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For more than 30 years, psychophysical studies of visual pattern
discrimination have paralleled research on the neurophysiologi-
cal response properties of neurons in the visual cortex1,2. The
prevailing view has been that psychophysical judgments about
visual patterns are limited by neuronal signals in early visual cor-
tical areas (such as primary visual cortex, V1). Signal detection
theory has provided a theoretical framework for linking psy-
chophysics and physiology. One testable property of this class of
models of human pattern vision is that activity in early visual
cortex should correspond to the subjects’ percepts, even when
those percepts are inaccurate.

The relationship between psychophysics and neurophysiol-
ogy, as predicted by signal detection theory, can be studied
using a contrast detection task (Fig. 1). On each trial, subjects
were presented with one of two stimuli, either a background
pattern presented alone or the same background with a low-
contrast target pattern superimposed on it. Subjects pressed a
button to indicate whether they believed the target was present
or absent. Logically, there are four possible outcomes on a given
trial: hits, when the observer correctly responds ‘yes’ on a 
target-present trial; correct rejects, when the observer correctly
responds ‘no’ on a target-absent trial; false alarms, when the
observer erroneously responds ‘yes’ on a target-absent trial; and
misses, when the observer erroneously responds ‘no’ on a 
target-present trial. Because nearly all neurons in early visual
cortex increase their activity monotonically with contrast2–4,
target-present stimuli will, on average, evoke slightly greater
neuronal activity than will target-absent stimuli. Neuronal
responses vary, however, from one trial to the next, even when
physically identical stimuli are presented repeatedly4–7. This
variability in neuronal responses implies that a target-present
stimulus can sometimes evoke less activity than a target-absent
stimulus (Fig. 1, overlap between the two probability distribu-
tions). According to a simple model of the decision process,
observers respond ‘yes’ when the neuronal activity exceeds a
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We used functional magnetic resonance imaging (fMRI) to measure activity in human early visual cor-
tex (areas V1, V2 and V3) during a challenging contrast-detection task. Subjects attempted to detect
the presence of slight contrast increments added to two kinds of background patterns. Behavioral
responses were recorded so that the corresponding cortical activity could be grouped into the usual
signal detection categories: hits, false alarms, misses and correct rejects. For both kinds of background
patterns, the measured cortical activity was retinotopically specific. Hits and false alarms were
associated with significantly more cortical activity than were correct rejects and misses. That false
alarms evoked more activity than misses indicates that activity in early visual cortex corresponded to
the subjects’ percepts, rather than to the physically presented stimulus.

fixed criterion (the vertical line in Fig. 1), and otherwise they
respond ‘no’. This criterion divides the two response distribu-
tions into four parts corresponding to the four possible out-
comes. According to this model, we would expect the cortical
activity averaged over many neurons and many trials of each
outcome category to rank as follows: hits > false alarms >
misses > correct rejects. This prediction is intuitive for the trials
when the subject responds correctly (hits > correct rejects); cor-
tical activity should be greater when the target contrast pattern
is physically present in the stimulus. The prediction is counter-
intuitive for the error trials (false alarms > misses); cortical
activity now follows the subject’s percept, which is the opposite
of what is physically presented in the stimulus.

We used fMRI to measure activity in early visual cortex
while subjects performed the threshold contrast-detection task.
We observed that the average cortical activity within retinotopi-
cally predefined patches of cortex ranked as follows: responses
to hits ≈ false alarms > correct rejects ≈ misses. Cortical activity
during the error trials did indeed follow the subject’s percept.

RESULTS
Subjects viewed a uniform gray field and continuously fixated
on a small, high-contrast mark at its center while lying in the
bore of the magnetic-resonance imaging scanner. Once every 
2 s, a visual stimulus was displayed in an annulus around the
fixation mark (Fig. 2) for 1 s, and a response period followed.
On most of the trials, only a background pattern was presented;
on the remaining (∼ 1/6, randomly interleaved) trials, a low-
contrast target grating was added to the background. Subjects
pressed one of two buttons to indicate whether they thought
the target was present or absent. Two different kinds of back-
ground patterns were used in separate experiments: plaid and
noise. The plaid background provided a fixed stimulus config-
uration for which the only trial-to-trial variable was the pres-
ence or absence of the target. The noise background provided a
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variable stimulus configuration, reducing the a priori informa-
tion available to the subject and thereby making the task more
difficult. Consequently, to maintain a fixed level of performance
accuracy, target-contrast increments were considerably higher
for the noise background (3.5–4.2%) than they were for the
plaid background (0.6–0.9%).

