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Dinocular rivalry provides a useful experi
mental paradigm with which to study the 
neural correlates of conscious perception ( 1 -
3). When dissimilar images are presented to 
the two eyes, they compete for perceptual 
dominance so that each image is visible in 
turn for a few seconds while the other is 
suppressed. Because perceptual transitions 
between each monocular view occur sponta
neously without any change in the physical 
stimulus, neural responses associated with 
perceptual processes can be distinguished 
from those due to stimulus characteristics. 
Recent neurophysiological studies in awake 
monkeys have established that, whereas the 
firing of most neurons in primary visual cor
tex (VI) correlates with the stimulus and not 
the percept during rivalry, activity of neurons 
at higher levels in the visual pathway, such as 
in the inferotemporal cortex, reflects the per
ceptual state (3). These findings suggest that 
rivalry results from a competition between 
alternative stimulus interpretations at a level 
beyond the stages of monocular processing 
early in visual cortex (4). Psychophysical ob
servations also suggest that perceptual alter
nation during rivalry results from the same 
neural operations underlying other multi-
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stable perceptual phenomena, such as depth 
reversals and ambiguous figures, that show 
similar temporal dynamics to binocular rival
ry (5). Although less pronounced, similar 
perceptual fluctuations can also be experi
enced in normal vision and may therefore 
reflect a basic perceptual strategy to re
solve visual ambiguity (6). Yet despite sig
nificant interest in the neural correlates of 
binocular rivalry {1-3), the mechanisms 
underlying these perceptual alternations 
remain unknown. 

Here we investigate these mechanisms by 
characterizing neural activity associated with 
perceptual transitions per se, rather than ac
tivity associated with perceptual state during 
rivalry. Our results provide evidence for an 
involvement not only of occipitotemporal 
visual areas in binocular rivalry, but also 
indicate a specific and previously unknown 
role for frontoparietal areas in mediating the 
perceptual transitions experienced during ri
valry. These results were obtained by mea
suring brain activity with functional magnet
ic resonance imaging (fMRI) in humans 
who reported their percepts under two dif
ferent viewing conditions (7). In the first 
condition, subjects viewed dichoptic stimuli 
consisting of a red-colored drifting grating 
shown to one eye and a green-colored face 
shown to the other eye. These images were 
chosen because they are highly dissimilar 
and readily produce full-field rivalry when 

Neural Correlates of Perceptual Rivalry 
in the Human Brain 

Erik D. Lumer,* Karl J. Friston, Geraint Rees 

When dissimilar images are presented to the two eyes, perception alternates spontane
ously between each monocular view, a phenomenon called binocular rivalry. Functional 
brain imaging in humans was used to study the neural basis of these subjective perceptual 
changes. Cortical regions whose activity reflected perceptual transitions included extra-
striate areas of the ventral visual pathway, and parietal and frontal regions that have been 
implicated in spatial attention; whereas the extrastriate areas were also engaged by 
nonrivalrous perceptual changes, activity in the frontoparietal cortex was specifically 
associated with perceptual alternation only during rivalry. These results suggest that 
frontoparietal areas play a central role in conscious perception, biasing the content of visual 
awareness toward abstract internal representations of visual scenes, rather than simply 
toward space. 
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viewed through stereoscopic glasses. By ma- 
nipulating the contrast setting in each im- 
age, we were able to bias perceptual domi- 
nance in favor of the grating, with long 
periods during which the grating was seen 
alone interrupted by shorter incursions of the 
face in conscious perception (Fig. 1) (8). 
Subjects used key presses to signal perceptual 
alternations from the grating to the face or 
vice versa. To control for motor effects, we 
compared the activity evoked during rivalry 
to that elicited in a second, nonrivalrous 
viewing condition that required the same 
type of motor responses. In this second con- 
dition, subjects were exposed to a "replay" of 
their perception during rivalry. This was 
achieved by presenting, in a chronology 
specified by the key reports during rivalry, 
either the face alone or the grating alone to 

of the visual occipitotemporal pathway, such 
correlates were not observed in primary visu- 
al cortex. Perceptual transitions experienced 
during dichoptic stimulation were highly cor- 
related with activity in extrastriate areas con- 
cerned with the representation of higher or- 
der properties of the visual scene (13). In 
particular, we detected transient responses 
that reflected these perceptual changes in 
regions of the fusiform gyri that included 
areas previously implicated in the perception 
of faces (14). By contrast to higher visual 
areas, early visual cortical areas showed no 
significant modulation of activity during ri- 
valrous transitions. The differential involve- 
ment of early and higher visual cortical areas 
in rivalry was further confirmed by an anal- 
ysis of activity correlated with the perceptual 

state rather than with the perceptual transi- 
tions reported by the subjects (15). These 
results in humans are consistent with recent 
findings in monkeys, suggesting that rivalry 
reflects central Drocesses that take effect sub- 
sequent to the'analysis of both monocular 
stimuli (3, 4). 

