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Summary

When visual input has conflicting interpretations, conscious

perception can alternate spontaneously between competing
interpretations [1]. There is a large amount of unexplained

variability between individuals in the rate of such sponta-
neous alternations in perception [2–5]. We hypothesized

that variability in perceptual rivalrymight be reflected in indi-
vidual differences in brain structure, because brain structure

can exhibit systematic relationships with an individual’s
cognitive experiences and skills [6–9]. To test this notion,

we examined in a large group of individuals how cortical
thickness, local gray-matter density, and local white-matter

integrity correlate with individuals’ alternation rate for a
bistable, rotating structure-from-motion stimulus [10]. All

of these macroscopic measures of brain structure consis-

tently revealed that the structure of bilateral superior parietal
lobes (SPL) could account for interindividual variability in

perceptual alternation rate. Furthermore, we examined
whether the bilateral SPL regions play a causal role in the

rate of perceptual alternations by using transcranial mag-
netic stimulation (TMS) and found that transient disruption

of these areas indeed decreases the rate of perceptual
alternations. These findings demonstrate a direct relation-

ship between structure of SPL and individuals’ perceptual
switch rate.

Results

We recorded subjective reports of spontaneous alternations
for an ambiguous rotating structure-from-motion (SFM) stim-
ulus that evokes bistable perception fluctuating between two
rotation directions (Figure 1A) [10]. Across the group (n = 52),
there was substantial variability in the mean duration of each
percept and its reciprocal, the switch rate (Figure 1B). We
tested whether this variability in perception was predicted by
variability in brain structure by using three measures: gray
matter (GM) density and cortical thickness measured via
anatomical magnetic resonance imaging scanning, and the
fractional anisotropy (FA) of white matter (WM) measured
using diffusion tensor imaging. Potentially confounding fac-
tors of gender and age, which affect brain structure [11],
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were regressed out and thus removed as part of this analysis
(see Experimental Procedures).

Cortical Thickness
We found a significant negative correlation between cortical
thickness and percept duration across individuals in the bilat-
eral superior parietal lobule (left p < 0.05, right p < 0.01, cor-
rected for multiple comparisons) and bilateral postcentral
gyrus (left p < 0.05, right p < 0.01, corrected for multiple com-
parisons) (Figure 2). The negative correlation with percept
duration indicated that the thicker the cortex in these regions,
the faster the switch rate of an individual. No other loci,
including prefrontal regions that are activated by perceptual
switches [12–14], showed any significant correlation with
percept duration (all p > 0.05). The details of the results are
summarized in Table S1 available online.

Voxel-Based Morphometry

To cross-validate our findings, we conducted a voxel-based
morphometry (VBM) analysis of GM density [15] on the same
data set (see [16] for discussion of similarities and differences
in cortical thickness and VBM analyses of gray matter). Con-
sistent with the cortical thickness analysis, we found signifi-
cant correlations between GM density and an individual’s
percept duration across the group in the right superior parietal
lobe (SPL) (x = 34, y =266, z = 34, p < 0.05, corrected) and left
SPL (x = 221, y = 263, z = 61, p < 0.01, corrected) (Figure 3).
However, we did not find a correlation in the postcentral gyri
even with a liberal statistical threshold (p > 0.05, uncorrected).
The differences between cortical thickness and GM density

analyses could be due to a number of factors such as
measurement of different aspects of GM structure [16]. On
the other hand, our consistent findings between the two dif-
ferent measures show a robust association between the bilat-
eral SPL loci and perceptual alternations. Again, the VBManal-
ysis did not reveal significant correlations betweenGMdensity
and switch rate in any other region of the brain (p > 0.05, cor-
rected). The details of the results are summarized in Table S2.

Diffusion Tensor Imaging

Having established a significant correlation between an indi-
vidual’s bistable percept duration and GM thickness/density
in the bilateral parietal cortex, we next examined the contribu-
tion of WM integrity to individual differences in the bistable
percept duration. This analysis used an independent data set
of diffusion-weighted images (DWIs). The FA values derived
from DWIs provide an estimate of the integrity of WM tracts
[17]. To investigate whether this indirect measure of WM
connectivity was associated with individual differences in
percept duration, we determined whether there were signifi-
cant correlations between FA and an individual’s bistable
percept duration. Importantly, our earlier results described
above (i.e., right SPL and left SPL) that were obtained from
the analyses of the gray matter now served as strong prior
hypotheses for where in the brain the strongest correlations
with WM connectivity should be found.
The results of this analysis are shown in Figure 4. Consistent

with the cortical thickness and VBM analyses described
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Figure 1. Illustration of Bistable Structure-from-Motion Stimulus and Indi-

vidual Differences in Percept Duration

(A) Sinusoidally oscillating dots presented on a computer monitor in the

absence of depth cues create a bistable percept of a rotating sphere (see

Supplemental Experimental Procedures for details). The percept for this

structure from motion typically alternates between the two possible revolu-

tion directions.

