
FUNCTIONAL SIGNIFICANCE OF EARLY MULTISENSORY 
RESPONSES IN MODALITY SPECIFIC CORTEX 

Lavanya Krishnan
2013 Spring Retreat: INC Cognitive Neuroscience Fellow Blitz Talk

Advisor: Prof. Steven Hillyard
ERP LAB



Information in one sensory modality often alerts us to information in another sensory modality 

Preceding auditory cue makes the appearance of subsequent visual stimuli at that location :

faster and more accurate (McDonald et al. 2000,2003,2005) 
brighter (Stoermer et al. 2009)

What neural mechanism mediates this enhancement of visual perception by an auditory cue? 

 time interval (450 ms) between auditory cue and visual target

Experimental Paradigm
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ceived timing of visual events (17), but it is unclear whether
attention to sound location affects visual appearance.

Second, to provide converging physiological evidence that the
cue-induced enhancement of luminance contrast results from an
early perceptual enhancement rather than a late response or
decision bias effect, we recorded evoked neural activity from the
visual cortex in response to the cued targets. To reveal the effect of
attention on the electrophysiological brain response elicited by
physically identical visual stimuli, targets of equal contrast were
presented on a large proportion of the trials. Target stimuli were
presented at contrast levels well above threshold. On each trial, the
contrast of one Gabor patch (standard patch) was fixed at 22%
while the contrast of the other Gabor (test patch) varied at random
in five steps between 6% and 78%. On each trial, the target display
was preceded by a sound localized to the left or right target location
(Fig. 1A).

If the cross-modal capture of attention by the auditory cue
enhances apparent contrast, observers should tend to judge the
visual target on the cued side as higher in contrast than a target of
equal physical contrast on the uncued side. Moreover, if such a
cross-modal attention effect on contrast-appearance judgments
reflects changes in the perceptual representation of the visual
target, the auditory cue should influence early components of the
event-related brain potential (ERP) generated by the target in
visual cortex. In contrast, if the cross-modal attention effect on
contrast-appearance judgments reflects decision bias rather than
changes at the perceptual level, the auditory cue would influence
the target-elicited ERPs at relatively late stages and have no
influence on the early ERP components over visual cortex (18).

Based on our previous study of attention effects on visual
time-order perception (17), we expected to find an enhanced
positive ERP over the occipital scalp contralateral to the cued
target beginning !100 ms after target presentation. A critical
question of interest here was whether the amplitude of this positive
ERP would correlate with observers’ reports of perceived contrast.
Such a correlation would provide converging evidence that changes
in contrast appearance arise from changes in early cortical pro-
cessing of visual stimuli. Indeed, we found that attention cueing
increased apparent contrast in association with an enhanced early
neurophysiological response in visual cortex. These results support

the hypothesis of Carrasco and colleagues that attention alters the
apparent contrast of visual stimuli at an early perceptual level.

Results
Attention to Sound Location Alters Contrast Appearance Judgments. To
investigate the effect of the nonpredictive (exogenous) auditory cue
on contrast appearance judgments, we calculated the percentages
of trials on which observers reported the contrast of the test patch
to be higher than that of the standard patch, separately for cued-test
trials and cued-standard trials (Fig. 1B). The cued-test and cued-
standard data points were fit separately using a four-parameter
Boltzmann sigmoidal function, ! " L # (U $ L)/{1 # exp [(C50 $
X)/S]}, where ! is the proportion of the response, X is the contrast,
L and U are the lower and upper asymptotes, respectively, C50 is the
contrast at which the proportion of response is halfway between the
upper and lower asymptotes, and S is the slope. The goodness of fit
was high for each function (R2 % 0.998), and there were no
systematic deviations from the fitted curves (runs tests: P " 1.00,
n.s.; Kolmogorov–Smirnov test, n.s.).

When the test and standard targets had the same physical
contrast, observers reported the orientation of the test patch more
frequently when it was cued than when it was uncued (54.8% vs.
45.2%, t[15] " 4.07, P & 0.001). The point of subjective equality
(PSE)—the test contrast at which observers judged the test patch
to be higher in contrast on half of the trials—was estimated from
the curves of Fig. 1B to be 20% when the test patch was cued and
25% when the standard patch was cued. These results indicate that
the cue boosted the apparent contrast of the test target.