By comparing rivalry to a nonrivalrous 
viewing condition, the present study also al- 
lowed us to provide an answer to the central 
issue in multistable ~erce~tion-whether a 

A .  

specific machinery mediates the ongoing se- 
lection among sets of neuronal events com- 
peting for visual awareness. Because the ri- 
valry and replay conditions yield similar per- 
ception and behavior, we expected them to 
engage common neural pathways associated 
with the internal representation of visual 

one eye, and a gray patch-of comparable 
luminance to the other eye. At transition 
times, physical blends of the face and grating 
were shown. This stimulation was designed 
to produce a perception that closely mimics 
rivalry in both quality and timing, thus re- 
sulting in a matched sequence of motor re- 
ports in the two conditions (9). Because 
prolonged periods of stereoscopic fusion can 
cause ocular fatigue, a third, passive condi- 
tion was also introduced during scanning to 
allow visual rest. 

Functional MRI scans from six partici- 
pants were analyzed as a group, to identify 
brain areas where activity was consistently 
correlated with the perceptual changes re- 
ported during either viewing condition (10, 
I 1  ). To distinguish transient activity associ- 
ated specifically with perceptual alternation 
from other, nonselective effects of viewing 
condition, we modeled the predicted hemo- 
dynamic response to each transition event 
and tested for the presence of such responses 
in the data while treating the mean condi- 
tion-specific effects as confounds. Such an 
event-related modulation of the fMRI signals 
reflects neural activitv that is locked to the 
time of occurrence of perceptual transitions 
between face and grating. During rivalry, 
transient responses associated with s h i i  of 
perception were found bilaterally in extrastri- 
ate areas of the fusiform gyrus, in right infe- 
rior and superior parietal lobules, and in bi- 
lateral inferior frontal, middle frontal, and 
insular cortex (Fig. 2 and Table 1). Event- 
related activity was also observed in regions 
of the anterior cingulate cortex, supplemen- 
tary motor area (SMA), and left primary mo- 
tor and somatosensory cortex, consistent with 
the preparation and execution of appropriate 
motor reports. The estimated hemodynamic 
response to single transition events is shown 
for a representative region of activation in Fig. 
2 as a function of postevent time (1 2). 

Although neural correlates of rivalrous 
transitions were expressed at multiple levels 

Fig. 1. Temporal dynamics of bin- 
ocular ivalry during fMRI. The fre- 
quency histograms show the distil- 

0 c bution of dominance times for face 
a, 

rnean=1.9 s mean=5.4 s (left) and grating (right) reported by 
s .d .d .7  s a representative subject while un- 

s .d .a .9  s dergoing functional imaging. Mean 
dominance times averaged across 
subjects are given in (8). 

10 20 0 10 20 

Dominance phase durations (s) 

Fig. 2 Event-related activity during rivalry and replay conditions. (A) Four views of the medial and lateral 
surfaces of a rendering of the TI -weighted anatomical template image in Talairach space, on which are 
superimposed areas where evoked activity was specifically related to perceptual transitions in either the 
rivalry condition (red) or the replay cordtiion (green). A statistical threshold of Z = 3.09 (corresponding to 
P < 0.001, u n w e d )  was used for display purposes; peaks of activation reaching statistical signifi- 
cance after correction for multiple comparisons (P < 0.05) are l i i  in Table 1. The areas modulated by 
perception during both rivalrous and replay viewing, and the bilateral symmetry of the evoked activrty are 
apparent. (B) lllustratve postevent histograms of the modulation of ac t i i  produced by transition events 
in Wry (red) and replay (green) cordaions from three different subjects. The evoked activity (percent 
change in BOLD contrast) is shown as a function of postevent time (in seconds) for each subject, with the 
fitted models of hemodynamic response function superimposed in solid lines. The modulation of activity 
shown here is taken frwn avoxel in right anterior fusiform gyrus (x = 33 mm, y = -45 mm, z = -21 mm; 
Z = 8.10, P < 0.001 com?cted). 
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scenes and the generation of appropriate mo- in visual areas of the fusiform gyri and in way that they achieve alternating perception. 
tor responses. This was confirmed by the areas associated with movement (Fig. 2 and Whereas perceptual shifts during rivalry de- 
fMRI data: Event-related activity during re- Table 1) (16). However, the rivalry and re- rive from an endogenous neural instability in 
play was similar to that evoked during rivalry play conditions differ fundamentally in the the absence of changes in the stimulus, dur- 