(B) Fifty-two participants reported their percepts. The frequency histogram

shows the number of participants as a function of the average percept dura-

tion that they reported using a 1 s bin width. See Results for full details.
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above, we found significant negative correlations between FA
values and bistable percept duration in the white matter
beneath the left SPL (x = 226, y = 261, z = 50; p < 0.05, small
volume correction [SVC] corrected) and the right SPL (x = 26,
y = 280, z = 31; p < 0.05 SVC corrected). These locations
were highly consistent with the coordinates for those regions
found with the cortical thickness and the VBM analyses,
although of course slightly displaced, reflecting the origin of
the FA signal in white (not gray) matter.
Transcranial Magnetic Stimulation
Our findings so far only establish that brain structure is corre-
lated with fluctuations in conscious perception and cannot on
their own determine whether these structural variations also
play a causal role in generating such perceptual switches.
In addition, our finding of variability in homologous bilateral
cortical structures could conceivably reflect unrelated covari-
ation between hemispheric structures. For example, GM
density in parietal regions correlates with the homotopic
region in the contralateral hemisphere [18]. Therefore, it is
possible that even if only one of the regions revealed by the
correlation analyses were causally related to the individual
differences in perception, other contralateral regions around
the homotopic locus might show a statistically significant
correlation as a result of their coordinated variations with the
critical area.
Therefore, we now investigated whether the anatomical loci

that we identified also played a causal role in mediating
switches by using transcranial magnetic stimulation (TMS).
In separate sessions, we temporarily disrupted the function
of right SPL or left SPL (using the group coordinates revealed
by our interindividual structural variability experiments above)
by delivering continuous theta-burst stimulation (cTBS) [19].
If activity in these parietal loci had any direct causal influence
on an individual’s switch rate, we hypothesized that the appli-
cation of cTBS to each area should change the switch rate
compared to application of TMS to a control site (vertex).
Repeated-measures analysis of variance on the changes in

percept duration with respect to cTBS revealed that there
was a significant difference among the stimulation conditions
(F(1,9) = 15.2, p < 0.01). Post hoc least significant difference
tests revealed that cTBS over the right SPL and the left SPL
significantly increased percept durations compared to the
control condition (right SPL p < 0.01, left SPL p < 0.05) (Fig-
ure 5). These results show that the areas where we found
that structural variability could account for individual differ-
ences in conscious perception also play a causal role in deter-
mining perceptual switch rate.
Discussion

Taken together, our findings reveal that differences in
brain structure in focal regions of bilateral parietal cortex
can account for individual differences in conscious visual
perception, and that the same regions showing such structural
variability also play a causal role in such perception. Between-
participant variability in bistable perception has been docu-
mented, but the neural basis underlying the variability has
been neglected for many years [2–5]. The results presented
Figure 2. Results of Cortical Thickness Analyses

Shown in blue are those cortical loci where our

analyses of cortical thickness revealed a signifi-

cant negative correlation between cortical thick-

ness and percept duration (p < 0.05, corrected)

across the group of participants. Data are shown

overlaid onto an inflated template brain in a stan-

dard stereotactic space where sulci are repre-

sented in dark gray and gyri in light gray. The

significant clusters are shown at a threshold

of p < 0.01 for visualization purposes; see

Table S1 for statistical values and stereotactic

location of activated foci.



Figure 3. Results of GM Volume Voxel-Based Morphometry Analysis

Shown in red are the left and right superior parietal lobe (SPL) loci that showed significant negative correlations between GM density and percept duration

superimposed on a standard template created in a standard stereotactic space from all of the participants (see Supplemental Experimental Procedures for

full details). A threshold of T > 3.00 was used for visualization purposes; see Table S2 for statistical values and stereotactic location of activated foci.

Current Biology Vol 20 No 18
1628
here thus provide for the first time a neurobiological basis for
the individual differences in perceptual bistability.