Attention to Sound Location Modulates Neural Activity in the Visual
Cortex. The effect of the nonpredictive auditory cue on early visual
processing was evident in the ERPs elicited over the occipital scalp
by the equal-contrast pair of targets in the latency range 90–240 ms
after target onset. With physically identical bilateral stimuli, the
early ERP components recorded over the left and right occipital
scalp are typically equal in amplitude, but directing attention to one
side can result in a lateralized asymmetry of the early ERP
components measured over occipito-temporal scalp, with larger
amplitudes over the hemisphere contralateral to the attended side
(19–21). It is well established that such short-latency evoked
responses arising from modality-specific cortex reflect early sensory
processes that can be modulated by selective attention (22). In
contrast, postperceptual processing including decision making,
working memory encoding, and response selection are associated
with longer latency components in the 250–500 ms range that arise
from multiple cortical generators (23).

In the present study, we observed a cue-related asymmetry in the
early occipital ERPs elicited by physically identical Gabor patches.
Fig. 2 shows target ERPs recorded contralaterally and ipsilaterally
to the cued side, separately for trials on which observers reported
the cued target (Fig. 2A) or the uncued target to be higher in
contrast (Fig. 2B). Over the posterior scalp, the ERP waveforms
were comprised of prominent positive and negative peaks, including
the P1 at 140 ms (relative to target onset) and the N1 at 190 ms.
Starting at approximately 90 ms after presentation of the targets,
the waveform recorded contralaterally to the cued side became
more positive than the waveform recorded ipsilaterally to the cued
side only for those trials in which observers judged the cued target
to be higher in contrast (Fig. 2A). This enlarged contralateral
positive ERP was observed during the early phase of the P1 (90–150
ms) and again during the time range of the N1 (180–240 ms).
Statistical analysis of the mean ERP amplitudes revealed significant
differences between the contralateral and ipsilateral waveforms in
the time range 100 to 140 ms and 180 to 240 ms post target-onset
at occipital electrode sites PO3/PO4, PO7/PO8, P7/P8, and I5/6.
Post-hoc statistical tests of the individual electrode pairs revealed
that this asymmetry was significant at all four electrode pairs in both
intervals (all P & 0.05). Conversely, there was no significant

Fig. 1. Experimental procedure and behavioral results. (A) Illustration of a
target display on an equal-contrast trial. The auditory cue was presented with
equal probability from the left or right loudspeaker. The left-right positions of
the standard and test patches also varied at random from trial to trial. (B)
Probability of reporting the contrast of the test patch to be higher than that
of the standard patch, averaged over all participants and plotted as a function
of test-patch contrast. The probabilities are depicted for cued-test and cued-
standard trials separately. The standard-patch contrast was fixed at 22%.
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ceived timing of visual events (17), but it is unclear whether
attention to sound location affects visual appearance.

Second, to provide converging physiological evidence that the
cue-induced enhancement of luminance contrast results from an
early perceptual enhancement rather than a late response or
decision bias effect, we recorded evoked neural activity from the
visual cortex in response to the cued targets. To reveal the effect of
attention on the electrophysiological brain response elicited by
physically identical visual stimuli, targets of equal contrast were
presented on a large proportion of the trials. Target stimuli were
presented at contrast levels well above threshold. On each trial, the
contrast of one Gabor patch (standard patch) was fixed at 22%
while the contrast of the other Gabor (test patch) varied at random
in five steps between 6% and 78%. On each trial, the target display
was preceded by a sound localized to the left or right target location
(Fig. 1A).

If the cross-modal capture of attention by the auditory cue
enhances apparent contrast, observers should tend to judge the
visual target on the cued side as higher in contrast than a target of
equal physical contrast on the uncued side. Moreover, if such a
cross-modal attention effect on contrast-appearance judgments
reflects changes in the perceptual representation of the visual
target, the auditory cue should influence early components of the
event-related brain potential (ERP) generated by the target in
visual cortex. In contrast, if the cross-modal attention effect on
contrast-appearance judgments reflects decision bias rather than
changes at the perceptual level, the auditory cue would influence
the target-elicited ERPs at relatively late stages and have no
influence on the early ERP components over visual cortex (18).

Based on our previous study of attention effects on visual
time-order perception (17), we expected to find an enhanced
positive ERP over the occipital scalp contralateral to the cued
target beginning !100 ms after target presentation. A critical
question of interest here was whether the amplitude of this positive
ERP would correlate with observers’ reports of perceived contrast.
Such a correlation would provide converging evidence that changes
in contrast appearance arise from changes in early cortical pro-
cessing of visual stimuli. Indeed, we found that attention cueing
increased apparent contrast in association with an enhanced early
neurophysiological response in visual cortex. These results support

the hypothesis of Carrasco and colleagues that attention alters the
apparent contrast of visual stimuli at an early perceptual level.

