the patients showed signs of hemianopia based on test-
ing on the Birmingham Cognitive Screen. Data collection from
control observers was typically limited to one or two sessions,
while patients” data were collected over multiple sessions spanning
a total period of 18 months.

(b) Stimuli

Stimuli were programmed in MATLAB (The MathWorks, Natick,
MA, USA) with Psychophysics Toolbox extensions [47,48],
and presented binocularly in a Wheatstone stereoscope set-up
consisting of a pair of ViewSonic P225f CRT monitors (1600 x
1200, 100 Hz) viewed through cold mirrors at a viewing distance
of 50 cm. The only exception to this was for the disparity-defined
contour task, for which stimuli were presented on a single
CRT while participants wore red—green anaglyph glasses. Par-
ticipants’ head position was stabilized through use of a chin
rest. For the majority of the bistable and dynamic disparity exper-
iments, eye position was recorded at 1 kHz using an EyeLink
1000 video-based eye tracker (SR Research). Photometric
measurements were used to calculate linearized gamma tables
(Admesy, Ittervoort, The Netherlands) allowing calibration of
the two monitors to produce matched luminance outputs. All
stimuli were presented centrally on a mid-grey background,
inside a textured border (4° from stimulus edges) consisting
of black and white squares (75% density, 0.5° x 0.5°), which
served to promote correct vergence posture. In all tasks, partici-
pants gave their responses via a configuration of buttons on a
gamepad that was customized for each patient such that they
could respond easily using the middle and index fingers of
their preferred hand.
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Figure 1. (a) Lateral view of the right hemisphere indicating the slice positions shown below and the divisions of the PPC. (b) Axial slices of patients’ structural
MRIs, which were spatially normalized to MNI152 space. For comparison, the top row shows the T1 of a healthy individual (Colin27) also normalized to MNI152
space [45], with left (red) and right (blue) PPC regions of interest (ROls) overlaid. Patients lesion masks are overlaid in purple, with lesion voxels within the PPC ROI
labelled yellow. In all figures, patients’ data are presented in order of PPC lesion lateralization, from left to right (table 2).

(c) Stereoscopic tasks

Stereoscopic tasks were performed in blocks consisting of
between 8 and 15 repetitions of each stimulus level in a pseudor-
andom order. All subjects completed one practice block per
session, and a minimum of three subsequent blocks in order
for the data to be included in the analysis. All random dots
stereogram (RDS) stimuli consisted of black and white dots
(0.1° radius) on a mid-grey background (figure 2b). A fixation
marker consisting of dichoptic nonius lines over a binocularly
presented square were presented on all tasks except for the
disparity-defined contour task, and observers were instructed
to maintain fixation during trials.

(i) Dynamic stereo task

Random dot kinematograms (RDKs) depicted a rotating sphere
(6° diameter), defined by SFM and binocular disparity. The
sphere consisted of 400 black and white dots (3 arcmin diameter)
distributed randomly across the transparent surface, and rotated
about a vertical axis at an angular velocity of 90° s~ '. Disparity
was manipulated parametrically in order to measure psycho-
metric functions, and varied between 0.5 and 14 min of arc
between the front surface and the fixation plane. Participants
were asked to report which direction (left or right) the front
face of the sphere was moving on each trial, and direction was
randomized. At smaller binocular disparities, the stimulus
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Table 1. Summary of patient clinical and behavioural details.

becomes bistable, as in the rotating sphere task (see §2d(i) below). n
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Figure 2. Schematic of stereoscopic and bistable stimuli. (a) Schematic view-from-above for the four binocular depth perception tasks presented. (b) RDSs are
rendered here for red—cyan anaglyph viewing. Dotted outlines illustrate the location of depth edges but were not present in the actual stimuli. (¢) Schematic
illustrations of the three perceptually bistable stimuli: (i) a rotating sphere defined by SFM; (i) an apparent motion dot quartet; (iii) binocular rivalry between
a face and moving dots. For each stimulus, there are two possible perceptual interpretations (indicated here in red and blue), which alternate over time: (i) leftward

or rightward rotation; (ii) vertical or horizontal motion; (iii) left or right eye image.

we tested subjects on two additional bistable tasks. These tasks
both involved motion perception, but neither one elicits the
perception of depth.

(iii) Apparent motion

The apparent motion dot quartet [50] was composed of two white
dots (1° diameter) located in diagonally opposite corners of a rec-
tangular mid-grey background (5° wide x 7-7.2° high), and two
black dots of equal size in the other two corners. In the ambiguous
condition, the dots switched between these two configurations
every 300 ms, with a one frame (10 ms) blank interval interleaved,
producing a perception of apparent dot motion that was bistable
between horizontal and vertical directions. This frame rate has pre-
viously been shown to be well below the threshold for apparent
motion perception in patients with parietal damage [51]. Obser-
vers fixated a marker located in the centre of the stimulus.
During pilot tests, we adjusted the aspect ratio of the stimulus by
increasing the vertical distance between dots until observers
showed approximately equal probability of reporting horizontal
and vertical motion percepts.

(iv) Binocular rivalry

Two different images (subtending a visual angle of 8°) were pre-
sented to each eye: either a face versus moving dots, or oblique
orthogonal drifting gratings (figure 2c). Eye of presentation and
motion directions were randomized between trials. During catch

periods, the contrast of one image was gradually reduced to 20%
of its original contrast over a period of 2's, while the contrast of
the other image remained constant. This reduced the probability
of the constant image being suppressed and thus increased the
probability of it becoming dominant, although it was also possible
for observers to perceive the low contrast image.

(v) Stabilization

Additionally, the rotating sphere task was performed as
described above, but with intermittent presentation of the stimu-
lusina1son,1s off cycle. In healthy observers, this presentation
method is known to increase perception durations, i.e. reduce
alternation rate [52,53].

(e) Control task

In the bistable tasks, we randomized the occurrence of ‘catch
periods’, during which subtle manipulations were applied to the
stimuli that temporarily yielded a single objectively correct percept
[54,55]. For observers who were capable of discriminating these
changes, this ensured that they were attending to the task. For
the rotating sphere stimulus, this was achieved by adding small
binocular disparities to the sphere, thus yielding an objectively cor-
rect direction of rotation. For binocular rivalry, the contrast of one
image was gradually reduced over a period of 2 s, and for apparent
motion, intermediate frames were added, thus disambiguating the
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Table 2. Summary of anatomical lesion location and lateralization.

lesion volume PPC (mm?)

lesion volume whole brain (mm?)

patient total left right Lat. index total left Lat. index
RH 105 940 105 940 0 1.00 18 545 18 545 0 100
MH 114857 82054 35191 0.70 54224 36 499 18 841 0.6
PM 16973 58679 58482 050 40 863 17738 2125 043
PF 78150 42276 35884 0.54 42283 18812 3472 0.44
MP 200596 0 200 59 0,00 30833 0 30833 0.00

direction of motion. Catch periods were triggered by 15% of button
presses that occurred outside of a catch period, and began at a
random interval (1-5 s) following the button press. Catch periods
lasted 6 s and the disambiguated percept was randomized. During
catch periods in the apparent motion task, the direction of move-
ment was disambiguated by briefly presenting an intermediate
frame (10 ms), in which the dots appeared halfway between their
two normal positions—indicating either horizontal or vertical
unambiguous motion. The contrast of these disambiguating dots
was reduced (pixel intensity = 5%) to make their presence less
obvious. This dot contrast was selected as the lowest contrast at
which all observers were able to reliably perceive disambiguated
dot motion direction.

(f) Imaging and analysis

Anatomical MR images were collected at the Birmingham Univer-
sity Imaging Centre using a 3-T Philips Achieva MRI scanner with
an eight-channel phased array SENSE head coil. T1-weighted
images (1 mm isotropic voxels, TE = 3.8 ms, TR = 8.4 ms) were
acquired and processed using the Statistical Parametric Mapping
package SPMS (http://www. fil.ion.ucl.ac.uk/spm) for MATLAB
(The MathWorks). Lesion masks were created for each patient,
using ITK-SNAP’s active contour segmentation [56], and adjusted
manually. Patients” structural MR images and lesion masks were
then spatially normalized to the MNI152 T1 template using unified
segmentation [57,58] and lesion cost function masking [59,60].
Regions of interests (ROIs) for the PPC of each hemisphere were
created based on the MNI structural atlas [61,62], and spherical
ROIs were created based on published MNI coordinates from pre-
vious studies of parietal involvement in perceptual bistability
[41-43,63] (see the electronic supplementary material, table S3).
Lesion lateralization indices were calculated for the whole brain
and PPC ROI by dividing the volume of lesions in the left hemi-
sphere by the volume of lesions in both hemispheres, so that
an index of 1 represents lesions exclusively affecting the left hemi-
sphere, while and index of 0 represents lesions exclusively affecting
the right hemisphere (table 2). PPC lesion lateralization showed a
strong correlation with patients’ behavioural performance on a test
of visual extinction asymmetry (R = 0.99; p < 0.01). For each ROI,
the proportion of voxels within a 20 mm diameter sphere centred
on the MNI coordinate that intersected with the spatially normal-
ized binary lesion mask was calculated. Voxels within the
spherical ROI that lay outside of the normalized brain mask
were not included.

(g) Behavioural analysis

For stereoscopic tests, binocular disparity thresholds, sensitivity
and confidence intervals were calculated by fitting a cumulative
Gaussian psychometric function using a bootstrapping method
(Psignifit toolbox; [64,65]), with lapse rate set to 0.01. Binomial
maximum-likelihood estimates were calculated using MATLAB's
binofit function, which uses the Clopper—Pearson method to
calculate confidence intervals [66]. For the disparity-defined

contour discrimination task, neither disparity magnitude nor
signal intensity was manipulated and, therefore, the proportion
of correct responses was analysed.

For perceptual bistability data, percept durations were calcu-
lated from observers’ active report (via button press). For the
rotating sphere and binocular rivalry tasks, percept durations
were additionally calculated based on analysis of optokinetic nys-
tagmus (OKN) eye movements, which provide a physiological
indicator of perceptual state [55,67,68]. We compared the percep-
tual time courses extracted from the OKN data to those based on
the subjects’ perceptual reports (see the electronic supplementary
materials). The extracted perceptual time courses were highly
correlated with subjective perceptual reports (patient group
mean r = 0.78 + 0.04), and transitions in OKN tended to precede
reported transitions by approximately 1 s. Inspection of the eye
movement data revealed no obvious abnormalities in any of the
patients” eye movements in relation to the motion stimuli. All
further analyses of perceptual alternations were therefore based
on participants’ manually reported percepts, as these data were
available for all trials. Perceptual dominance periods that were
interrupted by catch events or the end of a trial were discarded.
Percept durations of less than 300 ms were also discarded as they
are likely to be owing to accidental simultaneous button presses.