ing replay they rely on exogenous manipula- 
tion of the visual input. Hence, we reasoned 
that any differential event-related activity 
between the two conditions would reflect 
these differences. Such a contrast would ex- 
pose the mechanisms underlying the ongoing 
selection between conflicting perceptual in- 
terpretations during rivalry, a conflict that is 
not evoked by the replay condition. In addi- 
tion, we predicted that the early visual cortex 
may show less transient activity during rival- 
ry than during replay, because dichoptic stim- 
ulation causes little modulation of neuronal 
activity and possible inhibition at this stage 
of processing (3, 17), whereas repeated stim- 
ulus onset and offset as generated during re- 
play typically evoke strong cortical responses. 

Fig. 3. Differential activation during rivalrous and nonrivalrous viewing. (A) Areas where transient activity 1, contrast to the bilateral pattern of 
related to perceptual shifts is greater under conditions of binocular rivalry compared with the replay event-related activity in common across con- 
condition, overlaid onto the average Talairach normalized anatomical MR image of the six subjects. 
Significant differential activation during rivalry (P < 0.05, corrected) is confined to the right hemisphere and ditions, activity specific to the rivalry condi- 

involves frontoparietal structures previously implicated in the shifting of spatial attention. Distance from the tion was lateralized the right 

anterior commissure is indicated for each coronal section. L, left; R, right. (8) A transverse section through during ri- 
the average norrnalized anatomical MR image, taken 9 mm below the bicommissural plane, on which are valrous perceptual transitions was seen in a 
superimposed two foci of activation that represent early visual areas where activity related specifically in region of right extrastriate visual cortex, 
time to perceptual transitions is greater under conditions of replay compared with rivalry. Brodmann area (BA) 19, and in the right 

inferior parietal, superior parietal, and inferi- 
Table 1. Coordinates and Z scores for event-related activation. Shown in the table are loci where Or (Fig. and This 
event-related activity is greater during replay compared with rivalry (replay > rivalry); modulation of pattern of activation was both highly signif- 
activity above baseline is measured when viewing dichoptic stimuli (rivalry) or replayed scenes (replay); icant and consistent across subjects. We also 
and event-related activity is greater during rivalry compared with replay (rivalry > replay). Only the most characterized areas where transient activity 
significant peaks within each area of activation are reported in the table (P < 0.05, corrected). associated with perceptual alternations was 

posterior 
B A 

anterior - 

greater during replay compared with rivalry. 
Areas that showed such differential activa- Talairach coordinates (mm) 7 

Cortical region L 

score 
X Y z tion were located in early visual cortex (me- 

dial portion of BA 18), in accord with our 
prior hypothesis (Fig. 3 and Table 1). The 
comparison between the rivalry and replay 
conditions demonstrates a double dissocia- 
tion; right frontoparietal regions show greater 
transition-related activity during rivalry, 
whereas early visual cortex shows greater 
transient responses during nonrivalrous view- 
ing. These differences cannot be attributed to 
the generation of motor reports because the 
two conditions entailed the same sequence of 
motor responses and produced similar activ- 

Right fusiform 
Left fusiform 
Medial anterior cingulate/SMA 

Rivalry 
33 

-30 
0 
9 

60 
54 

- 57 
30 
60 

-36 
39 

- 36 
Replay 
33 

-27 
57 
54 

-60 
69 

-39 
Rivalry > replay 

66 
36 
42 
51 

Replay > rivalry 
9 

Right insuldfrontal operculum 
Right inferior frontral 
Left insulalfrontal operculum 
Right superior parietal lobule 
Right inferior parietal lobule 
Left motor/somatosensory 
Right middle frontal 
Left middle frontal 

ity in cortical areas associated with move- 
ment (9). It is also unlikelv that this differ- Right fusiform 