Results
Attention to Sound Location Alters Contrast Appearance Judgments. To
investigate the effect of the nonpredictive (exogenous) auditory cue
on contrast appearance judgments, we calculated the percentages
of trials on which observers reported the contrast of the test patch
to be higher than that of the standard patch, separately for cued-test
trials and cued-standard trials (Fig. 1B). The cued-test and cued-
standard data points were fit separately using a four-parameter
Boltzmann sigmoidal function, ! " L # (U $ L)/{1 # exp [(C50 $
X)/S]}, where ! is the proportion of the response, X is the contrast,
L and U are the lower and upper asymptotes, respectively, C50 is the
contrast at which the proportion of response is halfway between the
upper and lower asymptotes, and S is the slope. The goodness of fit
was high for each function (R2 % 0.998), and there were no
systematic deviations from the fitted curves (runs tests: P " 1.00,
n.s.; Kolmogorov–Smirnov test, n.s.).

When the test and standard targets had the same physical
contrast, observers reported the orientation of the test patch more
frequently when it was cued than when it was uncued (54.8% vs.
45.2%, t[15] " 4.07, P & 0.001). The point of subjective equality
(PSE)—the test contrast at which observers judged the test patch
to be higher in contrast on half of the trials—was estimated from
the curves of Fig. 1B to be 20% when the test patch was cued and
25% when the standard patch was cued. These results indicate that
the cue boosted the apparent contrast of the test target.

Attention to Sound Location Modulates Neural Activity in the Visual
Cortex. The effect of the nonpredictive auditory cue on early visual
processing was evident in the ERPs elicited over the occipital scalp
by the equal-contrast pair of targets in the latency range 90–240 ms
after target onset. With physically identical bilateral stimuli, the
early ERP components recorded over the left and right occipital
scalp are typically equal in amplitude, but directing attention to one
side can result in a lateralized asymmetry of the early ERP
components measured over occipito-temporal scalp, with larger
amplitudes over the hemisphere contralateral to the attended side
(19–21). It is well established that such short-latency evoked
responses arising from modality-specific cortex reflect early sensory
processes that can be modulated by selective attention (22). In
contrast, postperceptual processing including decision making,
working memory encoding, and response selection are associated
with longer latency components in the 250–500 ms range that arise
from multiple cortical generators (23).

In the present study, we observed a cue-related asymmetry in the
early occipital ERPs elicited by physically identical Gabor patches.
Fig. 2 shows target ERPs recorded contralaterally and ipsilaterally
to the cued side, separately for trials on which observers reported
the cued target (Fig. 2A) or the uncued target to be higher in
contrast (Fig. 2B). Over the posterior scalp, the ERP waveforms
were comprised of prominent positive and negative peaks, including
the P1 at 140 ms (relative to target onset) and the N1 at 190 ms.
Starting at approximately 90 ms after presentation of the targets,
the waveform recorded contralaterally to the cued side became
more positive than the waveform recorded ipsilaterally to the cued
side only for those trials in which observers judged the cued target
to be higher in contrast (Fig. 2A). This enlarged contralateral
positive ERP was observed during the early phase of the P1 (90–150
ms) and again during the time range of the N1 (180–240 ms).
Statistical analysis of the mean ERP amplitudes revealed significant
differences between the contralateral and ipsilateral waveforms in
the time range 100 to 140 ms and 180 to 240 ms post target-onset
at occipital electrode sites PO3/PO4, PO7/PO8, P7/P8, and I5/6.
Post-hoc statistical tests of the individual electrode pairs revealed
that this asymmetry was significant at all four electrode pairs in both
intervals (all P & 0.05). Conversely, there was no significant

Fig. 1. Experimental procedure and behavioral results. (A) Illustration of a
target display on an equal-contrast trial. The auditory cue was presented with
equal probability from the left or right loudspeaker. The left-right positions of
the standard and test patches also varied at random from trial to trial. (B)
Probability of reporting the contrast of the test patch to be higher than that
of the standard patch, averaged over all participants and plotted as a function
of test-patch contrast. The probabilities are depicted for cued-test and cued-
standard trials separately. The standard-patch contrast was fixed at 22%.
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ceived timing of visual events (17), but it is unclear whether
attention to sound location affects visual appearance.