fMRI data were collected in visual cortex during several
thousand trials for each of four subjects and for both back-
ground patterns. The large number of trials was required to
reliably measure the small fMRI signal changes (∼ 0.1–0.2%)
associated with the threshold-level stimulus contrast incre-
ments. Data were analyzed separately in visual areas V1, V2 and
V3. (Data were also collected in areas V3A and hV4 in some,
but not all, subjects and are shown in Table 1.) The analysis was
restricted to the subregion of each visual area that corre-
sponded retinotopically to the visual field location of the stimu-
lus annulus. The trials were sorted into the four signal-
detection categories: hits, false alarms, misses and correct
rejects. Because the target pattern was presented infrequently,
most of the trials (∼ 70%) corresponded to correct rejects.
Hence, fMRI activity levels associated with correct reject trials
were taken as a baseline, and we calculated the differential activ-
ity associated with hits, misses and false alarms.

The main result was that cortical activity corresponded to
trial category as follows: hits ≈ false alarms > correct rejects ≈
misses. This was evident in the fMRI time series acquired from
individual visual cortical areas in individual subjects (Fig. 3a and
b). It was also evident in a univariate measure of the fMRI
response amplitude, which was computed by averaging the activ-
ity over a time window in the vicinity of the peak activity (Fig. 3c
and d). Similar results were obtained using the peak fMRI ampli-
tude as a measure, rather than the time-average in the vicinity of
the peak (data not shown). When the data were combined across
all subjects, the same ranking (hits ≈ false alarms > correct rejects
≈ misses) was again clearly evident (Fig. 4a and b).

To verify the statistical significance of these results, we com-
pared the response amplitudes for the various trial categories,
specifically to test the ranking predicted by signal-detection the-
ory: hits > false alarms > misses > correct rejects. For complete-
ness, we tested all possible two-way comparisons between the
four categories, a total of six comparisons (hits > false alarms,
hits > misses, and so on). We performed t-tests on response

amplitudes grouped only by trial category, that is, collected
across subjects and visual areas. Four of the comparisons (hits >
misses, hits > correct rejects, false alarms > misses, false alarms >
correct rejects) were highly significant, as predicted by signal
detection theory, for both the plaid-background data 
(P <<  0.001) and for the noise-background data (P <<  0.001).
These effects were also significant in many individual visual areas
in individual subjects (Table 1). Hits > false alarms was statisti-
cally significant only in the plaid-background data (P = 0.015),
and not significant in the noise-background data (P = 0.10).
Hence, there may have been small differences between the
response amplitudes to hits and false alarms, as predicted by sig-
nal detection theory, but we could not resolve them with confi-
dence. Misses > correct rejects was not significant in either data
set (P ≈ 0.9); in fact, this comparison showed the opposite trend
(correct rejects > misses) as discussed further below.

We also performed a three-way ANOVA (by category, visual
area and subject), allowing two-factor interactions. For both
kinds of backgrounds, the ANOVA confirmed a main effect of
trial category (P << 0.001). The only other significant main
effect was by subject in the noise-background data, and there
were significant interaction terms of subject × category in both
data sets; these effects may reflect individual differences in
hemodynamic impulse response functions8.

The data from the plaid and noise backgrounds were similar,
except that the peak response amplitudes for the noise 
background were larger (∼ 40% on average) than those for the
plaid background (Fig. 4, compare a and b), and the standard
deviations were smaller. For the noise background, conse-
quently, we were able to discern the differences between trial
categories with considerably fewer trials per subject.

These results were retinotopically selective. We repeated our
data analysis using the subregion of each visual area corre-
sponding to a peripheral annulus (15–30° radius) well beyond
the actual stimulus annulus. For the plaid background,
response amplitudes were much smaller in the cortical repre-
sentation of the periphery than the stimulus annulus for all
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Fig. 1. An ideal-observer model of contrast detection. The observer
makes his/her decision on each trial by comparing a noisy internal
response (e.g., average firing rate of an appropriate subpopulation of
neurons) with a fixed criterion. According to this model, the mean
responses (across trials) for the 4 trial categories should rank: hits >
false alarms > misses > correct rejects.

