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cortices in one', with twice the number of neurons underneath a
square millimetre of surface than the remainder of neocortex12. The
density of neurons in the rest of neocortex scales similarly as in V1
(ref. 12), and all of the hominoid thalamic nuclei also have neuronal
densities that vary in about the same was as in LGN13±15; altogether,
then, the relations between number of thalamic neurons and
number of neocortical neurons is about the same as the 3/2
power scaling law described above for the primary visual cortex.
The conservation of these scaling relations raises the possibility
that a similar basis for the scaling laws exists for all cortical areas. In
this view, each cortical area would be provided with a map of some
sortÐperhaps one with very abstract quantitiesÐand the job of the
cortex would be to extract some characteristic of the map at each
point that would be represented as a location code by the neurons in
each map `pixel'. Note that the information in the map need not be
supplied by thalamus; this structure would only have to determine
the number of pixels in the map. If n pixels are present in a cortical
region, then the number of neurons per pixel needed to maintain
the same resolution within a pixel as across pixels would vary as n1/2.
A 3/2 power relation would result.
M

Methods

To obtain the relation between the number of LGN and V1 neurons, I must make use of
three separately determined scaling relations. First, for haplorhines, the volume V of the
grey matter in V1 is related to the LGN volume v by a power law4,16 (see Fig. 2),
V  Ava
where A = 14.61 6 4.78 and a = 1.125 6 0.057; volumes are measured in cubic millimetres
and refer to both hemispheres.
These volumes can be converted to numbers of neurons, if the neuronal densities in
LGN and V1 are known. The numbers of neurons n in the LGN, as a function of LGN
volume v, conform to a power law17 for 23 haplorhines and 17 strepsirhines,
n  Bv b
with b = 0.659 6 0.06 for haplorhines and b = 0.683 6 0.22 for the strepsirhines, values
that are not signi®cantly different. The scale factor B, however, is different with a value of
0.071 6 0.025 for haplorhines and 0.046 6 0.029 for strepsirhines. This power law is based
on data from ref. 17 combined with data from ref. 4.
The relation between V1 volume V and the number of V1 neurons N also follows the
power law,
N  DV d
where D = 0.232 and d = 0.902. This relation is obtained by using the observation12 that
0.195 million neurons are found beneath a square millimetre of V1 surface in primates (the
value is corrected for 18% shrinkage), and the weak power law dependence of V1 thickness
t on cortical surface area S described12,18 by;
t  0:825S 0:108
When V and v are converted to N and n with the equations above, a power law results
(Fig. 1) with an exponent l:
l  ad=b  1:54 6 0:072
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To understand conscious vision, scientists must elucidate how the
brain selects speci®c visual signals for awareness. When different
monocular patterns are presented to the two eyes, they rival for
conscious expression such that only one monocular image is
perceived at a time1,2. Controversy surrounds whether this binocular rivalry re¯ects neural competition among pattern representations or monocular channels3,4. Here we show that rivalry
arises from interocular competition, using functional magnetic
resonance imaging of activity in a monocular region of primary
visual cortex corresponding to the blind spot. This cortical region
greatly prefers stimulation of the ipsilateral eye to that of the
blind-spot eye. Subjects reported their dominant percept while
viewing rivalrous orthogonal gratings in the visual location
corresponding to the blind spot and its surround. As predicted
by interocular rivalry, the monocular blind-spot representation
was activated when the ipsilateral grating became perceptually
dominant and suppressed when the blind-spot grating became
dominant. These responses were as large as those observed during
actual alternations between the gratings, indicating that rivalry
may be fully resolved in monocular visual cortex. Our ®ndings
provide the ®rst physiological evidence, to our knowledge, that
interocular competition mediates binocular rivalry, and indicate
that V1 may be important in the selection and expression of
conscious visual information.
Despite extensive research, the neural basis of binocular rivalry
has remained highly controversial. Speci®cally, it is debated whether
discrepant monocular patterns rival because of interocular competition or pattern competition. Human psychophysical studies have
provided evidence that rivalry results from interocular competition
among monocular neurons in primary visual cortex (V1)3. However, single-unit recordings in awake, behaving monkeys have