Second, to provide converging physiological evidence that the
cue-induced enhancement of luminance contrast results from an
early perceptual enhancement rather than a late response or
decision bias effect, we recorded evoked neural activity from the
visual cortex in response to the cued targets. To reveal the effect of
attention on the electrophysiological brain response elicited by
physically identical visual stimuli, targets of equal contrast were
presented on a large proportion of the trials. Target stimuli were
presented at contrast levels well above threshold. On each trial, the
contrast of one Gabor patch (standard patch) was fixed at 22%
while the contrast of the other Gabor (test patch) varied at random
in five steps between 6% and 78%. On each trial, the target display
was preceded by a sound localized to the left or right target location
(Fig. 1A).

If the cross-modal capture of attention by the auditory cue
enhances apparent contrast, observers should tend to judge the
visual target on the cued side as higher in contrast than a target of
equal physical contrast on the uncued side. Moreover, if such a
cross-modal attention effect on contrast-appearance judgments
reflects changes in the perceptual representation of the visual
target, the auditory cue should influence early components of the
event-related brain potential (ERP) generated by the target in
visual cortex. In contrast, if the cross-modal attention effect on
contrast-appearance judgments reflects decision bias rather than
changes at the perceptual level, the auditory cue would influence
the target-elicited ERPs at relatively late stages and have no
influence on the early ERP components over visual cortex (18).

Based on our previous study of attention effects on visual
time-order perception (17), we expected to find an enhanced
positive ERP over the occipital scalp contralateral to the cued
target beginning !100 ms after target presentation. A critical
question of interest here was whether the amplitude of this positive
ERP would correlate with observers’ reports of perceived contrast.
Such a correlation would provide converging evidence that changes
in contrast appearance arise from changes in early cortical pro-
cessing of visual stimuli. Indeed, we found that attention cueing
increased apparent contrast in association with an enhanced early
neurophysiological response in visual cortex. These results support

the hypothesis of Carrasco and colleagues that attention alters the
apparent contrast of visual stimuli at an early perceptual level.

Results
Attention to Sound Location Alters Contrast Appearance Judgments. To
investigate the effect of the nonpredictive (exogenous) auditory cue
on contrast appearance judgments, we calculated the percentages
of trials on which observers reported the contrast of the test patch
to be higher than that of the standard patch, separately for cued-test
trials and cued-standard trials (Fig. 1B). The cued-test and cued-
standard data points were fit separately using a four-parameter
Boltzmann sigmoidal function, ! " L # (U $ L)/{1 # exp [(C50 $
X)/S]}, where ! is the proportion of the response, X is the contrast,
L and U are the lower and upper asymptotes, respectively, C50 is the
contrast at which the proportion of response is halfway between the
upper and lower asymptotes, and S is the slope. The goodness of fit
was high for each function (R2 % 0.998), and there were no
systematic deviations from the fitted curves (runs tests: P " 1.00,
n.s.; Kolmogorov–Smirnov test, n.s.).

When the test and standard targets had the same physical
contrast, observers reported the orientation of the test patch more
frequently when it was cued than when it was uncued (54.8% vs.
45.2%, t[15] " 4.07, P & 0.001). The point of subjective equality
(PSE)—the test contrast at which observers judged the test patch
to be higher in contrast on half of the trials—was estimated from
the curves of Fig. 1B to be 20% when the test patch was cued and
25% when the standard patch was cued. These results indicate that
the cue boosted the apparent contrast of the test target.

Attention to Sound Location Modulates Neural Activity in the Visual
Cortex. The effect of the nonpredictive auditory cue on early visual
processing was evident in the ERPs elicited over the occipital scalp
by the equal-contrast pair of targets in the latency range 90–240 ms
after target onset. With physically identical bilateral stimuli, the
early ERP components recorded over the left and right occipital
scalp are typically equal in amplitude, but directing attention to one
side can result in a lateralized asymmetry of the early ERP
components measured over occipito-temporal scalp, with larger
amplitudes over the hemisphere contralateral to the attended side
(19–21). It is well established that such short-latency evoked
responses arising from modality-specific cortex reflect early sensory
processes that can be modulated by selective attention (22). In
contrast, postperceptual processing including decision making,
working memory encoding, and response selection are associated
with longer latency components in the 250–500 ms range that arise
from multiple cortical generators (23).