Fig. 2. Experimental stimuli: (a) plaid background; (b) plaid + vertical-
grating target; (c) noise background; (d) noise + vertical-grating target.
(Noise-background targets had randomized orientation and spatial phase.)

a b

c d
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three visual areas, and for both hits and false alarms (P < 0.003;
Fig. 4, compare a with c, and b with d). Similar results were
obtained for the noise background (P < 0.02), except for false
alarms in area V2 (P = 0.16).

The data were further analyzed to assess any correlation
between the measured cortical activity and behavioral perfor-
mance accuracy. A comparison of fMRI response amplitudes
for correct (hits, correct rejects) versus incorrect (false alarms,
misses) behavioral judgments showed no significant difference

(plaid background, P = 0.47; noise background, P = 0.078).
There was a trend for response amplitudes to be higher for cor-
rect rejects than for misses, but it was weak (plaid background,
P = 0.37; noise background, P = 0.034)9.

Because the noise background pattern was variable from
trial to trial, we were concerned that the variability in the back-
ground pattern itself might bias the subjects’ perceptual judg-
ments, thereby confounding the interpretation of the results. 
A random-noise background can occasionally, by chance,
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Table 1. Comparisons of fMRI response amplitudes.

False alarms > misses Hits > correct rejects
Experiment Subject V1 V2 V3 V3A V4 V1 V2 V3 V3A V4

DJH 0.033 0.030 0.108 0.263 0.006 0.000
BZL 0.119 0.015 0.081 0.119 0.195 0.000 0.022 0.001 0.000 0.001

a) Plaid bkgd ACH 0.044 0.558 0.806 0.002 0.009 0.012
DBR 0.001 0.004 0.026 0.001 0.313 0.000 0.002 0.001 0.000 0.008

All subjects 0.000 0.000 0.020 0.000 0.158 0.000 0.000 0.000 0.000 0.000
DJH 0.009 0.014 0.000 0.001 0.012 0.000
BZL 0.002 0.028 0.099 0.073 0.125 0.086 0.131 0.154 0.164 0.015

b) Noise bkgd AJN 0.030 0.089 0.005 0.047 0.048 0.001 0.013 0.000 0.001 0.000
DBR 0.016 0.037 0.075 0.005 0.053 0.158 0.151 0.033 0.004 0.016
All subjects 0.000 0.001 0.000 0.002 0.012 0.000 0.000 0.000 0.000 0.000

Numbers in table are null-hypothesis probabilities (P-values, one-tailed t-test) for false alarms > misses and hits > correct rejects, for each subject and visual
area in the two experiments: plaid background and noise background. Significant values (P < 0.05) are in bold.

Fig. 3. Typical fMRI responses for individual subjects: (a, b) time series from V1; (c, d) response amplitudes; (a, c) plaid background; (b, d) noise
background. Error bars are standard error of the mean (s.e.m).

a b

c d
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resemble the target grating. Previous psychophysical studies
have shown that under some circumstances, subjects show a
tendency toward false alarms on trials in which the noise resem-
bles the target10,11. We made several choices in the design of our
experiment (long stimulus presentation, multiple noise frames,
randomized target orientation and phase) to avoid biasing sub-
jects in this way. We tested for bias by analyzing the actual stim-
ulus images that were presented on each trial, using methods
similar to those used previously11. There was no indication that
the trial-to-trial variability in the noise background biased the
subjects’ perceptual judgments.

DISCUSSION
The central conclusion from these results is that activity in
early visual cortex corresponded to the subjects’ percepts, even
when the percepts were the opposite of what was physically
presented in the stimulus. We infer that trial-to-trial variabil-
ity in the neuronal activity caused the trial-to-trial variability
in perception. The trial-to-trial variability could result pri-
marily from noise sources in bottom-up sensory processing,
from noise sources in top-down (that is, non-sensory) pro-
cessing, or from a combination of the two.

The measured signals levels are largely, but not entirely, con-
sistent with the bottom-up sensory processing hypothesis
offered by signal detection theory. The retinotopic specificity of
our data supports this hypothesis, but there was little difference
between the response amplitudes to hits and false alarms, and
likewise between misses and correct rejects, as would be
expected from the purely bottom-up interpretation.