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yielded negligible evidence of rivalry-related activity in V1, inconsistent effects in visual areas V4 and MT, and strong effects in
inferotemporal cortex4±6. These neurophysiological ®ndings instead
indicate that rivalry may result from competition among incompatible pattern representations at higher levels of the visual pathway,
well after inputs from the two eyes have converged in V1.
To resolve this issue, we used functional magnetic resonance
imaging (fMRI) to monitor rivalry-related activity in a monocular
region of human V1 corresponding to the blind spot. The blind
spot is a part of the retina that has no photoreceptors; its size is
around 4 ´ 68 and it is about 158 medial to the fovea (Fig. 1a). In
human primary visual cortex, the blind spot is represented as a
relatively large monocular region (around 10 mm ´ 5 mm; J. C.
Horton, personal communication) that receives direct input
solely from the ipsilateral eye and not from the (contralateral)
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blind-spot eye. The monocular V1 blind-spot representation is large
enough for functional imaging7.
Functional MRI has suf®cient sensitivity and temporal resolution
to detect rivalry-related responses in stimulus-selective extrastriate
areas8. We predicted that if rivalry arises from interocular competition, then the ipsilateral-responsive neurons in the V1 blind-spot
representation should show increased activity when subjects
perceive a grating pattern presented to the ipsilateral eye and
suppressed activity when subjects perceive a rivalrous grating
presented to the blind-spot eye. Such excitation and suppression
should occur even though both gratings are constantly present.
Furthermore, if rivalry is fully resolved through interocular
competition, then these neural responses during rivalry should be
identical to those evoked by actual stimulus alternations between
the ipsilateral grating and the blind-spot grating.
We performed three types of fMRI scan: V1 blind-spot localization scans, rivalry scans and stimulus alternation scans. Before MRI
scanning, subjects mapped the visual ®eld location of the right eye's
blind spot by manipulating the location and size of a black ¯ickering
circular probe. During V1 blind-spot localization scans, subjects
maintained ®xation while viewing on/off sequences of a ¯ickering
checkerboard pattern using either their left ipsilateral eye or right
blind-spot eye (Fig. 1a). The checkerboard was presented in the
region of visual space corresponding to the blind spot and its
immediate surround with a diameter of 88, almost twice the size
of the blind spot. Although the blind spot could not register the
central portion of the checkerboard, the stimulus was perceptually
®lled in owing to stimulation of the blind spot's surround9.
The V1 blind-spot representation was reliably identi®ed on the
basis of the voxels in the left calcarine sulcus that showed a greater
response to stimulation of the ipsilateral eye than of the blind-spot
eye (see Methods). Figure 1 shows the fMRI response and anatomical locus of this region in one subject. The V1 blind-spot
representation was highly monocular, responding vigorously to
stimulation of the ipsilateral eye (Fig. 1b, left) and negligibly to
stimulation of the blind-spot eye (Fig. 1b, right). In all subjects, this
monocular region was located in the depth of the calcarine sulcus
(Fig. 1c), a location that is always contained within primary visual
cortex10.
During rivalry scans, a red vertical grating was presented to one
eye and a green horizontal grating was presented to the other eye in
the visual location corresponding to the blind spot and its surround
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Figure 1 Localization of the V1 blind-spot representation. a, Viewing conditions. Subjects
maintained ®xation on a reference point while viewing a ¯ickering checkerboard pattern
(stimulus size 88, check size 18, temporal frequency 7.5 Hz, contrast 100%) with either
the ipsilateral eye or blind-spot eye. The centre of the checkerboard fell on the blind spot
(optic nerve head, size ,48 ´ 68) of the right eye but not the left eye. b, Average fMRI
responses in the V1 blind-spot representation of one subject during stimulation of the
ipsilateral or blind-spot eye. Data represent mean 6 s.e. of eight stimulus periods (on
15 s, off 15 s) and are expressed in per cent signal change relative to the mean MR level
throughout the scan. This region is activated by ipsilateral stimulation only. c, V1
representation of the right eye's blind spot in the left calcarine sulcus (three voxels
highlighted in white, voxel size 3.1 ´ 3.1 ´ 4 mm, slice plane perpendicular to calcarine).
Functional data are superimposed on high-resolution anatomical T2-weighted images.
196

Time (s)

