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Our ability to perform visual discrimination tasks is improved
when we are instructed in advance when and where to attend to
a visual stimulus1–3. Neuronal activity in several areas of visual
cortex, including primary visual cortex (V1), can be modified by
attention4–20. For example, in macaque monkeys, stimulus-evoked
electrophysiological responses in extrastriate areas are enhanced
by attention4,11–14, and similar results are observed in human sub-
jects with neuroimaging6–10. These neuronal correlates of atten-
tion are spatially selective7–10 and depend on task difficulty20.
Most notably, baseline firing rates in monkey extrastriate visual
cortex are elevated by attention even without visual stimulation13,
and analogous phenomena are observed in humans5,6,10. It has
not yet been determined, however, if the attention-related increase
in baseline activity reported in these studies is actually relevant
to behavior.

The main goal of the experiments reported here was to estab-
lish a relationship between V1 activity and behavioral perfor-
mance. Event-related functional magnetic resonance imaging
(fMRI)21–24 was used to measure cortical activity while subjects
performed a challenging pattern-detection task at contrast thresh-
old. We observed a large, stimulus-independent response in V1,
V2 and V3, which we call the base response. We infer that this
base response corresponds to an increase in the baseline firing
rates of a large number of neurons. Remarkably, the trial-to-trial
variability in the base response in all these areas predicted behav-
ioral performance on the task; performance was best (more cor-
rect judgments, largest d′) when the base response was large and
worst when the base response was small.

RESULTS
Subjects viewed a uniform gray field and continuously fixated a
small, high-contrast mark at its center (Fig. 1a and b) while lying
in the bore of the magnetic resonance scanner. Once every 20
seconds, a short auditory tone cued subjects that a new trial was
beginning. On half the trials (randomly interleaved), a low-con-
trast pattern was presented briefly in a peripheral annulus around

the fixation mark; on the other trials, no pattern was presented,
and the display remained gray. Subjects pressed one of two but-
tons to indicate whether they believed the pattern was present.
Before commencing fMRI scanning sessions, subjects practiced
the task extensively until their performance stabilized; this
involved at least a dozen half-hour sessions over a three-week
period. The contrasts used during the fMRI experiments were
individually chosen so that each subject would perform with an
accuracy of ~75% correct (d′ ~1). The fMRI data were collect-
ed during several hundred trials for each of three subjects. Tri-
als were categorized according to whether the stimulus pattern
was present or absent, and whether the subject responded cor-
rectly or incorrectly. The fMRI data were analyzed separately for
each of these four trial types.

Cortical activity in V1 was dominated by a large, stimulus-
independent base response (Fig. 1c). This response was very sim-
ilar for pattern-present (filled symbols) and pattern-absent (open
symbols) trials. The base response was readily evident and high-
ly significant (p ≈ 0) in all three subjects (Z-scores, DJH, 41.3;
BTB, 16.1; DBR, 38.6). Based on the current understanding of
fMRI signals25–27, we infer that the underlying neuronal activity
associated with the base response was largely confined to the first
one or two seconds of each trial, and that the slow time course
of the fMRI measurements reflects a sluggish change in local cere-
bral blood flow and oxygenation. We hypothesize that the base
response reflects an attention-related increase in the baseline fir-
ing rates of a large number of visual cortex neurons.

Under the hypothesis that the base response reflects atten-
tional mechanisms, one would expect it to be correlated with
performance in the threshold detection task; performance should
be best when the attention-related base response is large and
worst when the base response is small. Indeed, the base response
was highly predictive of behavioral performance (Fig. 2). The
linear regression showed a statistically significant positive slope 
(r = 0.90; p = 0.005). This result was robust with respect to the
binning of the data (Methods); the regression was statistically
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significant (p < 0.05) for 5–25 bins. This result does not derive
from individual differences between the subjects; the range of d′
values and the range of relative response amplitudes were similar
in all three subjects.

The contingency between V1 activity and behavioral perfor-
mance can be tested more rigorously by a logistic regression. We
fit a logistic function to the subjects’ performance on each trial as
a function of the relative fMRI response amplitude on that trial
(Methods). The slope of the best-fitting logistic function measures
the strength of the predictive effect. For all subjects combined, the
logistic regression was statistically significant, that is, the best-fit
slope was reliably greater than zero (p = 0.002). The logistic regres-
sion was also statistically significant in two of three individual sub-
jects (DJH, p = 0.026; BTB, p = 0.060; DBR, p = 0.013).