Alternatively, performance might be limited by trial-to-trial
variability in top-down signals. For example, subjects might
perform the detection task by comparing the bottom-up visual
signals with top-down signals that correspond to a working-
memory representation of the target. The ability to balance the
top-down and bottom-up inputs to visual cortex could con-
tribute to or even dominate the variability in the reported per-
cepts so that false alarms occur on those trials for which there
are particularly strong working-memory representations,
whereas misses correspond to weak memory representations.
Further experiments will have to be performed specifically to
test this (or a related) top-down interpretation of our results.

It is unlikely that our results were caused by a non-sensory
neuronal process (such as arousal) associated with ‘yes’
responses. First, the results were retinotopically selective
within early visual areas. Second, the results were stimulus
dependent. Psychophysical contrast thresholds were higher
for the noise background than the plaid background because
the noise was higher contrast than the plaid and hence a more
effective masker, and because there was more uncertainty with
the noise background (the target orientation and spatial phase
were randomized). fMRI response amplitudes were corre-
spondingly larger in the noise-background experiment than
in the plaid experiment.

Visual attention affects both behavioral performance and
cortical activity9,12–16, especially during threshold contrast
detection9. Retinotopically localized activity is increased in
early visual areas by attention13–15 even in the absence of a
visual stimulus9,16,17. In fact, previous work in our laboratory
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Fig. 4. fMRI response amplitudes averaged across subjects. (a, b) Response amplitudes from gray matter regions corresponding to the cortical rep-
resentations of the stimulus annulus. (c, d) Response amplitudes from cortical representations of a peripheral region of the visual field. (a, c) Plaid
background. (b, d) Noise background. Error bars are s.e.m.

a b

c d
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showed that attention-related signals dominate fMRI measure-
ments of cortical activity in early visual areas during a contrast
detection task, and those attentional signals are correlated with
performance accuracy so that cortical activity is greater, on
average, for correct than for incorrect trials9.

The protocol in the current experiment had two features
designed to control the effects of attention that had dominated
our previous experiments. First, we used a rapid trial sequence
that engaged subjects nearly continuously in the task. In our
previous work, subjects were permitted to completely disengage
their attention during the long inter-trial intervals. In our pre-
sent experiments, the rapid pacing encouraged subjects to main-
tain their attention as steadily as possible. Second, we used an
easily visible background pattern to minimize spatial uncer-
tainty. In our previous work, subjects detected a low-contrast
target on an otherwise blank (uniform gray) background so that
there was uncertainty about the precise spatial location of the
target, even after extensive practice. In the present experiments,
the background pattern allowed subjects to allocate spatial
attention to the correct location of the annulus on every trial.

In contrast to our previously published results, the present
data show only a weak correlation between behavioral perfor-
mance and cortical activity. A significant trend for such a correla-
tion was evident only in the response amplitudes to correct rejects
> misses. We believe that the experimental protocol of the present
experiment reduced, but did not eliminate, the trial-to-trial vari-
ability in attention that dominated our previously published
results. Further experiments will be needed to determine which of
the differences between the two experimental protocols were crit-
ical for controlling the trial-to-trial variability in attention.

Signal detection in humans has been previously studied with
event-related potentials. An early study measured evoked poten-
tials over the occipital lobe while subjects performed contrast
detection, and found greater evoked potential responses to hits
than correct rejects, but no significant response to false alarms18.
Particular attention has been paid to a transient evoked potential
called the P3 or P300 (for example, see refs. 19–22). Under audi-
tory stimulus conditions analogous to our experiments, the mag-
nitude of the P3 exhibited dependence on trial category similar to
what we have observed with fMRI19,20. A common interpretation
of the P3 is that it reflects a working-memory representation of
the target that is used in the process of stimulus discrimination21.
Another common interpretation of the P3 is that it reflects an
‘oddball’ effect, a response to the detection of infrequent targets20.
Further experiments will have to be performed to elucidate the
relationship between the P3 and our fMRI measurements.

Previous fMRI experiments have found that a number of
brain areas show greater responses during correct target detec-
tion (hits > misses, hits > correct rejects)23–27. Some of these
results might reflect neuronal processes similar to those that
evoke the P3 waveform26. However, none of these experiments
were designed to measure the responses to false alarms or to
assess the retinotopic specificity of the results, making a mean-
ingful comparison to our present results difficult.