Figure 2 Binocular rivalry and stimulus alternation tasks. a, Rivalrous oscillating sinewave gratings were presented to the blind-spot eye and ipsilateral eye (size 88). When
viewed through red and green ®lter glasses, only the green horizontal grating could be
seen through one eye and only the red vertical grating through the other eye (spatial
frequency 0.67 cycles per degree, speed 2 Hz, direction reversal every 500 ms, contrast
75%, mean luminance through matching ®lter 3.4 cd m-2). Although both gratings were
constantly present, subjects reported alternately perceiving either the red or green
grating. b, On stimulus alternation scans, the physical stimulus alternated between the
red grating and green grating using the sequence of reported alternations from a previous
rivalry scan. Subjects reported when the stimulus changed to the red or green grating.
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(Fig. 2a). Gratings moved back and forth within a stationary circular
aperture to ensure continuous visual stimulation. Subjects used a
button box to report whenever their dominant percept changed to
the vertical grating or horizontal grating, or if a blend of the two
gratings persisted.
On subsequent stimulus alternation scans, the physical stimulus
alternated between non-rivalrous monocular presentations of either
the red vertical grating or the green horizontal grating using the
same sequence of alternations reported in a previous rivalry scan
(Fig. 2b). To mimic the phenomenal alternations of rivalry, one
monocular stimulus would gradually fade from maximum to zero
contrast while the other monocular grating would gradually appear
(zero to maximum contrast) over 250 ms. Subjects were instructed
to report when the stimulus switched to the vertical grating,
horizontal grating or a blend of the two stimuli.
Subjects reported normal rivalry alternations between the ipsilateral and blind-spot gratings with extensive periods of exclusive
dominance and minimal perceptual blending (Table 1). The ability
of the blind-spot surrounding grating to suppress the entire
ipsilateral grating, including its central `unpaired' region, is consistent with the ®nding that binocular rivalry can occur among
nonoverlapping stimuli2. In separate psychophysical studies, we
have con®rmed the rivalrous nature of these interactions encompassing the blind spotÐincreasing the contrast of either grating
decreased the dominance duration of the opposing grating, as is
found in foveal vision11.
Three out of four subjects showed signi®cantly longer dominance
durations for the ipsilateral grating than for the blind-spot grating

(S1, S2, S4, t . 2.0, P , 0.05). These behavioural ®ndings, though
preliminary, are consistent with the hypothesis that rivalry dominance depends upon the ratio of monocular neurons activated by
each eye3.
We calculated fMRI responses by averaging the fMRI time course
surrounding all occurrences of a reported switch to the ipsilateral
grating or blind-spot grating, time-locked to each reported switch.
Figure 3 shows the average fMRI responses of each subject for rivalry
versus stimulus alternation. The vertical bar at time zero indicates
the time of the reported switch.
Although both gratings were constantly present during rivalry,
the monocular blind-spot representation showed a sharp increase in
fMRI activity soon after subjects reported that the ipsilateral grating
had become perceptually dominant (Fig. 3a, green solid line). This
rise in activity re¯ects the increased ®ring of the monocular neurons
that receive input from the ipsilateral eye. Conversely, when the
blind-spot grating became dominant, activity in this monocular
region showed a sharp decrease (Fig. 3a, red dotted line). Thus, the
signals from the ipsilateral eye to the V1 blind-spot representation
were suppressed when the stimulus entering the other eye became
perceptually dominant.
All four subjects showed the same qualitative pattern of awareness-related responses during rivalry. This tight correspondence
between visual awareness and neural activity in monocular visual
cortex con®rms the predictions of interocular rivalry.
Functional MRI responses evoked by stimulus alternation
(Fig. 3b) were remarkably similar to those observed during rivalry
in their pattern, magnitude and timing. The initial peak or trough of
the response always occurred from 0 to 2 s after the reported switch
and the ®nal peak or trough always occurred between 3 and 6 s after
the switch. These peak-to-trough differences were highly reliable,
yielding statistically signi®cant linear or quadratic trends in fMRI
responses within this time window (0 to 6 s) for all subjects, switch
types and conditions (F . 4.1, P , 0.05).
To assess whether rivalry was fully resolved in the monocular V1
blind-spot representation, we compared the amplitude of fMRI
responses (®nal minus initial peak-to-trough difference) for rivalry
versus stimulus alternation. Figure 4 shows the normalized fMRI
response amplitude of each subject, switch type and condition.
Statistical analyses revealed that fMRI responses did not differ for