3. Results

(a) Effects of posterior parietal cortex lesions

on stereoscopic depth perception

(i) Dynamic stereopsis

In the dynamic stereo experiment, observers viewed a transpar-
ent virtual sphere covered in dots, which rotated either clockwise
or anti-clockwise about a vertical axis (figure 2a,b left panels).
Observers were instructed to report the direction of motion of
the front surface of the sphere (left or right). In the absence of bin-
ocular disparity, either the leftward or rightward moving surface
could appear in front, and thus the sphere could appear to rotate
in either direction. We parametrically manipulated the disparity
difference between the front and rear surfaces of the sphere in
order to measure observers’ sensitivity to dynamic disparity
information [30]. We estimated discrimination thresholds by fit-
ting cumulative Gaussian psychometric functions to the data for
each subject and establishing the disparity required for subjects
to choose the direction consistent with the disparity cue on 84%
of the trials (figure 3, left column).

The data revealed a strong effect of PPC lesions on obser-
vers’ ability to discriminate depth order from dynamic
binocular disparity. Three of the patients (PM, PF, MP) per-
formed very poorly on this task and were unable to achieve
accuracy above 84% even at the largest disparities tested
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Figure 3. Psychometric functions for all observers on the dynamic, fine, and signal-in-noise binocular disparity tasks. For dynamic disparity (left column), the
proportion of ‘clockwise’ responses is plotted as a function of the relative disparity between the front surface of a clockwise rotating sphere and its axis of rotation.
For fine disparity (middle column), the proportion of ‘near’ responses are plotted as a function of the disparity of the target plane relative to the border. For signal-
in-noise (right column), the proportion of ‘near’ responses is plotted as a function of % signal intensity. Error bars indicate 95% ClIs for binomial test. Inset values
indicate thresholds at which observers responded correctly to 84% of trials. Data from the young adult (18—30 years) and older adult (60+ years) control groups
are indicated in cyan and green, respectively.
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Figure 4. Stereo thresholds for (a) dynamic stimuli and (b) fine disparity stimuli. Bars show the disparity at which performance reached 84% correct. Error bars show
95% Cls. Asterisk (*): thresholds for patients PM, PF and MP could not be estimated accurately since their performance was less than 84% correct at the largest

disparities tested (+14 arcmin).

(15 arcmin). The difficulty did not appear to be related to the
capacity to perceive depth per se, since prior to the test these
same patients reported perceiving a rotating sphere when pre-
sented the ambiguous (SFM) stimulus. Although the rotating
sphere stimuli were presented for up to 5s on each trial and
participants were not instructed to give speeded responses,
most patients took slightly longer to respond on average
(across all disparities) compared to control observers.

By contrast, the two other patients (MH and RH) performed
the task well, correctly discriminating the direction of rotation
even at smaller disparities. Their discrimination thresholds
were 144 and 2.21 min of arc, respectively, comparable to
both the younger control group (n =4, ages 23-28, mean
threshold = 1.59 arcmin) and age-matched control subjects
DC and RC (0.96 and 1.04 arcmin; figure 4a). An important
difference between the former and latter groups of patients is
likely to be related to a difference in their MRI-determined
lesion locations (figure 1 and table 2): those with more extensive
damage to the right PPC showed marked impairment in this
task, while those with damage restricted primarily to the left
PPC did not. We next investigated the generality of these
deficits to other tasks involving stereopsis.

(ii) Fine stereopsis

We tested the same observers in a fine disparity discrimination
task to determine whether the above results were related
specifically to the integration of motion and disparity cues or
some other aspect of the volumetric stimulus. Observers
were presented static random dot stereograms (RDSs) depict-
ing a central square target plane that was either near or far
relative to the surrounding surface, which always appeared
in the fixation plane (figure 2a,b, second panels from left).
The pattern of discrimination thresholds across observers on
this task was similar to that observed in the dynamic stereo
experiment (figure 3, middle column and figure 4b). The
same three patients (PM, PF, MP) were unable to reliably dis-
criminate between near and far conditions in the range of
disparities tested (+ 14 arcmin), even when the stimulus pres-
entation duration was increased to 1s. However, the slopes
of their psychometric functions were greater than zero, which
suggests that these observers were able to use some disparity
information. By contrast, patients with damage restricted

primarily to the left PPC (MH and RH) performed similarly
to controls, reliably discriminating surfaces with binocular
disparities of only 1.65 and 2.11 arcmin, respectively.

(iii) Signal-in-noise stereopsis

We additionally tested patients MH, MP and young adult con-
trol observers on the signal-in-noise disparity task. MH'’s
performance, shown in figure 3 (right column), was again com-
parable to that of young healthy control subjects (1= 4),
requiring a signal-to-noise ratio (SNR) of 57.6% in order to cor-
rectly discriminate depth sign 84% of the time (compared to
49.3% SNR threshold for young controls). By contrast, MP per-
formed poorly even at 100% signal level, as expected from his
performance on the fine task.

(iv) Disparity-defined contours

We tested patients MH, PM and PF on the disparity contour
task (figure 2a,b, rightmost panels). We compared the results
to those of a previous study, in which healthy observers were
able to correctly discriminate the axis of symmetry (horizontal
or vertical) of the disparity-defined contour with approxi-
mately 98% accuracy when the stimuli contained 10% noise
and were presented for just 300 ms [49]. In this study, the test-
ing was made easier by removing all noise and by allowing
observers unlimited time to view and report their percept.
Under these conditions, PM scored 70% correct for convex
(uncrossed disparities) and 85% for concave (crossed dispar-
ities) shapes, while PF scored 60% and 80%, respectively.
Both of these patients had damage to the right PPC. While
these responses were statistically above chance (binomial test,
p < 0.001 and 0.01), they were much less accurate than healthy
subjects’ performance in the previous study, despite the easier
testing conditions. They were also much poorer than a patient
with damage primarily to the left PPC (MH), who scored 95%
accuracy on this task (two incorrect responses).

(b) Effects of posterior parietal cortex lesions on

spontaneous depth reversals

(i) Spontaneous depth reversals
Given the deficits related to perception of depth in moving
objects described above, we next asked whether PPC lesions
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percept durations across the three tasks (a—c) for each observer.

impaired or altered the perception of 3D structure defined
exclusively by motion cues (SEM). Specifically, we asked
whether the spontaneous depth reversals elicited by an ambig-
uous rotating sphere (see §2) would be different in patient and
control groups. After first establishing that all patients were
able to perceive SFM through their verbal descriptions of the
rotating sphere stimulus, we presented the ambiguous stimu-
lus in blocks lasting between 3 and 5min as subjects
continuously indicated their perceived direction of motion by
pressing one of two buttons.

In contrast to our predictions based on previous studies
[39,40], we found that the mean rate of spontaneous depth
reversals was similar across groups (figure 5a). The range of
mean percept durations was comparable to those described
elsewhere for healthy observers viewing similar stimuli
[42,69], and at the group level, the mean percept durations
for patients and controls were not significantly different
(Mann—Whitney test, p > 0.1). None of the patients with
PPC damage showed notable slowing in the rate of perceived
reversals of the rotating sphere. In fact, two patients with
bilateral PPC damage (MH and PM) were significantly faster
in their reversals compared with healthy controls (Mann—
Whitney test, p < 0.001). These results suggest that a fully
intact PPC is not critical for either the perception of 3D SFM
or spontaneous depth reversals.

While mean percept durations provide a simple mea-
sure of perceptual stability for comparing observers and

groups, they fail to capture more subtle differences in the
distribution of percept durations, especially since these distri-
butions are positively skewed. To assess these differences,
we fitted probability density functions to each observer’s
distribution of percept durations (see the electronic sup-
plementary materials) and compared the parameters that
described them. Comparing the distribution of shape and
scale parameters for the best-fitting lognormal and gamma
functions to each observer’s percept duration distribution
revealed no clear segregation between groups (electronic
supplementary material, figure S2), and the parameters for
each group were not significantly different from each other
(Mann—Whitney test, p > 0.1). Finally, since there was no corre-
lation between observers’ age and mean percept durations
(electronic supplementary material, figure S3), we pooled the
normalized percept durations for each group (all controls
versus patients) by dividing each percept duration for a given
observer by the mean percept duration for that observer
(figure 6). Direct statistical comparison of the empirical distri-
butions for the two groups revealed that they were
significantly different (Kolmogorov—Smirnov statistic = 0.137,
p < 0.001). A gamma distribution provided the closest fit to
the patient group’s data (x3 4, = 67.6, p < 0.001), while the
lognormal distribution provided the best fit to the control
group’s data ()(%,499 = 35.5, p <0.001), owing to a greater pro-
portion of short percept durations (normalized value less than
1) in the control group compared with patients.
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(ii) Perceptual reversals without depth

In order to determine whether PPC damage influences the
dynamics of bistable perception more generally, we tested sub-
jects on two additional bistable stimuli that contain motion but
do not elicit the perception of depth: the apparent motion dot
quartet and binocular rivalry (figure 2c). As with the depth
reversals on the SFM task, PPC lesions did not appear to disrupt
spontaneous perceptual switching for either of the other bis-
table patterns. For all three patients who were tested on the
apparent motion dot quartet task (MH, PM and PF), median
percept durations tended to be shorter than those of control
observers (figure 5b, Mann—-Whitney test, p = 0.0476). The
patients tested on the binocular rivalry task showed a pattern
of percept duration distributions that was similar to their per-
formance on the SFM task (figure 5c), and the mean percept
durations for all three bistable stimuli showed a trend towards
being correlated with each other, although this did not reach
statistical significance (rotating sphere-binocular rivalry, r =
0.61; rotating sphere-dot quartet, r = 0.13; figure 5d ). However,
at the group level, the mean percept durations for all patients
and controls were not significantly different for any of the bis-
table tasks, indicating no generalized effect of PPC lesions
(Mann—-Whitney test, p > 0.1).