A recent fMRI study reports a result that is strikingly similar to
our own, but measured in an area of visual cortex that is believed
to subserve object recognition28. In these experiments, fMRI
responses were measured while subjects attempted to identify
briefly presented complex objects. Trials were categorized as cor-
rect identifications, false identifications or missed identifications
(analogous to our hits, false alarms and misses). Activity reflected
the subjects’ reported percepts, such that fMRI responses to cor-
rect identifications ≈ false identifications > missed identifications.

Threshold-level signal detection has also been studied by
measuring single- and multi-unit activity in animal models.
One series of experiments shows that threshold level visual-
motion signals are coded by the spike rates of neurons in corti-
cal area MT, an area specialized for visual motion2,29–31. Our
results suggest an analogous process in human pattern vision,
as early as V1. A second line of research has used backward
masking to affect the detection of a visual target while recording
single-unit activity in macaque frontal eye field neurons32,33.
The initial responses of these neurons (<100 ms after stimulus
onset) corresponded to the actual presence or absence of the
target, whereas later activity (100–300 ms after stimulus onset)
corresponded to the monkey’s behavioral judgments: responses
were greater for false than for misses. Our results are analogous
to this later phase (false alarms > misses), but in earlier visual
areas. A third series of experiments recorded multi-unit activity
in V1 while monkeys performed a figure–ground discrimina-
tion task34. Once again, two phases of responses were evident,
an early phase (<90 ms) that was directly related to the stimu-
lus, and a later phase (100–240 ms) that was stronger when the
monkey correctly performed the task (hits > misses). The later
activity was attributed to feedback mechanisms. Indeed, several
lines of investigation suggest that visual signals propagate
rapidly from early visual cortex to other regions of the brain
and back to visual cortex34–39. The activity in early visual cortex
associated with our detection task may likewise consist of an
immediate response to the stimulus and a later feedback signal
associated with the percept. If so, the sluggish hemodynamics of
our fMRI measurements would have averaged this activity over
time, yielding a superposition of both bottom-up sensory
inputs and subsequent top-down feedback signals.

Our results suggest that early visual areas do more than
encode raw sensory signals: they also participate in process-
ing activities that correspond to a visual percept. The present
results corroborate previous studies of ambiguous or bi-sta-
ble stimuli that show a correlation between the percept and
activity in early visual cortex40–43. The present results go fur-
ther by showing that, during a threshold contrast detection
task, both the percept and its corresponding cortical activity
can be opposite to the physical stimulus. Thus, we conclude
that perceptual errors are physically manifest by neuronal
activity in early visual cortex.

METHODS
Magnetic resonance imaging. MR imaging was performed on a research-
only GE 3T Signa scanner with a custom-designed dual surface coil. The
experiments were undertaken with the written consent of each subject,
and procedures were approved in advance by the Stanford Internal
Review Board on Human Subjects Research. Each of five subjects par-
ticipated in several MR scanning sessions: one to obtain a high-
resolution, anatomical volume; one to functionally define the early,
retinotopic visual areas including V1, V2, V3, V3A and hV4; and a vari-
able number of sessions to measure fMRI responses in the various exper-
imental conditions. Four of the subjects (DBR, DJH, BZL, ACH)
participated in eight sessions devoted to the plaid-background task, and
four of the subjects (DBR, DJH, BZL, AJN) participated in two sessions
devoted to the noise-background task.

Each MR scanning session began by acquiring a set of anatomical
images using a T1-weighted SPGR pulse sequence (TR = 10 ms, min-
imum TE, FA = 15°, 6 NEX, FOV = 220 mm, 4-mm slice thickness)
in the same slices as the functional images. The eight slices were
arranged obliquely, perpendicular to the calcarine sulcus, with the
most caudal slice approximately tangent to the occipital pole. These
inplane anatomical images were aligned to the high-resolution anatom-
ical volume (acquired using a three-dimensional SPGR pulse sequence
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and a head coil) of each subject’s brain so that all MR images (across
multiple scanning sessions) from a given subject were coregistered to
an accuracy of ∼ 1 mm44.