Left fusiform 
Right insuldfrontal operculum 
Right inferior frontral 
Left insulalfrontral operculum 
Right superior temporal 
Left motor/somatosensory 

. . 
ential pattern of activity results from nonspe- 
cific differences in attentional demands be- 
tween the two conditions, such as arousal or 
difficulty. Frontoparietal activity has not 
been observed during the performance of 
other visual tasks in which attentional de- 
mands were varied systematically (1 8). More- 
over, changes in attentional demands typical- 
lv result in different levels of activation in 

Right inferior parietal 
Right superior parietal 
Right lateral extrastriate (BA 19) 
Right inferior frontal ventral areas involved in representation of 

visual scenes (1 9): such differences were not Right BA 18 
Left BA 1 8 observed in the present study when the two 

viewing conditions were compared. Instead, 
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the oresent results are more consistent with 
the notion that a d~stributed frontoparietal 
system specifically mediates the perceptual 
switches experienced during rivalry. 

Right frontoparietal areas have been tradi- - 
tionally implicated in visual tasks requiring 
spatial shifts of attention and working mem- 
ory (20-24). Visuospatial neglect syndromes 
occur most freque~~tlv and are more severe 
after lesions in ;he right inferior parietal and 
inferlor frontal cortex (21). Moreover, func- 
tlonal imaging experiments have shown that 
the region of superior parietal cortex identi- 
fied In the present study is also engaged by 
successive shifts of spatial attention (22). Fi- 
nally, differential activation of right extrastri- 
ate cortex has been reported in tasks directing 
attention to global aspects rather than local 
details of flgures (23). But our results show 
that these cortical areas are also involved in a 
phenomenon that exhibits a number of differ- 
ences compared to visuospatial attention. In 
contrast to shifts of attention, there 1s no 
spatial component to the perceptual transi- 
tions elicited during rivalry; moreover, nhere- 
as attentional shifts are subiect to too-down 
influences, rivalrous transitions recur in the 
absence of voluiltary control; finally, spatial 
attention also engages visual and motor areas 
that were not activated during rivalry (24). 
Why then should both phenomena involve 
overlapping regions of frontoparletal cortex? 
One possibility is that these areas subtend 
separate neural mechanisms for spatial atten- 
tion and perceptual rivalry. However, it is 
striking that both phenomena entail the sup- 
pression of visual information from conscious 
perception. Monocular stimuli become peri- 
odicaily invisible during rivalry; similarly,'sen- 
sorv events associated with unattended stim- 
uli'have a diminished impact on awareness 
during covert attention. These effects occur in 
both cases in spite of a rather constant retinal 
input. Both phenomena may therefore call 
upon a common neural machinery in fronto- 
parietal cortex, involved in the selection of 
neuronal events leading to visual awareness. 

Thus, our results suggest that the role of 
frontoparietal areas in conscious perception 
extends well beyond that of spatial process- 
ing. Consistent with this notion, lesions of 
parietal and inferior frontal cortex cause 
disorders of nonspatial forms of perceptual 
selection, In addition to spatial disorders 
(25). Further investigation of frontoparietal 
function in both human and nonhuman 
priinates may lead to a better understanding 
of the neural processes underlying the for- 
 nation of perceptual states and the aware- 
ness of sensory stimuli. 
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Proton Transfer Pathways in Bacteriorhodopsin ille val~les: R factor. 18.0%; R , ~ ~ .  23.691; and 

at 2.3 Angstrom Resolution 
average B, 26.7 A'. More detailed statistical 
infor~nation is given in Table 1. 

Hartmut Luecke," Hans-Thomas Richter, Janos K. Lanyi* 

Photoisomerization of the retinal of bacteriorhodopsin initiates a cyclic reaction in which 
a proton is translocated across the membrane. Studies of this protein promise a better 
understanding of how ion pumps function. Together with a large amount of spectro- 
scopic and mutational data, the atomic structure of bacteriorhodopsin, determined in the 
last decade at increasing resolutions, has suggested plausible but often contradictory 
mechanisms. X-ray diffraction of bacteriorhodopsin crystals grown in cubic lipid phase 
revealed unexpected two-fold symmetries that indicate merohedral twinning along the 
crystallographic c axis. The structure, refined to 2.3 angstroms taking this twinning into 
account, is different from earlier models, including that most recently reported. One of 
the carboxyl oxygen atoms of the proton acceptor Aspa5 is connected to the proton 
donor, the retinal Schiff base, through a hydrogen-bonded water and forms a second 
hydrogen bond with another water. The other carboxyl oxygen atom of Asp85 accepts 
a hydrogen bond from Thr8'. This structure forms the active site. The nearby Arg8" is 
the center of a network of numerous hydrogen-bonded residues and an ordered water 
molecule. This network defines the pathway of the proton from the buried Schiff base 
to the extracellular surface. 