(iii) Experimental controls

In order to control for attentional effects on perceptual alterna-
tion, we introduced randomized catch periods in the
perceptual bistability experiments, during which the stimuli
were temporarily rendered unambiguous. This resulted in
only one objectively correct percept during these periods,
which observers were expected to report. In the ambiguous
rotating sphere experiment, the stimulus during catch periods

was identical to that used in the dynamic disparity task, but
with a fixed disparity magnitude for each observer. As
expected from performance on the dynamic disparity exper-
iment, patients MH and RH responded correctly to 98%
(118/120) and 89% (25/28) of catch events, respectively, on
the rotating sphere task. Similarly, control observers responded
correctly to 93 + 7% catch periods on average. For the other
patients who had shown large thresholds for the dynamic dis-
parity task, the disparity during catch periods was set at
14 arcmin. Surprisingly, two of these patients (MP and PF)
were better able to correctly detect the unambiguous direction
of rotation from disparity cues in the context of the continu-
ously presented bistability experiment than they had been
during the individual trials of the dynamic disparity task
(MP = 100%, 4/4;, PF=280%, 12/15; PM =54% 13/24).
Additionally, all observers responded correctly on the majority
of catch periods for apparent motion and binocular rivalry
stimuli (see the electronic supplementary material, table S1).
These results suggest that patients were actively engaged in
the perceptual tasks and attending to the stimuli.

We recorded eye position during the majority of the bis-
table task trials, and presented a central fixation marker
on only a small proportion of trials for the rotating sphere
and binocular rivalry tasks. When observers were not
instructed to fixate, these stimuli naturally elicited OKN eye
movements, which provide a physiological indicator of percep-
tion [55,67,68]. We compared the perceptual time courses
extracted from the OKN data to those based on the subjects’
perceptual reports using cross-correlation (electronic sup-
plementary material, figure S1). The extracted perceptual
time courses were highly correlated with subjective perceptual
reports (patient group mean r = 0.78 + 0.04), and transitions
in OKN tended to precede reported transitions by approxi-
mately a second (group mean lag=1.1+ 0.25s). Further
inspection of the eye movement data revealed no obvious
abnormalities in any of the patients’ eye movements in relation
to the motion stimuli. The eye movement data therefore
suggest that observers were actively engaged in the perceptual
task and that abnormal eye movements did not influence their
perceptual experience.

(iv) Perceptual stabilization

In addition to measuring alternations in perception during con-
tinuous viewing of the bistable stimuli, we tested the effect of
intermittent presentation of the same stimuli on observers’ per-
ception. In normal observers, intermittent presentation
markedly slows down the rate of perceptual switching [52].
Examples of perceptual alternations during 5-min blocks of
the rotating sphere task are presented in figure 7, for patients
and older control observers. For all observers tested, intermit-
tent presentation of the stimulus reduced the frequency of
perceptual alternations compared with continuous viewing.
Although the quantity of data available for the intermittent
viewing condition was limited owing to the longer percept dur-
ations, statistical testing of the available data indicated that the
distribution of percept durations during continuous viewing
was significantly shorter than those during intermittent view-
ing (Kolmogorov—Smirnov statistic = 0.204, p < 0.001). This
reduction in percept durations appeared most pronounced in
observers with higher frequencies of alternation during
continuous viewing. We quantified the stabilizing effect of
intermittent presentation beyond that predicted by the net
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Figure 7. Example data illustrating perceptual stabilization. (@) During a 5-min block of continuous presentation of the rotating sphere stimulus, observers reported
spontaneous alternations between the two possible percepts (clockwise or anti-clockwise rotation), at a rate that varies between individuals. (b)) When the same
stimulus was presented intermittently (ina 1 on, 15 off cycle) the frequency of perceptual alternations was reduced. The right column shows stabilization indices
(S.I.) based on all of the data collected for each observer (see the electronic supplementary materials, equation S3 for details).

reduction in stimulus presentation duration by calculating
a stabilization index (electronic supplementary material,
equation S3). An index value of 1 indicates that the reduction
in alternation rate during intermittent viewing is equal to that
predicted by the reduced duration of stimulus presentation
time, while a larger index indicates a greater stabilization
effect. The results indicate that all observers experienced stabil-
ization of perception in the normal range, although this effect
was most pronounced in the patients with left hemisphere
PPC damage (stabilization indices in figure 7, right column).

4. Discussion

We tested visual perception of depth from binocular disparity
and motion cues in five patients with lesions to PPC, as well
as healthy control observers. We assessed the relationship
between lesion locations and behaviour by quantifying
lesion lateralization and lesion volumes for specific regions
of interest within the PPC that have previously been impli-
cated as playing causal roles in perceptual alternation. The
behavioural performance of individual patients appeared to
depend on the site of their PPC lesions. In a range of stereo
tasks, two patients with damage largely confined to the left
hemisphere were able to perceive depth with sensitivities
comparable to control subjects, whereas those with right
hemisphere PPC damage showed obvious deficits. By con-
trast, neither right nor left PPC damage significantly
diminished the perception of depth SEM. Nor did it disrupt
the spontaneous depth reversals normally experienced
during continuous viewing of such ambiguous stimuli. In
fact, the bistable perception in the two patients with bilateral
PPC lesions proceeded at notably faster rate than in the other
patients or controls. The following sections discuss, in turn,
the role of the PPC in stereopsis, depth from motion and bis-
table alternations, as well as important caveats surrounding
between-subject comparisons of bistable perception.

(a) Damage to right posterior parietal cortex impairs

stereopsis
The two patients (MH and RH) who demonstrated normal
ability to discriminate stereoscopic depth were the only two

with PPC damage primarily affecting the left hemisphere. This
pattern of deficits across subjects is consistent with previous neu-
ropsychological studies suggesting that stereopsis is mediated
predominantly by the right hemisphere [9,11,15-17]. The only
previous study to report impaired stereopsis following lesions
of the left parietal cortex employed the less rigorous ‘Titmus
house-fly’ stereotest [12], while another study reported deficits
that did not appear to depend on which hemisphere had the
lesion [19]. Lateralization of neural responses to binocular dis-
parity has rarely been quantified by functional imaging
studies, although examples of greater right hemisphere PPC acti-
vation can be found in the literature [24,26,70]. These results go
further than previous studies in suggesting specifically that the
right PPC is essential for stereopsis, whereas the left PPC is
not. Importantly, the patients with right PPC lesions performed
comparably to other subjects on visual tasks that did not involve
stereopsis (e.g. catch trials during bistable viewing), and perform-
ance on the stereo tasks was not associated with the severity of
patients” visual extinction but rather with extinction asymmetry.
These findings suggest that the observed differences in sensitivity
to binocular disparity between patients with left and right PPC
lesions were not simply owing to attention. It is noteworthy
that patient MH showed both intact local (fine task) and global
(signal-in-noise task) stereopsis, despite some degree of
damage to right PPC in addition to a more extensive left PPC
lesion (figure 1; electronic supplementary material, figure S5).
Further consideration of this case may provide an explanation.
MH’s injuries are a result of hypoxia caused by carbon
monoxide poisoning, which caused thinning of the cortical
sheet most prominently in the left parietal lobe but also in
the right IPS (rIPS). In that sense, damage to MH’s parietal
cortex resembles that of another hypoxia patient who, in
addition to suffering from visual form agnosia owing to lat-
eral occipital cortex damage, also had damage to left PPC
and bilateral atrophy of the IPS [71,72]. That patient, like
MH, was found to have preserved depth perception from
both static absolute disparities and dynamic relative dispar-
ities [73]. This evidence suggests that the type of diffuse
damage to PPC and IPS that can result from hypoxic injury
may not be sufficient to induce deficits in all aspects of
stereopsis. It is worth noting that previous neuropsychologi-
cal testing revealed that while MH exhibits impaired
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orientation sensitivity in the left hemifield [74], other functions
associated with right PPC remain intact, such as reaching
and grasping movements directed to the left hemifield
[75-77]. It should be noted that all stereoscopic stimuli were
presented centrally in our experiments, and therefore unim-
paired stereopsis in just one hemifield could potentially have
been sufficient for patients to perform the task.

By contrast, the three patients with prominent lesions
to right PPC in this study showed a marked disruption in
stereoscopic depth perception, with disparity discrimination
thresholds well outside the tested range (more than
14 arcmin) on both the fine and dynamic disparity tasks. This
result is consistent with a previous report that patients with
right occipito-parietal lesions were unable to detect global
stereopsis [18]. Nevertheless, the psychometric fits for data
from these observers in this study generally showed positive
gradients, indicating some residual sensitivity to disparity
information. Similarly, although patients with right PPC
damage performed worse than healthy controls on the
disparity-defined contour task, their performances were sig-
nificantly above chance. The only case where a psychometric
fit did not show the expected positive slope was for PF in the
dynamic stereo task (figure 3), in which SFM provided an
additional cue to depth, albeit an ambiguous one. Closer
inspection of her responses on this task revealed that she
tended to report the same percept across consecutive trials
(electronic supplementary material, figure S4)—a response pat-
tern consistent with the idea that PF’s perception of the
stimulus was based strongly (if not exclusively) on the ambig-
uous SFM cue, owing to her inability to use the disparity
information. The temporal structure of the task (short trials
and inter-trial intervals) effectively creates an intermittent pres-
entation schedule, which is known to induce strong perceptual
stabilization for bistable SFM stimuli in healthy observers [52],
and appears to be preserved in the current patient group.