The SPL loci identified here are anatomically very close to
those parietal regions that show transient activations when
participants shift their attention between locations [20, 21]
or between spatially overlapping objects [22]. They also coin-
cide with very similar regions that are activated at the time of
perceptual switches in various types of perceptual rivalry
[12, 13]. Our findings suggest that individual differences in
switch rate arise from individual differences in the GM density
within those areas that may therefore be related to attention
(and percept) switching. They therefore provide a potential
link between changes in brain structure and the functional
role of such regions that could be explored in future work.

Our findings offer a possible neural account for hitherto
unexplained relationships that have been found between
switch rate and the effects of psychiatric mood disorders, nor-
mal aging, or brain damage. For example, patients with bipolar
disorder show cortical thinning compared with matched
controls in multiple cortical regions, including a region (x = 38,
y =264, z = 32) [23] close to the right SPL region that we iden-
tified here where a correlation between GM density, cortical
thickness, and switch rate is shown. Moreover, we found
that thinner cortex in this area was associated with slower
switch rate, consistent with the thinner SPL cortex [23] and
slower rivalry in bipolar patients [24]. In addition, the switch
rate of ambiguous stimuli decreases with age [25]. This might
also be attributed to GM shrinkage with aging, because GM
volume reduction with aging is particularly severe in the
parietal regions [26]. Our findings that parietal regions are
causally involved in spontaneous perceptual alternations
also accounts for abnormally slow perceptual rivalry following
damage to parietal cortex [27]. Thus, our findings provide
a potentially unifying explanation for a number of so far appar-
ently unconnected phenomena.
A recent study that compared monozygotic and dizygotic

twins found that about half (52%) of the variability in sponta-
neous switches in perceptual rivalry can be accounted for by
genetic factors [28]. Our present findings suggest that such
genetic influence on individual differences in perceptual
Figure 4. Fractional Anisotropy Analysis

Shown in red are the left and right SPL loci that showed

significant negative correlations between fractional

anisotropy (FA) and percept duration, superimposed on

the standard FMRIB58_FA (http://www.fmrib.ox.ac.uk/

fsl/data/FMRIB58_FA.html) FA image in a standard

stereotactic space. A threshold of T > 2.00 was used

for visualization purposes. See Table S3 for details of

loci depicted.
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Figure 5. Effects of Theta-Burst Stimulation on Bistable Percept Duration

The mean changes in percept duration, computed as percentage change

relative to the baseline percept duration before theta-burst stimulation,

are plotted for left SPL, right SPL, and vertex conditions. *p < 0.05, **p < 0.01

between the indicated conditions by post hoc least significant difference

test. Error bars correspond to one standard error of the mean across ten

participants.
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switch rate might be mediated by their impact on the develop-
ment and maturation of the SPL.

How differences in the structure of SPL result in differences
in perceptual switch rate remains unclear. One possible mech-
anism is the differences in the strength of feedback signals
from SPL to early sensory areas that reset the neuronal activ-
ities supporting the current percept. If the SPL is large and
strongly connected to early visual areas, the impact of the
feedback signals would also be stronger and therefore trigger
perceptual switches at a higher rate.

In the present study, we used SFM as a representative bista-
ble stimulus. Thus, whether our findings generalize to a
broader range of bistable stimuli remains an open question.
However, previous studies suggest the existence of neural
substrates common to a range of bistable stimuli. For exam-
ple, temporal pattern of alternations reported during binocular
rivalry is highly correlated with that of motion-induced blind-
ness [5]. Moreover, strong correlation has been reported
between perceptual switch rates for auditory rivalry and
visual plaid rivalry [29], suggesting common mechanisms
even across different modalities. On the other hand, there is
evidence that binocular rivalry, compared to more general
perceptual rivalry, might be mediated by low-level sensory
processing (e.g., [30, 31]). Further studies are warranted to
determine whether the structure of SPL predicts switch rates
for other types of rivalry stimuli such as binocular rivalry or
auditory rivalry.