A third way to examine the relationship between V1 activity
and behavior is to compare the base responses corresponding to
correct and incorrect trials. For all subjects combined, the relative
response amplitudes were larger for correct trials than for incor-
rect trials (p = 0.002). This difference was also statistically sig-
nificant in two of three individual subjects (DJH, p = 0.014; BTB,
p = 0.052; DBR, p = 0.018).

A stimulus-independent base response was also evident in
extrastriate visual areas V2 and V3 (Fig. 3a and b). The respons-
es in these areas were similar in shape and amplitude to those
observed in area V1 (compare with Fig. 1c). We used the slope
parameter of the logistic regression to quantitatively compare the
three visual areas using data combined across all subjects 
(Fig. 3c). The base responses were predictive of behavioral per-
formance in both extrastriate areas (V2, p = 0.007; V3, p < 0.001).
The downward trend from V1 through V3 was not statistically
significant. Individual subjects also showed significant effects in
extrastriate areas (DJH, V2; BTB, V3; DBR, V2, V3).

Our interpretation of the contingency between cortical activ-
ity and behavioral performance relies on the hypothesis that the
base response reflects attentional mechanisms. Indeed, the base
response exhibited two critical characteristics of visual attention:
it was spatially selective, and it depended on task difficulty. The
base response was smaller in the subregions of V1 correspond-
ing to the central visual field and the far periphery than in sub-
regions corresponding to the stimulus annulus (Fig. 4). A similar
but weaker pattern of spatial selectivity was also evident in V2
and V3 (Fig. 5). Although the base response was evident in sev-
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eral of the retinotopically organized visual areas, it was essen-
tially absent in a lateral region of the occipital lobe that is adjacent
to these visual areas (data not shown). Hence, the base response
was not an artifact of increased respiration or pulse during task
performance, nor was it due to nonspecific arousal.

The base response depended on task difficulty, with activity
decreasing as the task was made easier. In a separate series of
experiments, we measured V1 activity while subjects performed
comparatively easier tasks, detecting patterns with higher con-
trasts (Fig. 6). Subjects were instructed to perform the task as
accurately as possible, but without exerting attention unneces-

Fig. 1. Experimental protocol and typical result. (a) Subjects viewed a
uniform gray field (27.3 cd/m2) while fixating a small, high-contrast
mark. On each trial, either the display remained blank or a plaid pattern
was presented briefly. The pattern, when present, was the sum of two
sinusoidal gratings (0.5 cycles/degree), contrast-reversing (4 Hz), and
confined to an annulus (3–6° radius). In the threshold detection experi-
ments, the pattern was presented at contrasts of 0.8–0.9%, much lower
than illustrated. (b) Trials began with an auditory warning tone. An audi-
tory click at 1 s marked the onset of the stimulus period, which had a
duration of 0.75 s. Another click (0.1 s later) signaled subjects to
respond “yes” or “no” by pressing one of two buttons. Subjects then
waited quietly for the next trial while maintaining fixation. No (cor-
rect/incorrect) feedback was provided to the subject. (c) V1 responses
were large both for pattern-present (filled symbols) and pattern-absent
(open symbols) trials. Each curve represents the average time course of
the fMRI signal, averaged across many trials (163 pattern-present trials
and 133 pattern-absent trials) and averaged throughout the region of
cortical gray matter corresponding to the V1 representation of the stim-
ulus annulus. Error bar indicates standard error at one time; other time
points have similar standard errors.

Fig. 2. Trial-to-trial variability in V1 activity was highly predictive of
behavioral performance in the threshold detection task. Performance,
as measured by d′ , is highly correlated with the amplitude of V1 activity
(r = 0.92; p < 0.001). Solid line is the linear regression.

a

b

c Typical V1 time series
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lus-evoked activity in the minority of neurons that are selective
for the pattern. When the task is difficult and the sensory input
small, measured cortical activity is dominated by small respons-
es in each of a large number of neurons. When the task is easy
and the sensory input large, measured cortical activity is domi-
nated by large responses in each of a small number of neurons.