In the present study, we observed a cue-related asymmetry in the
early occipital ERPs elicited by physically identical Gabor patches.
Fig. 2 shows target ERPs recorded contralaterally and ipsilaterally
to the cued side, separately for trials on which observers reported
the cued target (Fig. 2A) or the uncued target to be higher in
contrast (Fig. 2B). Over the posterior scalp, the ERP waveforms
were comprised of prominent positive and negative peaks, including
the P1 at 140 ms (relative to target onset) and the N1 at 190 ms.
Starting at approximately 90 ms after presentation of the targets,
the waveform recorded contralaterally to the cued side became
more positive than the waveform recorded ipsilaterally to the cued
side only for those trials in which observers judged the cued target
to be higher in contrast (Fig. 2A). This enlarged contralateral
positive ERP was observed during the early phase of the P1 (90–150
ms) and again during the time range of the N1 (180–240 ms).
Statistical analysis of the mean ERP amplitudes revealed significant
differences between the contralateral and ipsilateral waveforms in
the time range 100 to 140 ms and 180 to 240 ms post target-onset
at occipital electrode sites PO3/PO4, PO7/PO8, P7/P8, and I5/6.
Post-hoc statistical tests of the individual electrode pairs revealed
that this asymmetry was significant at all four electrode pairs in both
intervals (all P & 0.05). Conversely, there was no significant

Fig. 1. Experimental procedure and behavioral results. (A) Illustration of a
target display on an equal-contrast trial. The auditory cue was presented with
equal probability from the left or right loudspeaker. The left-right positions of
the standard and test patches also varied at random from trial to trial. (B)
Probability of reporting the contrast of the test patch to be higher than that
of the standard patch, averaged over all participants and plotted as a function
of test-patch contrast. The probabilities are depicted for cued-test and cued-
standard trials separately. The standard-patch contrast was fixed at 22%.
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ceived timing of visual events (17), but it is unclear whether
attention to sound location affects visual appearance.

Second, to provide converging physiological evidence that the
cue-induced enhancement of luminance contrast results from an
early perceptual enhancement rather than a late response or
decision bias effect, we recorded evoked neural activity from the
visual cortex in response to the cued targets. To reveal the effect of
attention on the electrophysiological brain response elicited by
physically identical visual stimuli, targets of equal contrast were
presented on a large proportion of the trials. Target stimuli were
presented at contrast levels well above threshold. On each trial, the
contrast of one Gabor patch (standard patch) was fixed at 22%
while the contrast of the other Gabor (test patch) varied at random
in five steps between 6% and 78%. On each trial, the target display
was preceded by a sound localized to the left or right target location
(Fig. 1A).

If the cross-modal capture of attention by the auditory cue
enhances apparent contrast, observers should tend to judge the
visual target on the cued side as higher in contrast than a target of
equal physical contrast on the uncued side. Moreover, if such a
cross-modal attention effect on contrast-appearance judgments
reflects changes in the perceptual representation of the visual
target, the auditory cue should influence early components of the
event-related brain potential (ERP) generated by the target in
visual cortex. In contrast, if the cross-modal attention effect on
contrast-appearance judgments reflects decision bias rather than
changes at the perceptual level, the auditory cue would influence
the target-elicited ERPs at relatively late stages and have no
influence on the early ERP components over visual cortex (18).

Based on our previous study of attention effects on visual
time-order perception (17), we expected to find an enhanced
positive ERP over the occipital scalp contralateral to the cued
target beginning !100 ms after target presentation. A critical
question of interest here was whether the amplitude of this positive
ERP would correlate with observers’ reports of perceived contrast.
Such a correlation would provide converging evidence that changes
in contrast appearance arise from changes in early cortical pro-
cessing of visual stimuli. Indeed, we found that attention cueing
increased apparent contrast in association with an enhanced early
neurophysiological response in visual cortex. These results support

the hypothesis of Carrasco and colleagues that attention alters the
apparent contrast of visual stimuli at an early perceptual level.

Results
Attention to Sound Location Alters Contrast Appearance Judgments. To
investigate the effect of the nonpredictive (exogenous) auditory cue
on contrast appearance judgments, we calculated the percentages
of trials on which observers reported the contrast of the test patch
to be higher than that of the standard patch, separately for cued-test
trials and cued-standard trials (Fig. 1B). The cued-test and cued-
standard data points were fit separately using a four-parameter
Boltzmann sigmoidal function, ! " L # (U $ L)/{1 # exp [(C50 $
X)/S]}, where ! is the proportion of the response, X is the contrast,
L and U are the lower and upper asymptotes, respectively, C50 is the
contrast at which the proportion of response is halfway between the
upper and lower asymptotes, and S is the slope. The goodness of fit
was high for each function (R2 % 0.998), and there were no
systematic deviations from the fitted curves (runs tests: P " 1.00,
n.s.; Kolmogorov–Smirnov test, n.s.).