Table 1 Perceptual dominance durations reported during rivalry
Mean dominance duration (s)
Subject
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S3
S4
Mean
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1.4
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4
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Dominance durations for each grating followed a gamma-shaped distribution characteristic of
binocular rivalry2; mean dominance durations are shown. Relative predominance is the percentage
of total viewing time that the subject reported perceiving the ipsilateral grating only, the blind-spot
grating only or a perceptual blend of both gratings.
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Figure 3 fMRI activity during rivalry and stimulus alternation. Average fMRI activity in the
V1 blind-spot representation during perceptual switches to the ipsilateral grating (green
solid line) or blind-spot grating (red dotted line) for rivalry (a) versus stimulus alternation
(b). Data of all four subjects are plotted on individually scaled y-axes. Vertical lines at time
zero indicate the time of the subject's response. a, During rivalry, fMRI activity increases
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sharply soon after the ipsilateral grating becomes dominant in awareness and decreases
when the blind-spot grating becomes dominant, consistent with the predictions of
interocular competition. b, Very similar fMRI responses occur during stimulus alternations
between the two monocular gratings. (fMRI responses typically peak 2±6 s after stimulus
onset because of haemodynamic lag.)
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rivalry versus stimulus alternation (F , 1). Positive responses for
the ipsilateral grating were larger than negative responses for the
blind-spot grating (F = 102, P , 0.005) but rivalry and stimulus
alternation remained equivalent across both types of neural
response.
The equivalence between fMRI responses for rivalry and stimulus
alternation indicates that it is likely that rivalry has been entirely
resolved among monocular neurons in the V1 blind-spot representation, such that neural activity entirely re¯ects the subject's
perceptual state. Thus, functionally equivalent neural responses
are observed when the subject's conscious state alternates between
the ipsilateral grating and blind-spot grating during constant
rivalrous stimulation and when the physical stimulus itself alternates between each grating shown alone.
Our results show that binocular rivalry is resolved in monocular
visual cortex and provide physiological evidence to support interocular competition. These theories predict that left-eye versus righteye inputs are alternately suppressed during rivalry because of lateral
inhibition among monocular V1 neurons3 or feedback inhibition
from V1 to monocular layers of the lateral geniculate nucleus12. In
contrast, theories of pattern competition propose that rivalry occurs
among binocular pattern neurons at much higher levels of the visual
pathway and not among monocular neurons4. Our ®ndings therefore help to resolve the neural basis of binocular rivalry.
Previous studies have found evidence of rivalry-related neural
activity but none has established the involvement of monocular
neurons4±6,8,13±18. In a single-unit study in monkeys, only 3 out of 33
V1 neurons showed signi®cant responses corresponding to conscious perception, suggesting that rivalry takes place at higher levels
of the visual pathway4. However, reanalysis revealed that across this
V1 population, responses during rivalry equalled one-third of the
magnitude of stimulus alternation responses13. These results are
more consistent with an fMRI study showing reliable rivalry
responses in human V1 that were about half the magnitude of
stimulus alternation responses13. (Unfortunately, this study could
not isolate monocular responses.) The authors suggested many
factors that might account for the stronger rivalry effects in human
V1, including interspecies differences, the indirect nature of fMRI in
estimating neural activity, and the effects of eye movements on
single-unit recordings.
In our view, the present ®nding of equally powerful rivalry and

Methods

2

Normalized MR signal change

Ipsilateral grating

Blind-spot grating

Rivalry
Rivalry

Stimulus
alternation

Stimulus
alternation

–1

MRI acquisition
Subjects were scanned at the UCLA Division of Brain Mapping on a 3T General Electric
scanner using a head coil. We collected functional images using 5±6 slices oriented
perpendicular to the calcarine sulcus with the ®rst slice beginning about 10 mm anterior to
the occipital pole (slice thickness 4 mm, inter-slice distance 1 mm, in-plane resolution
3.125 ´ 3.125 mm). We used standard T2*-weighted echoplanar imaging to localize the V1
blind-spot representation (TR = 2.5 s, TE = 45 ms, ¯ip angle 808) and for rivalry and
stimulus alternation scans (TR = 1.0 s, TE = 45 ms, ¯ip angle 458). Functional images were
superimposed on high-resolution T2-weighted anatomical images (in-plane resolution
0.78 ´ 0.78 mm). A bite bar minimized head motion.