Activity in areas V1, V2 and V3 were all observed to predict
behavioral performance, suggesting that these visual areas perform
computations that are relevant to the contrast-detection task. We
cannot distinguish whether the extrastriate base response was inher-
ited from their V1 afferents, or if the V1 base response was caused
by feedback from extrastriate cortex, or perhaps both.

Our main result, the contingency between attention-related
cortical activity and behavioral performance, has been hinted at
previously. Parietal lobe activity is correlated with performance
(activity on correct-response trials greater than activity on incor-
rect-response trials) during a motion-detection task32, although
this result was not analyzed for statistical significance. It is pos-
sible that the attention-related signals that we have observed in
early visual cortex derive from attentional control mechanisms
in the parietal lobe, but our slice prescription did not allow us to
examine such activity.

Eye movements pose a potential confound for interpretation
of our results, but it is likely that subjects maintained steady fix-
ation while performing the detection task. If subjects had moved
their eyes, the shift of the fixation mark would have evoked activ-
ity in the foveal representation of V1; we see relatively little activ-
ity in this region (Figs. 4 and 5). Second, in control experiments,
performance was not improved by allowing subjects to break fix-
ation; best performance was obtained when the eyes were held
steady on the fixation mark.

The interpretation of fMRI data depends on the sequence
of events from the neuronal response to the fMRI signal, which
is only partially understood25,26. For example, the fMRI signal
might reflect not only neuronal firing rates but also subthresh-
old synaptic activity (due to simultaneous excitation and inhi-
bition), which would be invisible to the extracellular electrode.
However, the available data suggest that the fMRI signal is
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sarily. At higher contrasts, performance was 100% correct, and
the base responses were small. The absolute amplitudes of the
pattern-absent V1 responses were considerably smaller at 50%
contrast (Fig. 6e) than at contrast threshold (Fig. 6a); this dif-
ference in V1 activity was statistically significant for each of the
three subjects individually (p < 0.001, ~5:1 geometric mean ratio
across the three subjects). A similar dependence on task difficul-
ty was also observed for the base responses in areas V2 and V3
(Fig. 7). The stimulus-evoked increment in the pattern-present
responses increased with stimulus contrast (Figs. 6 and 7), con-
sistent with previous measurements of activity in human and
monkey visual cortex27–31.

DISCUSSION
Our results lead us to hypothesize that attention, cortical activi-
ty and behavioral performance are linked. The base response
probably reflects the activity of attentional mechanisms. This
hypothesis is supported by the dependence on task difficulty and
by the spatial selectivity of the base response, two defining char-
acteristics of visual attention. In macaque monkeys, attention
can cause an increase in the baseline firing rates of neurons in
V2 and V4 (ref. 13), secondary visual areas that receive projec-
tions from V1. We suggest, therefore, that the base response that
we observed reflects a small increase in the baseline firing rates
of a very large number of neurons whose receptive fields overlap
the stimulus annulus. Increasing baseline firing rates may poten-
tiate an enhancement in the stimulus-evoked responses, which
could improve the signal-to-noise ratio in the sensory represen-
tation of the stimulus by biasing neurons into a more sensitive
segment of their operating range12. We attribute the contingency
between V1 activity and performance to trial-to-trial fluctua-
tions in attention (for example, lapses in attention or spatial
uncertainty). We suggest that variability in the observers’ atten-
tional state causes variability in the baseline firing rates, which, in
turn, causes variability in performance.

The pattern-present response increments evident at higher
contrasts (Fig. 6), on the other hand, probably reflect the stimu-

Fig. 3. Activity in extrastriate areas V2 and V3 predicted performance. 
(a, b) Typical time series (subject DBR) of activity in areas V2 and V3.
Standard errors are similar to the size of the plot symbols. The amplitudes
of the fMRI responses and the standard errors were similar to those in V1
(compare with Fig. 1c). (c) Slope of the best-fitting logistic function for
each of the three visual areas. All three visual areas showed a reliable con-
tingency between cortical activity and behavioral performance.