A variety of factors can contribute to the impairment of
stereopsis [78]. One factor that has previously been associated
with reduced sensitivity to binocular disparity is age [79-81].
However, in this study patients with left hemisphere lesions
and age-matched control subjects performed similarly to, if
not better than, younger control subjects, consistent with pre-
vious studies that found older adults to perform as well as
younger adults on similar stereoscopic tasks [54,73]. This
suggests that the deficits observed in the right-hemisphere
patients are unlikely to be related simply to age. Another
potential cause of impaired stereopsis could be impaired
control of eye movements—an action known to involve
PPC [82,83]. In particular, vergence eye movements allow
registration of the retinal images, which is thought to facili-
tate the stereo-matching process by minimizing vertical
disparities [84]. However, several lines of evidence suggest
it is unlikely that vergence deficits could account for the
impaired perceptual performance observed in this study.
First, PPC disruption primarily affects the latency of vergence
eye movements rather than the accuracy [85], and the dur-
ations of stimulus presentation used here (1-5s) were
sufficient for delayed vergence movements to be executed
well before the stimulus disappeared. Second, even if ver-
gence accuracy was impaired, stereopsis remains robust to
vertical disparities of up to 45arcmin [86]. The available
eye movement data suggest that patients exhibited similar
patterns of gaze during the dynamic disparity task, irrespec-
tive of PPC lesion side (electronic supplementary material,

figure S1C). Indeed, disruption of PPC in healthy observers m

has been shown to impair depth discrimination on a similar
signal-in-noise stereoscopic task without affecting vergence
eye movements [87]. Interestingly, this disruptive effect of
PPC stimulation on stereopsis only occurred when observers
had no experience of the stereo task, and was abolished by
training the observers on the task. The ability of chronic
stroke patients with PPC lesions restricted to the left hemi-
sphere to perceive depth from binocular disparity may
therefore reflect long-term recovery of function, which
would suggest plasticity and/or redundancy in the way
that the brain processes disparity signals. Conversely, lesions
to areas outside of PPC could potentially be responsible for
the stereo deficits we observed in patients with right PPC
lesions, such as lesions to right temporal cortex in patients
PM and MP and subcortical damage in patient PF [22].
While a lesion—symptom mapping analysis of a larger
patient sample would be required to rule out such possibili-
ties, the right PPC was the primary locus of lesion overlap
in these patients and remains the most plausible explanation
for the observed deficits in stereopsis.

(b) Motion perception and structure from motion

All five patients in this study (including those with right occi-
pito-parietal lesions) reported that they were able to perceive
the 3D structure of the ambiguous rotating sphere stimulus.
This contrasts with the result of a previous study in which
five patients with right occipito-parietal lesions reported that
they were unable to perceive SFM based on a single trial [18],
and another in which patients with parieto-temporal lesions
showed impaired perception of motion-defined 2D form [88].
However, unlike these previous studies, our SFM stimuli
were not embedded in noise, and thus the 2D object contour
was visible even in a single static frame, providing an
additional cue to 3D object shape. Similarly, all patients in
this study reported being able to perceive apparent motion
in a centrally presented dot quartet stimulus. This finding
is in agreement with a previous study demonstrating that
patients with lesions to right PPC were able to perceive appar-
ent motion in a dot quartet stimulus, provided that the frame
rate was below 4 Hz, as was the case for our stimulus [51].
However, evidence that PPC damage causes deficits in
dynamic coding for unambiguous dynamic stimuli suggests
that PPC may play different roles in the updating of internal
representations (ambiguous stimuli) compared to external
stimuli [89].

A functionally intact motion-selective area V5/hMT+ is
likely a minimum requirement for perception of depth from
motion, given the known involvement of this area in proces-
sing SFM cues [28,29] and combinations of motion and
disparity [30]. This area has previously been shown to be func-
tionally intact in patient MH [90]. However, evidence from
neurophysiology suggests that parietal areas (such as LIP in
macaques) that receive direct input from MT are also involved
in perceptual decisions [91,92], while human neuroimaging
also suggests IPS involvement in processing SFM [34,35]. It is
therefore of interest that all patients in this study readily per-
ceived SFM. MH and RH’s performance on the dynamic
stereo task was also comparable to that previously reported
for a patient with lateral occipital lesions and three other age-
matched controls (aged 53—-64) who were tested on a similar
task [73]. The reduction in MH’s right PPC grey matter
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therefore appears not to have been sufficient to affect percep-
tion of SFM, despite its known involvement in processing
other forms of high-level motion [51,93].

Several previous patient studies suggest that both dorsal
and ventral visual pathways may be involved in the perception
of SFM. A previous study of akinetopsic patient LM revealed
that her ability to perceive coherent motion, 2D shape from
motion and 3D SFM all broke down with the introduction of
moderate levels of noise [94]. Similarly, patients with lesions
to ventral visual areas of the right hemisphere were less accu-
rate at discriminating SFM-defined object shapes only when
the number of dots defining the object surface was reduced
[95]. Thus, ventral visual areas such as lateral occipital cortex
seem to be important not only for recognition of 3D object
shape from motion and stereo cues [96], but also for extracting
such information from noise [87,94]. Further, subtle differences
in the location of damage can also effect perception of SFM,
since patients with damage to ventral occipital cortex may
either show impaired perception of depth from motion with
intact motion perception, or vice versa [25,97].

(c) Spontaneous depth reversals

Previous neuropsychology studies have suggested that lesions
to right PPC reduce the rate of perceptual alternations (i.e.
increase the duration of perceptual phases) during viewing of
bistable stimuli [39,40]. However, in the present bistable per-
ception experiments, none of the patients showed longer
percept durations than controls, and the two patients (MH
and PM) with bilateral lesions showed significantly shorter per-
cept durations than other observers. While it is difficult to
estimate the ‘normal’ range of percept durations given the
high variability of this measure within the healthy population
[42,54], it was notable that these patients showed mean percept
durations that were more than 3 s shorter than any of the other
observers tested on the rotating sphere stimuli, and that the
same two observers also showed the shortest mean percept
durations for binocular rivalry and the apparent motion dot
quartet, respectively. However, the relationship between the
fast perceptual alternation rates and the specific patterns of
parietal damage in these patients is not clear.

Previous studies have hypothesized that an antagonistic
relationship between posterior and anterior SPL regulates per-
ceptual alternation rate [63,98]. Specifically, this was based on
the finding that, in healthy observers, grey matter density in
posterior SPL correlates negatively with percept duration,
while anterior SPL correlates positively [38,42]. A region-of-
interest analysis suggested that the two fast-switching patients
have different patterns of bilateral PPC lesions: PM’s SPL
lesions affect primarily anterior regions whereas MH’s lesions
affect both posterior and anterior SPL (electronic supplemen-
tary material, figure S5). However, for each of the patients
who showed fast alternation rates, another patient with a simi-
lar pattern of parietal lesions showed a rate of perceptual
alternations similar to controls (MP compared to PM, and PF
to MH). In contrast to the other patients, RH'’s parietal lesions
are confined to the left inferior parietal lobe, and showed no
overlap with any of the SPL ROIs tested. Despite exhibiting
severe extinction in his right hemifield, RH showed normal
stereopsis and perceptual alternation rates that were not
significantly different from control observers.

Two previous studies have examined perceptual alter-
nations during binocular rivalry in patients with right

hemisphere lesions [39,40]. In contrast to our results (both n

for binocular rivalry and SFEM), both studies reported that
patients with right hemisphere lesions showed a reduced fre-
quency of perceptual alternation compared to controls. One
of the studies found that this was only the case for patients
with unilateral spatial neglect [39], while the other found
this effect for all patients with right hemisphere damage, irre-
spective of neglect symptoms [40]. Since neglect can also
result from lesions to areas other than parietal cortex [20],
neither study specifically implicates right PPC. However,
we found no clear relationship between lesion lateralization
and percept durations in our sample, and some evidence to
the contrary: one patient whose lesions included limited
right PPC damage (MH) exhibited fast alternation rates,
while another (PF) showed alternations rates comparable to
controls. Despite the apparent right hemisphere dominance
for perceptual alternations at the group level emphasized
by previous studies [41,63], there appears to be broad indi-
vidual variation in lateralization [43]. Further, a previous
study of a split brain patient showed similar distributions
of perceptual dominance durations in each visual hemifield
for binocular rivalry [99]. However, there is evidence for hemi-
spheric differences in other parietal-mediated functions that
might be related to perceptual selection, such as a dissociation
in the contributions of left and right PPC to processing salient
stimuli [100].

In addition to PPC, prefrontal cortex (PFC) has also been
implicated as playing a causal role in perceptual alternations.
Early fMRI studies that contrasted responses to bistable
visual stimulation with an unambiguous replay condition
reported that fronto-parietal activation was unique to the
bistable condition. In addition, neurophysiological evidence
suggests that frontal areas show a rapid response that correlates
with perceptual transitions and precedes visual responses
[101], or correlates with perceptual state independent of
response [102,103]. However, several recent fMRI studies
suggest that the frontal component of these fronto-parietal acti-
vations may primarily reflect the gradual transitions between
perceptual states [104], or active reporting of perceptual state
[68]. Patients with PFC lesions show similar rates of spon-
taneous perceptual alternation to healthy controls, although
they are less able to voluntarily facilitate perceptual alterna-
tions [105], and this finding has been replicated in healthy
observers following TMS to PFC [106]. Convergent evidence
therefore points towards PPC as playing a dominant role in
spontaneous perceptual alternations.

Our observation that intermittent presentation of the
ambiguous SFM stimulus prolonged percept durations in
patients similarly to controls is further evidence that PPC
may not be critical for shaping perceptual dynamics. In healthy
observers, brief, repeated presentations of ambiguous stimuli
separated by blank intervals of the order of seconds are
known to reduce the frequency of spontaneous perceptual
alternations [52,53,107]. This phenomenon, referred to as per-
ceptual stabilization, is hypothesized to result from a form of
short-term, implicit perceptual memory that promotes the
repeated selection of the same percept across consecutive
presentations. However, little is known about the neural
mechanisms responsible for implementing this process. Some
neuroimaging evidence suggests that implicit memory
influences perception of bistable stimuli via ‘top—down’
modulation of early visual areas [108-110]; however, several
previous studies did not find neural correlates of perceptual

€920510 :LLE g 205 "y "supi] iyd  bio'buysijgndfaposieforqgsi



memory for bistable motion in area MT [111,112]. The current
demonstration of perceptual stabilization in patients with par-
ietal lesions suggests that the putative perceptual memory trace
that facilitates this process in not mediated exclusively by PPC,
although this does not preclude ‘top—down” influences [113].

In any experiment where participants are asked to report
their subjective perceptual state, an important question is
how closely their responses actually reflect their perceptual
experience [55]. We used three methods to assess whether
observers were actively attending to the bistable stimuli and
accurately reporting their percepts (electronic supplementary
materials). First, we included random catch periods during
which the stimuli were rendered unambiguous, and for
which there was only one objectively correct percept [54,55].
Second, we employed ambiguous motion stimuli that elicited
specific patterns of reflexive OKN eye movements, and that
correlated strongly with perceptual state [55,67,68]. Third, we
analysed the distributions of reported percept durations and
assessed the goodness of fit with theoretical functions known
to provide accurate models for these distributions [114-116].
The results of all three tests suggested that all observers were
indeed attending to the tasks and reported their perceptual
experience as accurately as possible.