V1 blind-spot localization

–2

Figure 4 fMRI response amplitudes for rivalry versus stimulus alternation. Amplitude of
fMRI responses (peak-to-trough difference, time window 0 to +6 s) of each subject (n = 4)
for switches to the ipsilateral grating (left) and blind-spot grating (right) during rivalry
versus stimulus alternation. Responses are normalized relative to each subject's mean
response magnitude across the four conditions. fMRI responses for rivalry versus stimulus
alternation did not reliably differ (F , 1).
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Subjects
Four healthy right-handed volunteers (three women), aged 21±28, participated. All had
normal or corrected-to-normal visual acuity and normal stereo-depth perception. Two
subjects were right-eye dominant and two were left-eye dominant. Before the fMRI
experiment, subjects received training on how to localize their blind spot in visual space
and to report their online perception during binocular rivalry and stimulus alternation.

1

0

stimulus alternation responses strongly suggests that binocular
rivalry is resolved in monocular visual cortex. Although fMRI
provides an indirect estimate of neural activity, any factors that
might in¯ate response amplitudes during rivalry would also do so
during stimulus alternation. In contrast, certain factors may have
diluted rivalry responses in previous studies. These include suboptimal viewing conditions that lead to frequent perceptual blends,
and variability in the accuracy or timing of subjects' perceptual
report. Isolating factors that weaken rivalry responses is an important direction for future research.
Although competition among binocular pattern neurons alone
cannot account for our ®ndings, it remains possible that feedback
signals from binocular neurons to monocular neurons might yield
the interocular suppression that we observe. However, such a theory
fails to explain why pattern competition should lead to selection at
the monocular level. Furthermore, it remains unclear how feedback
projections from binocular neurons might target a speci®c monocular channel. Given these dif®culties, interocular competition
provides the most compelling explanation for rivalry in monocular
visual cortex.
Our data also address a debate regarding whether common or
separate neural mechanisms underlie binocular rivalry and related
phenomena involving pattern rivalry. For example, two low-contrast
patterns presented to one eye can weakly rival with each other1,19.
Moreover, one of two dichoptic patterns can maintain dominance
even when the patterns are frequently swapped between eyes20,21.
Such rivalry probably involves high-level pattern competition. One
proposal is that pattern competition may generally account for
binocular rivalry20,22. However, our results suggest that a separate
mechanism of interocular competition entirely accounts for the
binocular rivalry in our subjects.
Finally, our ®ndings show that neurons can re¯ect conscious
perception at a much earlier level of the visual pathway than
previously thought4,23. These results have one of two implications.
One possibility is that certain aspects of conscious vision begin to
emerge at the very earliest stage of cortical processing among monocular V1 neurons. Alternatively, our ®ndings may suggest a new role
for V1 as the `gatekeeper' of consciousness, a primary cortical region
that can select which visual signals gain access to awareness. In either
case, our study ®rmly establishes the importance of primary visual
cortex in binocular rivalry and conscious vision.
M

On separate fMRI scans, subjects viewed a counterphasing black/white checkerboard
pattern with either their left ipsilateral eye or right blind-spot eye as shown in Fig. 1a. (In
the actual experiment, a real ®xation point was placed around 158 to the left of the subject's
midline and the stimulus appeared roughly on the midline at a distance that closely
corresponded to the subject's horopter.) Each scan consisted of an initial 30-s rest period
followed by eight cycles of stimulation (15 s) and rest (15 s). We calculated activation maps
and difference maps using multiple regression24. A linear model consisting of sinusoidal
response functions was ®t to the fMRI activity observed during the eight cycles of visual
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stimulation for each eye. We identi®ed the V1 blind-spot representation in individual
subjects as those voxels in the left calcarine sulcus that showed both a signi®cant response
to ipsilateral stimulation and a signi®cantly greater response to ipsilateral than blind-spot
stimulation using a minimum statistical threshold of t = 2.0, P , 0.05. The blind-spot
representation ranged in size from 3±5 voxels (voxel size 3.125 ´ 3.125 ´ 4 mm) across
subjects, consistent with size estimates based on post-mortem neuroanatomical studies
(J. C. Horton, personal communication).