When the test and standard targets had the same physical
contrast, observers reported the orientation of the test patch more
frequently when it was cued than when it was uncued (54.8% vs.
45.2%, t[15] " 4.07, P & 0.001). The point of subjective equality
(PSE)—the test contrast at which observers judged the test patch
to be higher in contrast on half of the trials—was estimated from
the curves of Fig. 1B to be 20% when the test patch was cued and
25% when the standard patch was cued. These results indicate that
the cue boosted the apparent contrast of the test target.

Attention to Sound Location Modulates Neural Activity in the Visual
Cortex. The effect of the nonpredictive auditory cue on early visual
processing was evident in the ERPs elicited over the occipital scalp
by the equal-contrast pair of targets in the latency range 90–240 ms
after target onset. With physically identical bilateral stimuli, the
early ERP components recorded over the left and right occipital
scalp are typically equal in amplitude, but directing attention to one
side can result in a lateralized asymmetry of the early ERP
components measured over occipito-temporal scalp, with larger
amplitudes over the hemisphere contralateral to the attended side
(19–21). It is well established that such short-latency evoked
responses arising from modality-specific cortex reflect early sensory
processes that can be modulated by selective attention (22). In
contrast, postperceptual processing including decision making,
working memory encoding, and response selection are associated
with longer latency components in the 250–500 ms range that arise
from multiple cortical generators (23).

In the present study, we observed a cue-related asymmetry in the
early occipital ERPs elicited by physically identical Gabor patches.
Fig. 2 shows target ERPs recorded contralaterally and ipsilaterally
to the cued side, separately for trials on which observers reported
the cued target (Fig. 2A) or the uncued target to be higher in
contrast (Fig. 2B). Over the posterior scalp, the ERP waveforms
were comprised of prominent positive and negative peaks, including
the P1 at 140 ms (relative to target onset) and the N1 at 190 ms.
Starting at approximately 90 ms after presentation of the targets,
the waveform recorded contralaterally to the cued side became
more positive than the waveform recorded ipsilaterally to the cued
side only for those trials in which observers judged the cued target
to be higher in contrast (Fig. 2A). This enlarged contralateral
positive ERP was observed during the early phase of the P1 (90–150
ms) and again during the time range of the N1 (180–240 ms).
Statistical analysis of the mean ERP amplitudes revealed significant
differences between the contralateral and ipsilateral waveforms in
the time range 100 to 140 ms and 180 to 240 ms post target-onset
at occipital electrode sites PO3/PO4, PO7/PO8, P7/P8, and I5/6.
Post-hoc statistical tests of the individual electrode pairs revealed
that this asymmetry was significant at all four electrode pairs in both
intervals (all P & 0.05). Conversely, there was no significant

Fig. 1. Experimental procedure and behavioral results. (A) Illustration of a
target display on an equal-contrast trial. The auditory cue was presented with
equal probability from the left or right loudspeaker. The left-right positions of
the standard and test patches also varied at random from trial to trial. (B)
Probability of reporting the contrast of the test patch to be higher than that
of the standard patch, averaged over all participants and plotted as a function
of test-patch contrast. The probabilities are depicted for cued-test and cued-
standard trials separately. The standard-patch contrast was fixed at 22%.
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ceived timing of visual events (17), but it is unclear whether
attention to sound location affects visual appearance.

Second, to provide converging physiological evidence that the
cue-induced enhancement of luminance contrast results from an
early perceptual enhancement rather than a late response or
decision bias effect, we recorded evoked neural activity from the
visual cortex in response to the cued targets. To reveal the effect of
attention on the electrophysiological brain response elicited by
physically identical visual stimuli, targets of equal contrast were
presented on a large proportion of the trials. Target stimuli were
presented at contrast levels well above threshold. On each trial, the
contrast of one Gabor patch (standard patch) was fixed at 22%
while the contrast of the other Gabor (test patch) varied at random
in five steps between 6% and 78%. On each trial, the target display
was preceded by a sound localized to the left or right target location
(Fig. 1A).

If the cross-modal capture of attention by the auditory cue
enhances apparent contrast, observers should tend to judge the
visual target on the cued side as higher in contrast than a target of
equal physical contrast on the uncued side. Moreover, if such a
cross-modal attention effect on contrast-appearance judgments
reflects changes in the perceptual representation of the visual
target, the auditory cue should influence early components of the
event-related brain potential (ERP) generated by the target in
visual cortex. In contrast, if the cross-modal attention effect on
contrast-appearance judgments reflects decision bias rather than
changes at the perceptual level, the auditory cue would influence
the target-elicited ERPs at relatively late stages and have no
influence on the early ERP components over visual cortex (18).