Fig. 4. V1 activity was spatially selective. A larger response was observed
in regions corresponding to the stimulus annulus than in regions corre-
sponding to the fovea or the periphery. (a) Sample fMRI time series (sub-
ject DJH). (b) Relative fMRI response amplitudes for all subjects.

a

b

a

b

c
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roughly proportional to average firing rates33–37, even under
conditions that seem to involve synaptic inhibition33. Moreover,
the strong correlation that we observed between our brain and
behavior measurements is striking: the fMRI signal is measur-
ing what seems to be behaviorally relevant cortical activity.

Many electrophysiological studies report that baseline fir-
ing rates do not increase with attention (for example, ref. 14).
Moreover, the studies that do find baseline increases in extras-
triate cortex fail to find them in V1 (for exam-
ple, ref 13). There are at least six possible
explanations for the discrepancy between those
results and our results (along with ref. 10),
which do indicate baseline increases in V1.
First, because cortical neurons generally have
low baseline firing rates, the responses of many
neurons must be recorded to obtain statistical-

ly significant results. Therefore, these effects may be better
revealed by fMRI measurements, which reflect the activity of
a large population of neurons. Second, as mentioned above,
the fMRI measurement may reflect subthreshold activity that
would be invisible to extracellular electrodes. Third, our data
suggest that reliable and robust increases in baseline firing rates
may be evident only when performing a particularly demand-
ing task. The studies that failed to find baseline increases may
have been using tasks that did not place sufficiently high
demands on spatial attention. Fourth, the monkeys in those
experiments may have been so highly trained that the usual
attentional mechanisms were no longer needed to perform the
task; training can have a critical effect on attentional signals38.
Fifth, small shifts in eye position, equal in size to the V1 recep-
tive fields, present a difficulty for the electrophysiology exper-
iments. If eye position is systematically correlated with shifts
in spatial attention, then the responses of individual V1 neu-
rons will modulate as the receptive fields are shifted toward
and away from the stimulus. These biases can be avoided by
carefully accounting for eye position14, but perhaps at the cost
of underestimating the magnitude of the attentional effects.
Small shifts in eye position do not present a difficulty in the
fMRI experiments because they have a negligible effect on mea-
surements of pooled neuronal activity. Sixth, there may be a
genuine species difference.

We conclude that during threshold pattern detection, when
sensory input is small and attentional demands are large, activi-
ty in early visual cortex is dominated by a stimulus-independent
response that seems to be related to visual attention. This activ-
ity is strongly correlated with behavioral performance. Our results
suggest that attention-related activity in primary visual cortex
affects performance accuracy during a visual task.

Fig. 6. V1 activity depended on task difficulty. 
(a) Typical fMRI time series for threshold-contrast
stimuli (same as Fig. 1c, subject DBR). (b) Relative
fMRI response amplitudes for threshold-contrast
stimuli. Error bars represent 1 standard error (subject
DBR, 0.85% stimulus contrast, n = 656 trials; DJH,
0.9% contrast, n = 456; BTB, 0.85% contrast, n = 400).
(c) Example fMRI time series (subject DBR) for
roughly twice the threshold stimulus contrast, so that
performance was 100% correct. The base response
was smaller than that measured at threshold (com-
pare open symbols with those in a). (d) For contrasts
roughly twice threshold, the pattern-present
responses were larger than the pattern-absent
responses, although this was statistically significant in
only one subject (DBR, stimulus contrast, 2%, n = 36
trials, p < 0.01; DJH, 1.5% contrast, n = 96, p = 0.07;
BTB, 2% contrast, n = 36, p = 0.23; one-tailed t-tests).
(e) Example fMRI time series (subject DBR) for 50%
stimulus contrast. (f) At high contrast, the base
responses were small for all three subjects, and the
pattern-present responses were much larger than the
pattern-absent responses (p < 0.001 for each subject).