(d) Conclusion

The results of our study suggest that the ability to perceive
depth from binocular disparity in central vision is dependent
on the PPC of the right hemisphere. However, the retention
of stereopsis in one patient with limited damage to right PPC
suggests that there may be some level of redundancy in the
processing of binocular disparity information in this area.
In contrast to the perception of depth from disparity, all
patients tested reported the perception of depth SFM cues.
During continuous viewing of a perceptually bistable SFM

stimulus, patients with parietal lesions showed variable rates
of spontaneous perceptual alternations that were approxi-
mately within the normal range, or faster. This stands in
contrast to previous reports for patients with putative parietal
lesions viewing binocular rivalry stimuli, which found reduced
mean alternation rates, although mean rate may not be a
statistically reliable measure. Finally, we observed that inter-
mittent presentation of the same ambiguous stimuli induced
perceptual stabilization in parietal patients, just as it does in
healthy controls. These results suggest a lateralized causal
role of the right PPC in the perception of depth from disparity
but not from motion, and that the implicit perceptual memory
process responsible for stabilizing perception of ambiguous
sensory information is not confined to PPC.

Ethics. All experiments were conducted in accordance with the ethical
guidelines of the Declaration of Helsinki and were approved by the
University of Birmingham STEM ethics committee.

Data accessibility. The data presented in this study are available for
download at: http:/ /dx.doi.org/10.5061/dryad.3s06b.

Authors” contributions. A.P.M., D.A.L., GW.H. and A.E.W. conceived and
designed the study. A.P.M. performed experiments and wrote the
manuscript. A.P.M. and A.EW. analysed and interpreted the data.
AEW., D.AL. and GW.H. revised and edited the manuscript.
Competing interests. An earlier version of this manuscript was submitted
as part of a PhD thesis by A.P.M., which was examined by the Guest
Editor. We have no further competing interests.

Funding. This research was supported by a Wellcome Trust-NIH PhD
studentship (WT091467MA) to A.P.M., a Wellcome Trust Fellowship
(095183/2/10/Z) to A.EW., and grants from the MRC and the
Stroke Association to G.W.H. D.A.L. and A.P.M. are supported by
the Intramural program of the National Institutes of Health.
Acknowledgements. Thanks to Chris Miall and Andrew Parker for com-
ments and discussion on an earlier draft. We thank all of our
participants for their time, and Denise Clissett for administrative sup-
port. Thanks to Ryota Kanai for providing MNI coordinate data.

functioning brain. Behav. Brain Res. 199, 171-182.
(oi:10.1016/j.bbr.2008.12.005)

lesions of the parietal lobe. Am. J. Ophthalmol. 73,
281-284. (doi:10.1016/0002-9394(72)90146-8)

References
Colby (L, Goldberg ME. 1999 Space and attentionin 6.  Schluppeck D, Glimcher P, Heeger DJ. 2005 13. Danta G, Hilton RC, 0'Boyle DJ. 1978 Hemisphere
parietal cortex. Annu. Rev. Neurosci. 22, 319—349. Topographic organization for delayed saccades in function and binocular depth perception. Brain 101,
(doi:10.1146/annurev.neuro.22.1.319) human posterior parietal cortex. J. Neurophysiol. 94, 569—589. (doi:10.1093/brain/101.4.569)
Gottlieb J. 2007 From thought to action: the 1372-1384. (doi:10.1152/jn.01290.2004) 14. Holmes G, Horrax G. 1919 Disturbances of spatial
parietal cortex as a bridge between perception, 7. Silver MA, Ress D, Heeger DJ. 2005 Topographic orientation and visual attention, with loss of
action, and cognition. Neuron 53, 9-16. (doi:10. maps of visual spatial attention in human parietal stereoscopic vision. Arch. Neurol. Psychiatry 1,
1016/j.neuron.2006.12.009) cortex. J. Neuraphysiol. 94, 1358—1371. (doi:10. 385-407. (doi:10.1001/archneurpsyc.1919.
Bickerton WL, Samson D, Williamson J, Humphreys 1152/jn.01316.2004) 02180040002001)
GW. 2011 Separating forms of neglect using the 8. Cowey A, Porter J. 1979 Brain damage and global ~ 15. Benton AL, Hécaen H. 1970 Stereoscopic vision in
Apples Test: validation and functional prediction stereopsis. Proc. R. Soc. Lond. B 204, 399-407. patients with unilateral cerebral disease. Neurology
in chronic and acute stroke. Neuropsychology 25, (doiz10.1098/rspb.1979.0035) 20, 1084. (doi:10.1212/WNL.20.11.1084)
567 - 580. (doi:10.1037/a0023501) 9. Hamsher K. 1978 Stereopsis and unilateral brain 16. Carmon A, Bechtoldt HP. 1969 Dominance of the
Chechlaz M, Rotshtein P, Bickerton W-L, Hansen disease. Invest. Ophthalmol. Vis. Sci. 17, 336—343. right cerebral hemisphere for stereopsis.
PC, Deb S, Humphreys GW. 2010 Separating neural ~ 10. Miller LJ, Mittenberg W, Carey VM, McMorrow MA, Neurapsychologia 7, 29-39. (doi:10.1016/0028-
correlates of allocentric and egocentric neglect: Kushner TE, Weinstein JM. 1999 Astereopsis caused 3932(69)90042-6)
distinct cortical sites and common white matter by traumatic brain injury. Arch. (lin. Neuropsychol. ~ 17. Durnford M, Kimura D. 1971 Right hemisphere
disconnections. Cogn. Neurapsychol. 27, 277 -303. 14, 537-543. (doi:10.1093/arclin/14.6.537) specialization for depth perception reflected in
(doi:10.1080/02643294.2010.519699) 11. Ross JE. 1983 Disturbance of stereoscopic vision in visual field differences. Nature 231, 394—395.
Vandenberghe R, Gillebert (R. 2009 Parcellation of patients with unilateral stroke. Behav. Brain Res. 7, (doi:10.1038/231394a0)
parietal cortex: convergence between lesion— 99-112. (doi:10.1016/0166-4328(83)90007-4) 18.  Vaina L. 1989 Selective impairment of visual motion
symptom mapping and mapping of the intact 12. Rothstein TB, Sacks JG. 1972 Defective stereopsis in interpretation following lesions of the right

occipito-parietal area in humans. Biol. Cybern. 61,
347 -359. (doi:10.1007/BF00200800)

€9205L0 :LLE g 05 Y "supi] Jiyd  bio"buiysigndfiaposiedorgiss E


http://dx.doi.org/10.5061/dryad.3s06b
http://dx.doi.org/10.1146/annurev.neuro.22.1.319
http://dx.doi.org/10.1016/j.neuron.2006.12.009
http://dx.doi.org/10.1016/j.neuron.2006.12.009
http://dx.doi.org/10.1037/a0023501
http://dx.doi.org/10.1080/02643294.2010.519699
http://dx.doi.org/10.1016/j.bbr.2008.12.005
http://dx.doi.org/10.1152/jn.01290.2004
http://dx.doi.org/10.1152/jn.01316.2004
http://dx.doi.org/10.1152/jn.01316.2004
http://dx.doi.org/10.1098/rspb.1979.0035
http://dx.doi.org/10.1093/arclin/14.6.537
http://dx.doi.org/10.1016/0166-4328(83)90007-4
http://dx.doi.org/10.1016/0002-9394(72)90146-8
http://dx.doi.org/10.1093/brain/101.4.569
http://dx.doi.org/10.1001/archneurpsyc.1919.02180040002001
http://dx.doi.org/10.1001/archneurpsyc.1919.02180040002001
http://dx.doi.org/10.1212/WNL.20.11.1084
http://dx.doi.org/10.1016/0028-3932(69)90042-6
http://dx.doi.org/10.1016/0028-3932(69)90042-6
http://dx.doi.org/10.1038/231394a0
http://dx.doi.org/10.1007/BF00200800

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Lehmann D, Walchli P. 1975 Depth perception and
location of brain lesions. J. Neurol. 209, 157—164.
(doi:10.1007/BF00312538)

Karnath HO, Himmelbach M, Rorden C. 2002

The subcortical anatomy of human spatial

neglect: putamen, caudate nucleus and

pulvinar. Brain 125, 350—-360. (doi:10.1093/
brain/awf032)

Mesulam M. 1981 A cortical network for directed
attention and unilateral neglect. Ann. Neurol. 10,
309-325. (doi:10.1002/ana.410100402)

Takayama Y, Sugishita M, Kido T, Ogawa M,
Fukuyama H, Akiguchi I. 1994 Impaired stereoacuity
due to a lesion in the left pulvinar. J. Neurol.
Neurosurg. Psychiatry 57, 652—654. (doi:10.1136/
jnnp.57.5.652)

Durand J-B, Nelissen K, Joly 0, Wardak C, Todd JT,
Norman JF, Janssen P, Vanduffel W, Orban GA. 2007
Anterior regions of monkey parietal cortex process
visual 3D shape. Neuron 55, 493—505. (doi:10.
1016/j.neuron.2007.06.040)

Georgieva S, Peeters R, Kolster H, Todd JT, Orban
GA. 2009 The processing of three-dimensional
shape from disparity in the human brain.

J. Neurosci. 29, 727—-742. (doi:10.1523/JNEUROSCI.
4753-08.2009)

Nishida Y, Hayashi O, Iwami T, Kimura M, Kani K, Ito
R, Shiino A, Suzuki M. 2001 Stereopsis-processing
regions in the human parieto-occipital cortex.
Neuroreport 12, 2259—2263. (doi:10.1097/
00001756-200107200-00043)

Tsao DY et al. 2003 Stereopsis activates V3A and
caudal intraparietal areas in macaques and humans.
Neuron 39, 555-568. (doi:10.1016/50896-6273
(03)00459-8)

Wallach H, 0'Connell D. 1953 The kinetic depth
effect. J. Exp. Psychol. 45, 205-217. (doi:10.1037/
h0056880)

Bradley DC, Chang GC, Andersen RA. 1998 Encoding
of three-dimensional structure-from-motion by
primate area MT neurons. Nature 392, 714-717.
(doi:10.1038/33688)

Dodd JV, Krug K, Cumming BG, Parker AJ. 2001
Perceptually bistable three-dimensional figures
evoke high choice probabilities in cortical area MT.
J. Neurosci. 21, 4809—4821.