Based on our previous study of attention effects on visual
time-order perception (17), we expected to find an enhanced
positive ERP over the occipital scalp contralateral to the cued
target beginning !100 ms after target presentation. A critical
question of interest here was whether the amplitude of this positive
ERP would correlate with observers’ reports of perceived contrast.
Such a correlation would provide converging evidence that changes
in contrast appearance arise from changes in early cortical pro-
cessing of visual stimuli. Indeed, we found that attention cueing
increased apparent contrast in association with an enhanced early
neurophysiological response in visual cortex. These results support

the hypothesis of Carrasco and colleagues that attention alters the
apparent contrast of visual stimuli at an early perceptual level.

Results
Attention to Sound Location Alters Contrast Appearance Judgments. To
investigate the effect of the nonpredictive (exogenous) auditory cue
on contrast appearance judgments, we calculated the percentages
of trials on which observers reported the contrast of the test patch
to be higher than that of the standard patch, separately for cued-test
trials and cued-standard trials (Fig. 1B). The cued-test and cued-
standard data points were fit separately using a four-parameter
Boltzmann sigmoidal function, ! " L # (U $ L)/{1 # exp [(C50 $
X)/S]}, where ! is the proportion of the response, X is the contrast,
L and U are the lower and upper asymptotes, respectively, C50 is the
contrast at which the proportion of response is halfway between the
upper and lower asymptotes, and S is the slope. The goodness of fit
was high for each function (R2 % 0.998), and there were no
systematic deviations from the fitted curves (runs tests: P " 1.00,
n.s.; Kolmogorov–Smirnov test, n.s.).

When the test and standard targets had the same physical
contrast, observers reported the orientation of the test patch more
frequently when it was cued than when it was uncued (54.8% vs.
45.2%, t[15] " 4.07, P & 0.001). The point of subjective equality
(PSE)—the test contrast at which observers judged the test patch
to be higher in contrast on half of the trials—was estimated from
the curves of Fig. 1B to be 20% when the test patch was cued and
25% when the standard patch was cued. These results indicate that
the cue boosted the apparent contrast of the test target.

Attention to Sound Location Modulates Neural Activity in the Visual
Cortex. The effect of the nonpredictive auditory cue on early visual
processing was evident in the ERPs elicited over the occipital scalp
by the equal-contrast pair of targets in the latency range 90–240 ms
after target onset. With physically identical bilateral stimuli, the
early ERP components recorded over the left and right occipital
scalp are typically equal in amplitude, but directing attention to one
side can result in a lateralized asymmetry of the early ERP
components measured over occipito-temporal scalp, with larger
amplitudes over the hemisphere contralateral to the attended side
(19–21). It is well established that such short-latency evoked
responses arising from modality-specific cortex reflect early sensory
processes that can be modulated by selective attention (22). In
contrast, postperceptual processing including decision making,
working memory encoding, and response selection are associated
with longer latency components in the 250–500 ms range that arise
from multiple cortical generators (23).

In the present study, we observed a cue-related asymmetry in the
early occipital ERPs elicited by physically identical Gabor patches.
Fig. 2 shows target ERPs recorded contralaterally and ipsilaterally
to the cued side, separately for trials on which observers reported
the cued target (Fig. 2A) or the uncued target to be higher in
contrast (Fig. 2B). Over the posterior scalp, the ERP waveforms
were comprised of prominent positive and negative peaks, including
the P1 at 140 ms (relative to target onset) and the N1 at 190 ms.
Starting at approximately 90 ms after presentation of the targets,
the waveform recorded contralaterally to the cued side became
more positive than the waveform recorded ipsilaterally to the cued
side only for those trials in which observers judged the cued target
to be higher in contrast (Fig. 2A). This enlarged contralateral
positive ERP was observed during the early phase of the P1 (90–150
ms) and again during the time range of the N1 (180–240 ms).
Statistical analysis of the mean ERP amplitudes revealed significant
differences between the contralateral and ipsilateral waveforms in
the time range 100 to 140 ms and 180 to 240 ms post target-onset
at occipital electrode sites PO3/PO4, PO7/PO8, P7/P8, and I5/6.
Post-hoc statistical tests of the individual electrode pairs revealed
that this asymmetry was significant at all four electrode pairs in both
intervals (all P & 0.05). Conversely, there was no significant

Fig. 1. Experimental procedure and behavioral results. (A) Illustration of a
target display on an equal-contrast trial. The auditory cue was presented with
equal probability from the left or right loudspeaker. The left-right positions of
the standard and test patches also varied at random from trial to trial. (B)
Probability of reporting the contrast of the test patch to be higher than that
of the standard patch, averaged over all participants and plotted as a function
of test-patch contrast. The probabilities are depicted for cued-test and cued-
standard trials separately. The standard-patch contrast was fixed at 22%.
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ceived timing of visual events (17), but it is unclear whether
attention to sound location affects visual appearance.