Fig. 5. Extrastriate activity was also spatially selective. (a) V2; (b) V3.
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METHODS

Magnetic resonance (MR) imaging was done on a standard clinical GE 1.5
Tesla Signa scanner with a custom designed dual surface coil. The exper-
iments were undertaken with the written consent of each subject, and in
compliance with the safety guidelines for MR research. Each subject par-
ticipated in several MR scanning sessions: one to obtain a high-resolu-
tion anatomical volume; one to functionally define the early, retinotopic
visual areas, including V1, V2 and V3; one to functionally define the sub-
regions of these visual areas that correspond to the stimulus annulus,
and several sessions (9 for DBR, 6 for DJH and 6 for BTB) to measure
fMRI responses in the various experimental conditions. For each sub-
ject, at least four sessions were specifically devoted to the threshold-detec-
tion task, whereas two sessions were devoted to examining the effects of
higher-contrast stimuli. In these latter sessions, four-minute scanning
blocks of higher-contrast stimuli were interleaved with blocks of thresh-
old-contrast stimuli.

Stimuli were presented on a flat-panel display (NEC, multisynch LCD
2000) placed within a Faraday box with a conducting glass front, posi-
tioned near the subjects’ feet. Subjects lay on their backs in the bore of
the MR scanner and viewed the display through binoculars with a pair
of angled mirrors attached just beyond the two objective lenses. Each
subject had normal or corrected-to-normal vision.

Each MR scanning session began with the acquisition of a set of
anatomical images using a T1-weighted fast spin-echo pulse sequence in
the same slices as the functional images (TR = 500 ms, TE = 15 ms, echo-
train length of 2, FOV = 240 mm, 4-mm slice thickness). The eight slices
were arranged obliquely, perpendicular to the calcarine sulcus, with the
most caudal slice approximately tangential to the occipital pole

These in-plane anatomical images were aligned to a high-resolution
anatomical volume (acquired using a three-dimensional SPGR pulse
sequence and a head coil) of each subject’s brain so that all MR images
(across multiple scanning sessions) from a given subject were coregis-
tered. The alignment was done using an intensity-based algorithm that
was specifically designed to deal with the variable contrast and intensity
profiles produced by the different pulse sequences and different coils, to
an accuracy of ~1 mm (ref. 39). The alignment algorithm computed a
rigid-body coordinate transformation that maps the coordinates of each
in-plane voxel to the corresponding coordinates in the high-resolution
anatomical volume. Given this coordinate transformation, we used a
standard image resampling technique (backward mapping with nearest-
neighbor, point sampling) to transform the functional imaging data from
the in-plane images to the volume. The end result was a time-series of
data for each gray matter voxel from each fMRI scan.

The fMRI data were analyzed in each of three regions of interest
(ROIs) corresponding to the V1, V2 and V3 representations of the stim-
ulus annulus. These ROIs were defined, separately for each subject, in
two steps. First, the retinotopically organized visual areas were identi-
fied, following well-established methods40–43, by measuring the polar
angle component of the cortical retinotopic map. Second, subregions of
these visual areas that corresponded to the cortical representation of
the stimulus annulus were further delimited based on a separate series
of fMRI measurements. During these scans, subjects held fixation while
the display alternated every 20 s between a contrast-reversing, high-
contrast, plaid pattern within the 3–6° radius annulus, surrounded by
a uniform (luminance-matched) gray field, and its geometric comple-
ment, a flickering plaid pattern everywhere except the annulus. Data
were averaged across 6–8 repeated scans, each with 6 cycles of alterna-
tion between the two stimulus conditions. The final ROIs were then
defined as those subregions of V1, V2 and V3 that were strongly cor-
related with the stimulus alternations (V1, r > 0.7; V2, r > 0.5; V3, 
r > 0.4; all regions, 0–10 s time lag).

Although we also defined additional retinotopic visual areas (V4v and
V3a), the data were analyzed only in V1, V2 and V3 because V4v was too
far anterior to be fully included in the slice prescription for all subjects,
and noise levels were too high to reliably resolve the V3a representation
of the stimulus annulus.