Krug K, Cicmil N, Parker AJ, Cumming BG. 2013
A causal role for V5/MT neurons coding motion-
disparity conjunctions in resolving perceptual
ambiquity. Curr. Biol. 23, 1454—1459. (doi:10.
1016/j.cub.2013.06.023)

Lewis JW, Van Essen DC. 2000 Corticocortical
connections of visual, sensorimotor, and multimodal
processing areas in the parietal lobe of the macaque
monkey. J. Comp. Neurol. 428, 112—137. (doi:10.
1002/1096-9861(20001204)428:1<< 112::AID-
(NE8>3.0.(0;2-9)

Ungerleider LG, Desimone R. 1986 Cortical
connections of visual area MT in the macaque.

J. Comp. Neurol. 248, 190—222. (doi:10.1002/cne.
902480204)

Williams ZM, Elfar JC, Eskandar EN, Toth LJ, Assad
JA. 2003 Parietal activity and the perceived direction

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

of ambiguous apparent motion. Nat. Neurosci. 6,
616—623. (doi:10.1038/nn1055)

Vanduffel W, Fize D, Peuskens H, Denys K, Sunaert
S, Todd J, Orban GA. 2002 Extracting 3D from
motion: differences in human and monkey
intraparietal cortex. Science 298, 413 —-415. (doi:10.
1126/science.1073574)

Orban GA, Sunaert S, Todd JT, Van Hecke P, Marchal
G. 1999 Human cortical regions involved in
extracting depth from motion. Neuron 24, 929-
940. (doi:10.1016/50896-6273(00)81040-5)

Blake R, Logothetis NK. 2002 Visual competition.
Nat. Rev. Neurosci. 3, 13—21. (doi:10.1038/nrn701)
Britz J, Landis T, Michel CM. 2009 Right parietal
brain activity precedes perceptual alternation of
bistable stimuli. Cereb. Cortex. 19, 55-65. (doi:10.
1093/cercor/bhn056)

Kleinschmidt A, Sterzer P, Rees G. 2012 Variability
of perceptual multistability: from brain state to
individual trait. Phil. Trans. R. Soc. B 367,
988—1000. (doi:10.1098/rstb.2011.0367)

Bonneh YS, Pavlovskaya M, Ring H, Soroker N. 2004
Abnormal binocular rivalry in unilateral neglect:
evidence for a non-spatial mechanism of extinction.
Neuroreport 15, 473 —477. (d0i:10.1097/00001756-
200403010-00018)

Daini R, Facchin A, Bignotti M, Lentini C, Peverelli
M, 0'Shea RP, Molteni F. 2010 Neuropsychological
evidence of high-level processing in binocular
rivalry. Behav. Neurol. 23, 233-235. (doi:10.1155/
2010/148485)

Carmel D, Walsh V, Lavie N, Rees G. 2010 Right
parietal TMS shortens dominance durations in
binocular rivalry. Curr. Biol. 20, R799—R800.
(doi:10.1016/j.cub.2010.07.036)

Kanai R, Bahrami B, Rees G. 2010 Human parietal
cortex structure predicts individual differences in
perceptual rivalry. Curr. Biol. 20, 1626 —1630.
(doi:10.1016/j.cub.2010.07.027)

Zaretskaya N, Thielscher A, Logothetis NK, Bartels A.
2010 Disrupting parietal function prolongs
dominance durations in binocular rivalry. Curr.
Biol. 20, 2106—2111. (doi:10.1016/j.cub.2010.
10.046)

Humphreys G, Bickerton W, Samson D, Riddoch M.
2011 The Birmingham Cognitive Screen (B(oS).
London, UK: Psychology Press.

Holmes CJ, Hoge R, Collins L, Woods R, Toga AW,
Evans AC. 1998 Enhancement of MR images using
registration for signal averaging. J. Comput. Assist.
Tomogr. 22, 324-333. (doi:10.1097/00004728-
199803000-00032)

Vancleef K, Wagemans J, Humphreys GW. 2013
Impaired texture segregation but spared contour
integration following damage to right posterior
parietal cortex. Exp. Brain Res. 230, 41—57. (doi:10.
1007/500221-013-3629-7)

Brainard DH. 1997 The psychophysics toolbox. Spat.
Vis. 10, 437—-422. (doi:10.1163/156856897X00357)
Pelli DG. 1997 The VideoToolbox software for visual
psychophysics: transforming numbers into movies.
Spat. Vis.. 0, 437—442. (doi:10.1163/
156856897X00366)

49.

50.

51.

52,

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Chandrasekaran C, Canon V, Dahmen JC, Kourtzi Z, m

Welchman AE. 2007 Neural correlates of disparity-
defined shape discrimination in the human brain.
J. Neurophysiol. 97, 1553 —1565. (doi:10.1152/jn.
01074.2006)

von Schiller P. 1933 Stroboskopische
alternativversuche. Psychol. Res. 17, 179-214.
(doi:10.1007/BF02411959)

Battelli L, Cavanagh P, Intriligator J, Tramo M),
Hénaff M-A, Micheél F, Barton JJS. 2001 Unilateral
right parietal damage leads to bilateral deficit for
high-level motion. Neuron 32, 985—995. (doi:10.
1016/50896-6273(01)00536-0)

Leopold DA, Wilke M, Maier A, Logothetis NK.
2002 Stable perception of visually ambiguous
patterns. Nat. Neurosci. 5, 605—609. (doi:10.1038/
nn0602-851)

Orbach J, Ehrlich D, Heath HA. 1963 Reversibility of
the Necker cube: I. An examination of the concept
of ‘satiation of orientation’. Percept. Mot. Skills 17,
439-458. (doi:10.2466/pms.1963.17.2.439)

Krug K, Brunskill E, Scama A, Goodwin GM, Parker
AJ. 2008 Perceptual switch rates with ambiguous
structure-from-motion figures in bipolar disorder.
Proc. R. Soc. B 275, 1839—1848. (d0i:10.1098/rspb.
2008.0043)

Leopold D, Maier A, Logothetis NK. 2003 Measuring
subjective visual perception in the nonhuman
primate. J. Conscious. Stud. 10, 115—130.
Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S,
Gee JC, Gerig G. 2006 User-guided 3D active contour
segmentation of anatomical structures: significantly
improved efficiency and reliability. Neuroimage

31, 1116—1128. (doi:10.1016/j.neuroimage.2006.
01.015)

Ashburner J, Friston KJ. 2005 Unified segmentation.
Neuroimage 26, 839—851. (doi:10.1016/j.neuro
image.2005.02.018)

Crinion J, Ashburner J, Leff A, Brett M, Price C,
Friston K. 2007 Spatial normalization of lesioned
brains: performance evaluation and impact on fMRI
analyses. Neuroimage 37, 866 —875. (doi:10.1016/j.
neuroimage.2007.04.065)

Andersen SM, Rapcsak SZ, Beeson PM. 2010 Cost
function masking during normalization of brains
with focal lesions: still a necessity? Neuroimage 53,
78— 84. (doi:10.1016/j.neuroimage.2010.06.003)
Brett M, Leff AP, Rorden C, Ashburner J. 2001
Spatial normalization of brain images with focal
lesions using cost function masking. Neuroimage
14, 486—500. (doi:10.1006/nimg.2001.0845)
Collins DL, Holmes {J, Peters TM, Evans AC. 1995
Automatic 3-D model-based neuroanatomical
segmentation. Hum. Brain Mapp. 3, 190—208.
(doi:10.1002/hbm.460030304)

Mazziotta JC, Toga AW, Evans A, Fox P, Lancaster J.
1995 A probabilistic atlas of the human brain:
theory and rationale for its development. The
International Consortium for Brain Mapping
(ICBM). Neuroimage 2, 89—101. (doi:10.1006/nimg.
1995.1012)

Kanai R, Carmel D, Bahrami B, Rees G. 2011
Structural and functional fractionation of right


http://dx.doi.org/10.1007/BF00312538
http://dx.doi.org/10.1093/brain/awf032
http://dx.doi.org/10.1093/brain/awf032
http://dx.doi.org/10.1002/ana.410100402
http://dx.doi.org/10.1136/jnnp.57.5.652
http://dx.doi.org/10.1136/jnnp.57.5.652
http://dx.doi.org/10.1016/j.neuron.2007.06.040
http://dx.doi.org/10.1016/j.neuron.2007.06.040
http://dx.doi.org/10.1523/JNEUROSCI.4753-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.4753-08.2009
http://dx.doi.org/10.1097/00001756-200107200-00043
http://dx.doi.org/10.1097/00001756-200107200-00043
http://dx.doi.org/10.1016/S0896-6273(03)00459-8
http://dx.doi.org/10.1016/S0896-6273(03)00459-8
http://dx.doi.org/10.1037/h0056880
http://dx.doi.org/10.1037/h0056880
http://dx.doi.org/10.1038/33688
http://dx.doi.org/10.1016/j.cub.2013.06.023
http://dx.doi.org/10.1016/j.cub.2013.06.023
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1096-9861(20001204)428:1%3C112::AID-CNE8%3E3.0.CO;2-9
http://dx.doi.org/10.1002/cne.902480204
http://dx.doi.org/10.1002/cne.902480204
http://dx.doi.org/10.1038/nn1055
http://dx.doi.org/10.1126/science.1073574
http://dx.doi.org/10.1126/science.1073574
http://dx.doi.org/10.1016/S0896-6273(00)81040-5
http://dx.doi.org/10.1038/nrn701
http://dx.doi.org/10.1093/cercor/bhn056
http://dx.doi.org/10.1093/cercor/bhn056
http://dx.doi.org/10.1098/rstb.2011.0367
http://dx.doi.org/10.1097/00001756-200403010-00018
http://dx.doi.org/10.1097/00001756-200403010-00018
http://dx.doi.org/10.1155/2010/148485
http://dx.doi.org/10.1155/2010/148485
http://dx.doi.org/10.1016/j.cub.2010.07.036
http://dx.doi.org/10.1016/j.cub.2010.07.027
http://dx.doi.org/10.1016/j.cub.2010.10.046
http://dx.doi.org/10.1016/j.cub.2010.10.046
http://dx.doi.org/10.1097/00004728-199803000-00032
http://dx.doi.org/10.1097/00004728-199803000-00032
http://dx.doi.org/10.1007/s00221-013-3629-7
http://dx.doi.org/10.1007/s00221-013-3629-7
http://dx.doi.org/10.1163/156856897X00357
http://dx.doi.org/10.1163/156856897X00366
http://dx.doi.org/10.1163/156856897X00366
http://dx.doi.org/10.1152/jn.01074.2006
http://dx.doi.org/10.1152/jn.01074.2006
http://dx.doi.org/10.1007/BF02411959
http://dx.doi.org/10.1016/S0896-6273(01)00536-0
http://dx.doi.org/10.1016/S0896-6273(01)00536-0
http://dx.doi.org/10.1038/nn0602-851
http://dx.doi.org/10.1038/nn0602-851
http://dx.doi.org/10.2466/pms.1963.17.2.439
http://dx.doi.org/10.1098/rspb.2008.0043
http://dx.doi.org/10.1098/rspb.2008.0043
http://dx.doi.org/10.1016/j.neuroimage.2006.01.015
http://dx.doi.org/10.1016/j.neuroimage.2006.01.015
http://dx.doi.org/10.1016/j.neuroimage.2005.02.018
http://dx.doi.org/10.1016/j.neuroimage.2005.02.018
http://dx.doi.org/10.1016/j.neuroimage.2007.04.065
http://dx.doi.org/10.1016/j.neuroimage.2007.04.065
http://dx.doi.org/10.1016/j.neuroimage.2010.06.003
http://dx.doi.org/10.1006/nimg.2001.0845
http://dx.doi.org/10.1002/hbm.460030304
http://dx.doi.org/10.1006/nimg.1995.1012
http://dx.doi.org/10.1006/nimg.1995.1012