Bacteriorhodopsin is a small integral m e n -  
bralle proteln that f~lnctions as a light-driv- 
e n  proton pump (1) .  Its seven-helical struc- 
ture has been described (2-5) a t  inc~easing 
resolutions, most recently at 2.5 A .  T h e  
proteln crystallizes from c~ lb ic  lipid phase as 
thin hexagonal plates containing stacked 
lavers of two-dimensional sheets of trimers. 
siinilar to the naturally occurring two- 
ililnensio~lal lattice forllled hv bacteriorho- 
dorsin (5, 6). T h e  time courses of absor- 
bance changes at 570, 410, and 640 nin 
after flash photoexcitation (7)  inilicate that 
the  photochemical cvcle in  these crvstals is 
nearly equivalent to  that of purple mem- 
hrane s~~spensions. W e  measured x-ra11 dif- 
fraction from these crystals. They belong to 
space group P6, with two trinlers per unit 

cell, offset by l/: in c. In aildition to the 
expected sixfolci symmetry along the  c axis, 
there are, unexpectedly, additional twofold 
axes in the  alb plane, as sho\vn in  Fig. 1. 
Glven the  space group for these crystals, 
this is an  indlcatioll of lnerohedral t\vin- 
ning, a phenomenon not uncoinlnon for 
certain space groups. Twinned crystals re- 
q ~ ~ i r e  special consideration because they are 
a mixture of two or Inore single crystals. If 
the  tn,innlng in these crystals were ~gnored,  
nearly 50% of the  scattering matter \vould 
not be accounted for. 

Taking twinning properly lnto account 
ylelded a refined structure different in some 
respects from the one that first used crystals 
froin cubic lipid phase (5).  ,Also, the statis- 
tics of the refinement as well as the electron 
density lnaps are improved. T h e  previously 
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- 
T h e  overall seven-helical structure is 

similar to  those previously determined (3- 
5 ) .  T h e  loop between helices B and C f o r m  
a short alltiparallel p-sheet in  the  sanle 
orientation as 111 the electron diffraction 
structures (3, 4). W e  observed n o  density 
for residues 1 to 5, 154 to  166 ( the  loop 
between helices E and F),  and 229 to 248 
(COOH-terminus).  In  several positions 
equivalent to the  diacyl lipid positions ob- 
served ln  one of the earlier structures frorn 
electron diffraction (3 ) ,  n7e also observed 
long sections of density \vlth various branch 
points that lve interpret as native dihydro- 
phytyl lipids, carried along through solubi- 
lization and cubic lipid phase crystalliza- 
tion. Model buildi~lg and refineinent for 
these areas are 111 progress. 

T h e  densities and the  refined lnodel a t  
locations of Interest are sholvn in Fig. 2. 
T h e  immediate environment of the  retinal 
Schiff base is sholvn in Fig. 2A. O D 1  of 
Asp", the protoll acceptor from the  Schiff 
base in  the transport cycle, is hydrogen- 
honded to a water molecule, labeled W401 
(8). O D 1  of Asp" also accepts a hydrogen 
bond from another water lnolecule (W402)  
that in turn accepts a hydrogen bond from 
the  Schiff base, a feature predicted and 
much discussed (9)  but not detected before. 
This water ~nolecule and Thr",which is 
hydrogen-boniled to OD2 of Asp" (see be- 
low), shoulil together lower the  pK, (KA is 
the  acici dissociation constant) of Aspsi and 
thereby stabilize the  otherwise energetically 
unfavorable Schiff base-Asp" ion pair in 
the unphotolyzed protein. If the two hydro- 
gen bonci donors were displaced or entered 
into hydrogen-bonding with other partners 
after photoisomerization of the  retinal, the  
pK,  of Asp" would be raised, and this 
would be a reason for its protonation by the  
Schiff base. 

T h e  extracellular region \vhere proton 
release to the  surface is induced by proto- 
nation of Aspsi (10) is shown in  Fig. 2B. 
Because titration of AspS' in the  dark de- 
tects the ilependence of its pK,  o n  the  
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