During each pattern-detection fMRI scan, subjects performed 12
consecutive trials (20- or 21-s duration) while a time series of volumes
were acquired (every 1 or 1.5 s) using a T2*-sensitive, spiral-trajecto-

ry, gradient-echo pulse sequence44,45. For our particular scanner hard-
ware, spiral fMRI pulse sequences compare favorably with echo-planar
imaging in terms of sensitivity, and spatial and temporal sampling res-
olution (A.M. Sawyer-Glover & G.H. Glover, SMRT Seventh Annual
Meeting 69, Sydney, 1998). Pulse sequence parameters for the fMRI
scans were TE = 40 ms, TR = 500 (or 750) ms, FA = 55° (or 65°),
FOV = 240 mm, effective in-plane pixel size of 3.2 × 3.2 mm, slice
thickness of 4 mm. These pulse sequence parameters were chosen to
optimize signal-to-noise ratio: the minimum number of slices to cover
the desired brain regions, fast TR to acquire more temporal frames,
and the largest voxel size that allowed for accurate and reliable local-
ization of the retinotopic ROIs.

A bite bar stabilized the subjects’ heads. The time series of fMRI images
from each scan were visually inspected for head movements; 5 of approx-
imately 260 total scans showed evidence of head movements and were
excluded from further analysis.

Data from the first six seconds of each fMRI scan (before the first pat-
tern-detection trial) were discarded to minimize transient effects of mag-
netic saturation. The fMRI time series were preprocessed by high-pass
filtering them at each voxel to compensate for the slow signal drift we
typically observe in our fMRI signals46, and by dividing each voxel’s time
series by its mean intensity to convert the data from arbitrary image
intensity units to percent signal modulation and to compensate for the
decrease in mean image intensity with distance from the surface coil.
The resulting time series were averaged throughout the region of cortical
gray matter corresponding to the V1 representation of the stimulus annu-
lus (and likewise for V2 and V3).

Relative fMRI response amplitudes were computed from these spa-
tially averaged time series as follows. Regard each trial’s time series as a
vector, Ri, where i is the trial index. All N trials of a particular fMRI scan-
ning session were averaged together, as in Fig. 1c, but regardless of trial
type, to create a session-mean time series,

R
–

= 1–
N  

∑
N

i+1 
Ri .

Next, we computed a normalized relative amplitude for each trial, Ai by
projecting (inner product) the time series from each individual trial onto
the session-mean time series and dividing by the squared norm of the
session-mean time series:

Ai =  
Ri•R
–
——
 R

–  2 
.

These calculations were done separately for each scanning session because
of substantial session-to-session variations in the hemodynamic
response47. Thus, we forced the average amplitude for all trials within a

Fig. 7. Extrastriate activity also depended on task difficulty. 
(a, b) V2; (c, d) V3.
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session to be unity. Finally, we sorted the trials by type (pattern-present,
pattern-absent) and computed the mean and standard error of the rel-
ative amplitudes across multiple scanning sessions.

Three schemes were used to test the contingency between behavioral
performance and cortical activity. First, the relative fMRI response ampli-
tudes, which fluctuated greatly from trial to trial, were sorted into ascend-
ing order, then divided into bins, each containing the same number of
trials. Each trial within a bin is associated both with a relative fMRI
response amplitude and with the task-related behavioral data (that is,
whether the stimulus pattern was absent or present, and whether the sub-
ject’s button press was correct or incorrect). For each bin, we computed
the average fMRI amplitude, and we computed d′ , a measure of the
behavioral performance calculated from the percentage of hits, misses,
false alarms and correct rejections48. In the second scheme, a logistic
function was fit to the binary (correct/incorrect) performance data for
all individual trials, as a function of the relative fMRI response ampli-
tude. The form of the function was

P(A) = ———
0.5 + 

—–—
exp(a + bA)

——–
1 + exp(a + bA)

where A is the relative fMRI response amplitude for a given trial, P(A)
is the predicted probability that the subject was correct on that trial, and
a and b are the parameters of the fit. The parameters a and b were adjust-
ed by an optimization routine to match the measured probability of sub-
jects’ responses across all of the trials. The slope parameter, b, is a
quantitative measure of the contingency between the fMRI amplitudes
and the subjects’ performance. The reliability of the estimate of b was
determined using a statistical bootstrap procedure49. The third scheme
was a straightforward comparison of the ensemble of relative response
amplitudes corresponding to correct (hits, correct rejections) and erro-
neous (misses, false alarms) trials. We used a t-test on the hypothesis that
the mean amplitude of correct trials was greater than the mean ampli-
tude for erroneous trials.
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