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

superior parietal cortex in bistable perception.
Curr. Biol. 21, R106—R107. (doi:10.1016/j.cub.2010.
12.009)

Wichmann FA, Hill NJ. 2001 The psychometric
function: |. Fitting, sampling, and goodness of fit.
Percept. Psychophys. 63, 1293—1313. (doi:10.3758/
BF03194544)

Wichmann FA, Hill NJ. 2001 The psychometric
function: I1. Bootstrap-based confidence intervals
and sampling. Percept. Psychophys. 63, 1314—1329.
(doi:10.3758/BF03194545)

Clopper CJ, Pearson ES. 1934 The use of confidence
or fiducial limits illustrated in the case of the
binomial. Biometrika 26, 404—413. (doi:10.1093/
biomet/26.4.404)

Fox R, Todd S, Bettinger LA. 1975 Optokinetic
nystagmus as an objective indicator of binocular
rivalry. Vis. Res. 15, 849—853. (doi:10.1016/0042-
6989(75)90265-5)

Fréssle S, Sommer J, Jansen A, Naber M, Einhduser
W. 2014 Binocular rivalry: frontal activity relates to
introspection and action but not to perception.

J. Neurosci. 34, 1738—1747. (d0i:10.1523/
JNEUR0SCI.4403-13.2014)

Brouwer GJ, van Ee R. 2006 Endogenous influences
on perceptual bistability depend on exogenous
stimulus characteristics. Vis. Res. 46, 3393—3402.
(doi:10.1016/j.visres.2006.03.016)

Durand J-B, Peeters R, Norman JF, Todd JT, Orban
GA. 2009 Parietal regions processing visual 3D
shape extracted from disparity. Neuroimage

46, 1114-1126. (doi:10.1016/j.neuroimage.2009.
03.023)

James TW, Culham J, Humphrey GK, Milner AD,
Goodale MA. 2003 Ventral occipital lesions impair
object recognition but not object-directed grasping:
an fMRI study. Brain 126, 2463 —2475. (doi:10.
1093/brain/awg248)

Bridge H, Thomas OM, Minini L, Cavina-Pratesi C,
Milner AD, Parker A). 2013 Structural and
functional changes across the visual cortex of a
patient with visual form agnosia. J. Neurosci.

33, 12779-12791. (doi:10.1523/JNEUR0SCI.4853-
12.2013)

Read JC, Phillipson GP, Serrano-Pedraza I, Milner
AD, Parker AJ. 2010 Stereoscopic vision in the
absence of the lateral occipital cortex. PLoS ONE 5,
€12608. (doi:10.1371/journal.pone.0012608)

Snow JC, Miranda RR, Humphreys GW. 2013
Impaired visual sensitivity within the ipsilesional
hemifield following parietal lobe damage. Cortex
49, 158—171. (doi:10.1016/j.cortex.2011.07.005)
Cavina-Pratesi C, Connolly JD, Milner AD. 2013
Optic ataxia as a model to investigate the role of
the posterior parietal cortex in visually guided
action: evidence from studies of patient M.H.
Front Hum. Neurosci. 7, 336. (doi:10.3389/fnhum.
2013.00336)

Rice NJ, Edwards MG, Schindler |, Punt TD, Mclntosh
RD, Humphreys GW, Lestou V, Milner AD. 2008
Delay abolishes the obstacle avoidance deficit in
unilateral optic ataxia. Neurapsychologia 46, 1549—
1557. (doi:10.1016/j.neuropsychologia.2008.01.012)

71.

79.

80.

81.

82.

83.

84.

85.

86.

8.

88.

89.

90.

9.

Kitadono K, Humphreys GW. 2007 Interactions
between perception and action programming:
evidence from visual extinction and optic ataxia.
Cogn. Neuropsychol. 24, 731—754. (doi:10.1080/
02643290701734721)

Richards W. 1970 Stereopsis and stereoblindness.
Exp. Brain Res. 10, 380—388. (doi:10.1007/
BF02324765)

Wright LA, Wormald RPL. 1992 Stereopsis

and ageing. Eye 6, 473—476. (doi:10.1038/eye.
1992.100)

Brown B, Yap MKH, Fan W. 1993 Decrease in
stereoacuity in the seventh decade of life.
Ophthalmic Physiol. Opt. 13, 138—142. (doi:10.
1111/).1475-1313.1993.th00442.x)

Zaroff (M, Knutelska M, Frumkes TE. 2003 Variation
in stereoacuity: normative description, fixation
disparity, and the roles of aging and gender. /nvest.
Ophthalmol. Vis. Sci. 44, 891—900. (doi:10.1167/
iovs.02-0361)

Bhattacharyya R, Musallam S, Andersen RA. 2009
Parietal reach region encodes reach depth using
retinal disparity and vergence angle signals.

J. Neurophysiol. 102, 805-816. (doi:10.1152/jn.
90359.2008)

Schaadt A-K, Brandt SA, Kraft A, Kerkhoff G. 2015
Holmes and Horrax (1919) revisited: impaired
binocular fusion as a cause of ‘flat vision” after right
parietal brain damage—a case study.
Neuropsychologia 69, 31—38. (doi:10.1016/j.
neuropsychologia.2015.01.029)

Nielsen K, Poggio T. 1984 Vertical image registration
in stereopsis. Vis. Res. 24, 1133—1140. (doi:10.
1016/0042-6989(84)90167-6)

Kapoula Z, Yang Q, Coubard 0, Daunys G, Orssaud C.
2005 Role of the posterior parietal cortex in the
initiation of saccades and vergence: right/left
functional asymmetry. Ann. N. Y. Acad. Sci. 1039,
184—197. (doi:10.1196/annals.1325.018)
Stevenson SB, Schor (M. 1997 Human stereo
matching is not restricted to epipolar lines. Vis. Res.
37, 2717-2723. (doi:10.1016/50042-6989(97)
00097-7)

Chang DH, Mevorach C, Kourtzi Z, Welchman AE.
2014 Training transfers the limits on

perception from parietal to ventral cortex. Curr.
Biol. 24, 2445—2450. (doi:10.1016/j.cub.2014.
08.058)

Regan D, Giaschi D, Sharpe JA, Hong XH. 1992
Visual processing of motion-defined form: selective
failure in patients with parietotemporal lesions.

J. Neurosdi. 12, 2198-2210.

Howard J, Bashir N, Chechlacz M, Humphreys GW.
2015 Neural mechanisms of temporal resolution
of attention. Cereb. Cortex. bhv101. (doi:10.1093/
cercor/bhv101)

Dent K, Lestou V, Humphreys GW. 2010 Deficits in
visual search for conjunctions of motion and form
after parietal damage but with spared hMT-+/V5.
Cogn. Neurapsychol. 27, 72—-99. (doi:10.1080/
02643294.2010.497727)

Hanks TD, Ditterich J, Shadlen MN. 2006
Microstimulation of macaque area LIP affects

92.

93.

9%4.

95.

9.

97.

9.

9.

100.

101.

102.

103.

104.

105.

decision-making in a motion discrimination task.
Nat. Neurosci. 9, 682—689. (doi:10.1038/nn1683)
Huk AC, Shadlen MN. 2005 Neural activity in
macaque parietal cortex reflects temporal
integration of visual motion signals during
perceptual decision making. J. Neurosci. 25,

10 42010 436. (doi:10.1523/JNEUROSCI.
4684-04.2005)

Claeys KG, Lindsey DT, De Schutter E, Orban GA.
2003 A higher order motion region in human
inferior parietal lobule: evidence from fMRI.
Neuron 40, 631—642. (doi:10.1016/50896-
6273(03)00590-7)

Rizzo M, Nawrot M, Zihl J. 1995 Motion and shape
perception in cerebral akinetopsia. Brain 118,
1105-1127. (doi:10.1093/brain/118.5.1105)
Gilaie-Dotan S, Saygin AP, Lorenzi LJ, Egan R, Rees
G, Behrmann M. 2013 The role of human ventral
visual cortex in motion perception. Brain 136,
2784-2798. (doi:10.1093/brain/awt214)
Gilaie-Dotan S, Ullman S, Kushnir T, Malach R. 2002
Shape-selective stereo processing in human object-
related visual areas. Hum. Brain Mapp. 15, 67-79.
(doi:10.1002/hbm.10008)

Vaina LM, Lemay M, Bienfang DC, Choi AY,
Nakayama K. 1990 Intact ‘biological motion’ and
“structure from motion’ perception in a patient with
impaired motion mechanisms: a case study. Vis.
Neurosci. 5, 353—369. (doi:10.1017/509525238
00000444)

Watanabe T, Masuda N, Megumi F, Kanai R, Rees G.
2014 Energy landscape and dynamics of brain
activity during human bistable perception. Nat.
Commun. 5, 4765. (doi:10.1038/ncomms5765)
0'Shea RP, Corballis PM. 2003 Binocular rivalry

in split-brain observers. J. Vis. 3, 3. (doi:10.1167/3.
103)

Mevorach C, Humphreys GW, Shalev L. 2006
Opposite biases in salience-based selection for the
left and right posterior parietal cortex. Nat.
Neurosci. 9, 740—742. (doi:10.1038/nn1709)
Libedinsky C, Livingstone M. 2011 Role of
prefrontal cortex in conscious visual perception.