Previous functional neuroimaging [12–14] and stroke patient
[32, 33] studies showed possible involvements of the
prefrontal cortex in spontaneous alternations. However, our
present study did not find any prefrontal region that correlated
with individuals’ switch rate. One possibility is that even
though prefrontal regions did correlate with spontaneous
switch rate, the correlation was weaker and did not survive
our stringent statistical criterion (i.e., whole-brain family-wise
error correction). To examine this possibility, we specifically
examined the previously reported prefrontal loci using small-
volume correction. However, none of the previously reported
regions, including the frontal loci, showed a significant corre-
lation with individuals’ switch rate, even with a more liberal
statistical threshold (see Supplemental Results). This sug-
gests that even though prefrontal regions are activated at the
time of spontaneous alternations, their structure does not
directly predict individuals’ switch rate.
Finally, our work shows that intervention with TMS may be

a particularly powerful approach for validating findings from
independent structural analyses of the brain. Our approach
of linked anatomical and functional studiesmay be particularly
relevant and useful for addressing a situation that may arise in
large-scale correlational studies such as VBM. Highly specific
interventional studies with TMS can be combined with highly
sensitive correlational methods such as VBM and FA to con-
firm the causal link between the behavior of interest and brain
regions identified by structural analyses.
Taken together, our findings reveal that in humans, the

cortical thickness and GM density in remarkably focal regions
of parietal cortex can account for differences in how conscious
visual perception fluctuates over time, and that the same
regions showing this structural variability also play a causal
role in bistable perception. We speculate that other aspects
of conscious visual perception may similarly have an unex-
pected motif in human brain structure.

Experimental Procedures

Full details of the methods used are provided in the Supplemental Experi-

mental Procedures.

Participants

A total of 52 healthy volunteers were recruited for the individual differences

experiment; 12 healthy volunteers were recruited for the TMS experiment.

We obtained written informed consent from all participants, and the exper-

iments were approved by the local ethics committee (University College

London).

Individual Differences Experiment

Cortical Thickness

Reconstruction of the pial surface andGM/WMboundarywas performed for

T1-weighted magnetic resonance (MR) images via the fully automated

procedure implemented in FreeSurfer software [34, 35]. The thickness

measures were smoothed with a Gaussian kernel over the extracted

surfaces (full width half maximum [FWHM] = 15 mm). A multiple regression

was performed to identify cortical regions that show a correlation with

individuals’ percept duration. The gender and age of each participant was

included in the multiple regression analysis design matrix as covariates of

no interest to model and thus regress out any effects attributable to age

or gender [11, 26]. Cluster-wise correction for multiple comparisons was

performed byMonte Carlo simulation with 10,000 simulations for estimating

the probability of forming a cluster of a given size by chance when clusters

were obtained by a vertex-wise threshold of p < 0.005. We took a threshold

of cluster-wise p values of 0.05 as the criterion for significant clusters.

Voxel-Based Morphometry

The same set of T1-weighted MR images were used for the VBM analysis.

The MR images were first segmented for gray matter and white matter by

using the segmentation tools in SPM8 (http://www.fil.ion.ucl.ac.uk/spm).

Subsequently, we performed diffeomorphic anatomical registration through

exponentiated lie algebra (DARTEL) [36] for intersubject registration of the

GM images. The registered images were smoothed with a Gaussian kernel

(FWHM = 8 mm) and then transformed to Montreal Neurological Institute

http://www.fil.ion.ucl.ac.uk/spm
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stereotactic space for multiple regression analysis. The gender and age of

the participants were included in the design matrix as covariates of no

interest. We used p < 0.05 family-wise error corrected for the whole-brain

volume as the criterion to detect voxels with a significant correlation with

an individual’s percept duration.

Fractional Anisotropy

FA was calculated by using Functional Magnetic Resonance Imaging of the

Brain (FMRIB)’s Diffusion Toolbox (FDT v2.0) applied to the diffusion-

weighted MR images. FA images were coregistered with a standard

template (FMRIB58). The standardized FA images were smoothed with an

isotropic Gaussian kernel (FWHM = 8 mm) for multiple regression analysis.

We used SVC based on the coordinates of parietal sites revealed in the VBM

analysis. We used p < 0.05 corrected for the small volume as the criterion to

detect voxels with a significant correlation with an individual’s percept

duration.

TMS Experiment

The stimuli and procedure for the TMS experiment were identical to the

experiment used for estimating individuals’ percept duration for the corre-

lation studies above.Mean percept duration was compared before and after

cTBS. Participants completed three blocks reporting their ambiguous

motion percepts before the TMS session and another three blocks immedi-

ately after. The three stimulation sites (right SPL, left SPL, and vertex) were

tested on separate days, and the order of the sites was randomized for each

subject.

Supplemental Information

Supplemental Information includes four tables, Supplemental Results,

Supplemental Discussion, and Supplemental Experimental Procedures

and can be found with this article online at doi:10.1016/j.cub.2010.07.027.
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