Each fMRI scanning session included at least ten functional scans. Ses-
sions began with a flickering-annulus reference scan described below.
Next was a series of 9–11 contrast-detection scans with the target con-
trast set to that subject’s detection threshold.

During each scan, a time series of fMRI volumes was acquired using a
two-shot, T2*-sensitive, spiral-trajectory, gradient-recalled-echo pulse
sequence45,46 (TE = 30 ms, TR = 500 ms, FA = 46°, FOV = 220 mm,
effective inplane pixel size = 2.9 × 2.9 mm, 4-mm slice thickness).

A bite bar stabilized the subjects’ heads. The fMRI images from each
scan were visually inspected for head movements, which are evident as
large steps or impulses in the time series. Fifteen out of ∼ 480 scans showed
evidence of head movements and were removed from further analysis.

Visual stimuli. Stimuli were presented on a flat-panel display (Multisync
LCD 2000, NEC-Mitsubishi, Japan) placed within a Faraday box with a
conducting glass front, positioned at the rear of the scanner bore. Subjects
lay on their backs in the bore of the MR scanner and viewed the display
through an angled mirror. Each subject had normal or corrected-to-
normal vision.

During each contrast-detection fMRI scan, subjects performed 106
consecutive 2-s trials. Stimuli were presented in a near-foveal annulus
(0.75–2.25° radius) and contrast modulated at 4 Hz. The plaid back-
ground was composed of a pair of diagonally oriented (±30°) sinusoidal
gratings (10% contrast, 2.29 cpd), and the target pattern was a vertical-
ly oriented grating (0.6–0.8% contrast, 2 cpd). The noise background
was composed of uniformly distributed intensity values (90% contrast).
A sequence of four different noise patterns was presented during each 
1 s stimulus, and the target was a superimposed grating with random
orientation and spatial phase (3.5–4.2% contrast, 2 cpd). The target con-
trasts used during the fMRI experiments were individually chosen so that
each subject would perform with an accuracy of ∼ 80% correct (d′ ≈ 1.5).
Before commencing fMRI scanning sessions, subjects practiced the task
extensively until their performance stabilized.

Data analysis. Each fMRI time series was preprocessed by the following
steps: (i) discarding the first 12 s of data to minimize transient 
magnetic-saturation effects, (ii) high-pass filtering the time series at each
voxel to compensate for slow signal drift47 and (iii) dividing each voxel’s
time series by its mean intensity. The resulting time series were averaged
throughout the region of cortical gray matter corresponding to each pre-
defined visual area (see below).

Time-series were calculated for each event cartegory in the following
manner. Individual trials corresponding to correct reject responses were
treated as a baseline. The onset of the other three categories of trials ini-
tiated the corresponding event time series; this event time series was ter-
minated by the onset of another non-correct-reject trial. Thus, an
ensemble of variable-length event time series was extracted from the spa-
tially averaged time series of each visual area. For each event category,
we computed the mean time series and the standard error of the mean
(s.e.m.) at each time point (Fig. 3a and b).

A univariate fMRI response amplitude was computed for each event by
averaging the time series values from each visual area over a particular
time window (typically 3–9 s after stimulus onset). The window was cho-
sen to bracket the peak response determined from hemodynamic refer-
ence scans that were obtained separately for each subject.

The fMRI data were analyzed in each of five regions of interest (ROIs)
corresponding to the V1, V2, V3, V3A and hV4 representations of the
stimulus annulus in the cortical gray matter. These ROIs were defined,
separately for each subject, in three steps. First, the visual areas were iden-
tified by measuring the polar angle component of the cortical retino-
topic map48,49. Second, we used an expanding-ring stimulus to identify
the cortical representation of the stimulus annulus (0.5–2.25° radius) in
each ROI. For our control measurements, we used similar methods to
establish an ROI corresponding to the cortical representation of a periph-
eral annulus (15–30° radius). Third, the ROIs were further restricted,
separately for each scanning session, according to a reference scan. Dur-
ing these reference scans, subjects held fixation while the display alter-

nated every 9 s between a uniform gray field and a contrast-reversing,
high-contrast, plaid pattern within the stimulus annulus. The ROIs were
restricted to regions that were strongly correlated with the stimulus alter-
nations (r > 0.5; 0–6 s time lag).
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