J. Neurosdi. 31, 64—69. (doi:10.1523/JNEUR0SCI.
3620-10.2011)

Panagiotaropoulos Tl, Deco G, Kapoor V, Logothetis
NK. 2012 Neuronal discharges and gamma
oscillations explicitly reflect visual consciousness in
the lateral prefrontal cortex. Neuron 74, 924-935.
(doi:10.1016/j.neuron.2012.04.013)

Weilnhammer VA, Ludwig K, Hesselmann G, Sterzer
P. 2013 Frontoparietal cortex mediates perceptual
transitions in bistable perception. J. Neurosci. 33,
16 009—16 015. (doi:10.1523/INEUR0SCI.1418-
13.2013)

Knapen T, Brascamp J, Pearson J, van Ee R, Blake R.
2011 The role of frontal and parietal brain areas in
bistable perception. J. Neurosi. 31, 10 293-10 301.
(doi:10.1523/JINEUR0SCI.1727-11.2011)

Windmann S, Wehrmann M, Calabrese P, Giintiirkiin
0. 2006 Role of the prefrontal cortex in attentional
control over bistable vision. J. Cogn. Neurosci. 18,
456-471. (doi:10.1162/jocn.2006.18.3.456)


http://dx.doi.org/10.1016/j.cub.2010.12.009
http://dx.doi.org/10.1016/j.cub.2010.12.009
http://dx.doi.org/10.3758/BF03194544
http://dx.doi.org/10.3758/BF03194544
http://dx.doi.org/10.3758/BF03194545
http://dx.doi.org/10.1093/biomet/26.4.404
http://dx.doi.org/10.1093/biomet/26.4.404
http://dx.doi.org/10.1016/0042-6989(75)90265-5
http://dx.doi.org/10.1016/0042-6989(75)90265-5
http://dx.doi.org/10.1523/JNEUROSCI.4403-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.4403-13.2014
http://dx.doi.org/10.1016/j.visres.2006.03.016
http://dx.doi.org/10.1016/j.neuroimage.2009.03.023
http://dx.doi.org/10.1016/j.neuroimage.2009.03.023
http://dx.doi.org/10.1093/brain/awg248
http://dx.doi.org/10.1093/brain/awg248
http://dx.doi.org/10.1523/JNEUROSCI.4853-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.4853-12.2013
http://dx.doi.org/10.1371/journal.pone.0012608
http://dx.doi.org/10.1016/j.cortex.2011.07.005
http://dx.doi.org/10.3389/fnhum.2013.00336
http://dx.doi.org/10.3389/fnhum.2013.00336
http://dx.doi.org/10.1016/j.neuropsychologia.2008.01.012
http://dx.doi.org/10.1080/02643290701734721
http://dx.doi.org/10.1080/02643290701734721
http://dx.doi.org/10.1007/BF02324765
http://dx.doi.org/10.1007/BF02324765
http://dx.doi.org/10.1038/eye.1992.100
http://dx.doi.org/10.1038/eye.1992.100
http://dx.doi.org/10.1111/j.1475-1313.1993.tb00442.x
http://dx.doi.org/10.1111/j.1475-1313.1993.tb00442.x
http://dx.doi.org/10.1167/iovs.02-0361
http://dx.doi.org/10.1167/iovs.02-0361
http://dx.doi.org/10.1152/jn.90359.2008
http://dx.doi.org/10.1152/jn.90359.2008
http://dx.doi.org/10.1016/j.neuropsychologia.2015.01.029
http://dx.doi.org/10.1016/j.neuropsychologia.2015.01.029
http://dx.doi.org/10.1016/0042-6989(84)90167-6
http://dx.doi.org/10.1016/0042-6989(84)90167-6
http://dx.doi.org/10.1196/annals.1325.018
http://dx.doi.org/10.1016/S0042-6989(97)00097-7
http://dx.doi.org/10.1016/S0042-6989(97)00097-7
http://dx.doi.org/10.1016/j.cub.2014.08.058
http://dx.doi.org/10.1016/j.cub.2014.08.058
http://dx.doi.org/10.1093/cercor/bhv101
http://dx.doi.org/10.1093/cercor/bhv101
http://dx.doi.org/10.1080/02643294.2010.497727
http://dx.doi.org/10.1080/02643294.2010.497727
http://dx.doi.org/10.1038/nn1683
http://dx.doi.org/10.1523/JNEUROSCI.4684-04.2005
http://dx.doi.org/10.1523/JNEUROSCI.4684-04.2005
http://dx.doi.org/10.1016/S0896-6273(03)00590-7
http://dx.doi.org/10.1016/S0896-6273(03)00590-7
http://dx.doi.org/10.1093/brain/118.5.1105
http://dx.doi.org/10.1093/brain/awt214
http://dx.doi.org/10.1002/hbm.10008
http://dx.doi.org/10.1017/S0952523800000444
http://dx.doi.org/10.1017/S0952523800000444
http://dx.doi.org/10.1038/ncomms5765
http://dx.doi.org/10.1167/3.10.3
http://dx.doi.org/10.1167/3.10.3
http://dx.doi.org/10.1038/nn1709
http://dx.doi.org/10.1523/JNEUROSCI.3620-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.3620-10.2011
http://dx.doi.org/10.1016/j.neuron.2012.04.013
http://dx.doi.org/10.1523/JNEUROSCI.1418-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.1418-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.1727-11.2011
http://dx.doi.org/10.1162/jocn.2006.18.3.456

106.

107.

108.

109.

de Graaf TA, de Jong MC, Goebel R, van Ee R, Sack AT.
2011 On the functional relevance of frontal cortex for
passive and voluntarily controlled bistable vision. Cereb.
(ortex 21, 2322—2331. (doi:10.1093/cercor/bhr015)
Brascamp JW, Pearson J, Blake R, Van Den Berg AV.
2009 Intermittent ambiguous stimuli: implicit
memory causes periodic perceptual alternations.

J. Vis. 9, 3. (doi:10.1167/9.3.3)

de Jong M, Brascamp JW, Kemner C, van Ee R,
Verstraten FAJ. 2014 Implicit perceptual memory
modulates early visual processing of ambiguous
images. J. Neurosci. 34, 9970—9981. (doi:10.1523/
JNEUR0S(1.2413-13.2014)

de Jong MC, Kourtzi Z, Ee R. 2012 Perceptual
experience modulates cortical circuits involved in

110.

m.

12

visual awareness. Eur. J. Neurosci. 36, 3718—3731.
(doiz10.1111/ejn.12005)

Sandberg K, Bahrami B, Lindelov JK, Overgaard M,
Rees G. 2011 The impact of stimulus complexity and
frequency swapping on stabilization of binocular
rivalry. J. Vis. 11, pii6.

Klink C, Oleksiak A, Lankheet MJM, van Wezel RJA. 2012
Intermittent stimulus presentation stabilizes neuronal
responses in macaque area MT. J. Neuraphysiol. 108,
2101-2114. (doi:10.1152/jn.00252.2012)

Brascamp JW, Kanai R, Walsh V, van Ee R. 2010
Human middle temporal cortex, perceptual bias,
and perceptual memory for ambiguous three-
dimensional motion. J. Neurosci. 30, 760—766.
(doi:10.1523/INEUR0S(I.4171-09.2010)

3.

4.

5.

116.

Wang M, Arteaga D, He BJ. 2013 Brain mechanisms

for simple perception and bistable perception. Proc.
Natl Acad. Sci. USA 110, E3350-E3359. (doi:10.
1073/pnas.1221945110)

Borsellino A, De Marco A, Allazetta A, Rinesi S,
Bartolini B. 1972 Reversal time distribution in the
perception of visual ambiguous stimuli. Kybernetik
10, 139-144. (doi:10.1007/BF00290512)

Levelt WJ. 1967 Note on the distribution of dominance
times in binocular rivalry. Br. J. Psychol. 58, 143 —145.
(doi:10.1111/j.2044-8295.1967.tb01068.x)

Zhou Y, Gao J, White K, Merk I, Yao K. 2004
Perceptual dominance time distributions in
multistable visual perception. Biol. Cybern. 90,
256-263. (doi:10.1007/500422-004-0472-8)


http://dx.doi.org/10.1093/cercor/bhr015
http://dx.doi.org/10.1167/9.3.3
http://dx.doi.org/10.1523/JNEUROSCI.2413-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.2413-13.2014
http://dx.doi.org/10.1111/ejn.12005
http://dx.doi.org/10.1152/jn.00252.2012
http://dx.doi.org/10.1523/JNEUROSCI.4171-09.2010
http://dx.doi.org/10.1073/pnas.1221945110
http://dx.doi.org/10.1073/pnas.1221945110
http://dx.doi.org/10.1007/BF00290512
http://dx.doi.org/10.1111/j.2044-8295.1967.tb01068.x
http://dx.doi.org/10.1007/s00422-004-0472-8

	Lesions to right posterior parietal cortex impair visual depth perception from disparity but not motion cues
	Introduction
	Material and methods
	Participants
	Stimuli
	Stereoscopic tasks
	Dynamic stereo task
	Signal-in-noise disparity discrimination
	Fine disparity discrimination
	Disparity-defined contours

	Perceptual bistability tasks
	Structure from motion
	Control tasks
	Apparent motion
	Binocular rivalry
	Stabilization

	Control task
	Imaging and analysis
	Behavioural analysis

	Results
	Effects of posterior parietal cortex lesions on stereoscopic depth perception
	Dynamic stereopsis
	Fine stereopsis
	Signal-in-noise stereopsis
	Disparity-defined contours

	Effects of posterior parietal cortex lesions on spontaneous depth reversals
	Spontaneous depth reversals
	Perceptual reversals without depth
	Experimental controls
	Perceptual stabilization


	Discussion
	Damage to right posterior parietal cortex impairs stereopsis
	Motion perception and structure from motion
	Spontaneous depth reversals
	Conclusion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding

	Acknowledgements
	References