Binocular rivalry and stimulus alternation scans
During these scans, two subjects viewed the red vertical grating and green horizontal
grating with their left eye and right eye, respectively, whereas two subjects received the
reverse eye assignment. Subjects performed 7±10 scans of rivalry and an equal number for
stimulus alternation. Each scan lasted for 90 s. We discarded the ®rst 10 s of fMRI activity
to remove transient responses to the onset of the stimulus. We converted fMRI activity
from the V1 blind-spot representation to per cent signal change from the mean level
during the scan, and potential MR spikes and artefacts were minimized by reducing any
outliers to lie within 3 s.d. of the mean.
We conducted an event-related fMRI analysis for reported switches between the blindspot and ipsilateral grating. Previously, we found that rivalry responses increase as a
function of percept duration and that very brief percepts led to unreliable fMRI responses8.
Here, a switch was considered valid only if the percept immediately preceding and
following the reported switch lasted longer than 2 s. An intervening blend response was
allowed if it occurred within 1 s before the reported switch, in which case the blend
duration was incorporated into the pre-switch period. fMRI responses of each subject were
calculated by separately averaging the fMRI time course surrounding all occurrences of a
reported switch to the ipsilateral grating or blind-spot grating for rivalry versus stimulus
alternation, time-locked to each reported switch (rounded to the nearest second). Each
average fMRI response function consisted of 39±55 observations.
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With the availability of a dense genome-wide map of single
nucleotide polymorphisms (SNPs)1, a central issue in human
genetics is whether it is now possible to use linkage disequilibrium (LD) to map genes that cause disease. LD refers to correlations among neighbouring alleles, re¯ecting `haplotypes'
descended from single, ancestral chromosomes. The size of LD
blocks has been the subject of considerable debate. Computer
simulations2 and empirical data3 have suggested that LD extends
only a few kilobases (kb) around common SNPs, whereas other
data have suggested that it can extend much further, in some cases
greater than 100 kb4±6. It has been dif®cult to obtain a systematic
picture of LD because past studies have been based on only a few
(1±3) loci and different populations. Here, we report a large-scale
experiment using a uniform protocol to examine 19 randomly
selected genomic regions. LD in a United States population of
north-European descent typically extends 60 kb from common
alleles, implying that LD mapping is likely to be practical in this
population. By contrast, LD in a Nigerian population extends
markedly less far. The results illuminate human history, suggesting that LD in northern Europeans is shaped by a marked
demographic event about 27,000±53,000 years ago.
To characterize LD systematically around genes, each of the 19
regions that we studied was anchored at a `core' SNP in the coding
region of a gene. The core SNP was chosen from a database of more
than 3,000 coding SNPs that had been identi®ed by screening in a
multi-ethnic panel (see Methods), subject to two requirements.
First, `®nished' genomic sequence was available for 160 kb in at least
one direction from the core SNP; second, the frequency of the minor
(less common) allele was at least 35% in the multi-ethnic panel.
We focused on high-frequency SNPs for several reasons. First,
they tend to be of high frequency in all populations7, facilitating
cross-population comparisons. Second, LD around common alleles
represents a `worst case' scenario: LD around rare alleles is expected
to extend further because such alleles are generally young8 and there
has been less historical opportunity for recombination to break
down ancestral haplotypes2. Third, LD around common alleles can
be measured with a modest sample size of 80±100 chromosomes to
a precision within 10±20% of the asymptotic limit (see Methods).
Last, LD around common alleles will probably be particularly
relevant to the search for genes predisposing to common disease9.
To identify SNPs at various distances from the core SNP, we resequenced subregions of around 2 kb centred at distances 0, 5, 10,
20, 40, 80 and 160 kb in one direction from the core SNP using 44
unrelated individuals from Utah. Altogether, we screened
251,310 bp (see Methods) and found an average heterozygosity of
p = 0.00070, consistent with past studies1. A total of 272 `high
frequency' polymorphisms were identi®ed (Table 1).
We measured LD between two SNPs using the classical statistic D9
(see Methods)10. D9 has the same range of values regardless of the
frequencies of the SNPs compared11. Its sign (positive or negative)
² Present address: Celera Genomics, 45 West Gude Drive, Rockville, Maryland 20850, USA.
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