Second, to provide converging physiological evidence that the
cue-induced enhancement of luminance contrast results from an
early perceptual enhancement rather than a late response or
decision bias effect, we recorded evoked neural activity from the
visual cortex in response to the cued targets. To reveal the effect of
attention on the electrophysiological brain response elicited by
physically identical visual stimuli, targets of equal contrast were
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presented at contrast levels well above threshold. On each trial, the
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while the contrast of the other Gabor (test patch) varied at random
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(Fig. 1A).
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cross-modal attention effect on contrast-appearance judgments
reflects changes in the perceptual representation of the visual
target, the auditory cue should influence early components of the
event-related brain potential (ERP) generated by the target in
visual cortex. In contrast, if the cross-modal attention effect on
contrast-appearance judgments reflects decision bias rather than
changes at the perceptual level, the auditory cue would influence
the target-elicited ERPs at relatively late stages and have no
influence on the early ERP components over visual cortex (18).

Based on our previous study of attention effects on visual
time-order perception (17), we expected to find an enhanced
positive ERP over the occipital scalp contralateral to the cued
target beginning !100 ms after target presentation. A critical
question of interest here was whether the amplitude of this positive
ERP would correlate with observers’ reports of perceived contrast.
Such a correlation would provide converging evidence that changes
in contrast appearance arise from changes in early cortical pro-
cessing of visual stimuli. Indeed, we found that attention cueing
increased apparent contrast in association with an enhanced early
neurophysiological response in visual cortex. These results support

the hypothesis of Carrasco and colleagues that attention alters the
apparent contrast of visual stimuli at an early perceptual level.

Results
Attention to Sound Location Alters Contrast Appearance Judgments. To
investigate the effect of the nonpredictive (exogenous) auditory cue
on contrast appearance judgments, we calculated the percentages
of trials on which observers reported the contrast of the test patch
to be higher than that of the standard patch, separately for cued-test
trials and cued-standard trials (Fig. 1B). The cued-test and cued-
standard data points were fit separately using a four-parameter
Boltzmann sigmoidal function, ! " L # (U $ L)/{1 # exp [(C50 $
X)/S]}, where ! is the proportion of the response, X is the contrast,
L and U are the lower and upper asymptotes, respectively, C50 is the
contrast at which the proportion of response is halfway between the
upper and lower asymptotes, and S is the slope. The goodness of fit
was high for each function (R2 % 0.998), and there were no
systematic deviations from the fitted curves (runs tests: P " 1.00,
n.s.; Kolmogorov–Smirnov test, n.s.).

When the test and standard targets had the same physical
contrast, observers reported the orientation of the test patch more
frequently when it was cued than when it was uncued (54.8% vs.
45.2%, t[15] " 4.07, P & 0.001). The point of subjective equality
(PSE)—the test contrast at which observers judged the test patch
to be higher in contrast on half of the trials—was estimated from
the curves of Fig. 1B to be 20% when the test patch was cued and
25% when the standard patch was cued. These results indicate that
the cue boosted the apparent contrast of the test target.

Attention to Sound Location Modulates Neural Activity in the Visual
Cortex. The effect of the nonpredictive auditory cue on early visual
processing was evident in the ERPs elicited over the occipital scalp
by the equal-contrast pair of targets in the latency range 90–240 ms
after target onset. With physically identical bilateral stimuli, the
early ERP components recorded over the left and right occipital
scalp are typically equal in amplitude, but directing attention to one
side can result in a lateralized asymmetry of the early ERP
components measured over occipito-temporal scalp, with larger
amplitudes over the hemisphere contralateral to the attended side
(19–21). It is well established that such short-latency evoked
responses arising from modality-specific cortex reflect early sensory
processes that can be modulated by selective attention (22). In
contrast, postperceptual processing including decision making,
working memory encoding, and response selection are associated
with longer latency components in the 250–500 ms range that arise
from multiple cortical generators (23).

In the present study, we observed a cue-related asymmetry in the
early occipital ERPs elicited by physically identical Gabor patches.
Fig. 2 shows target ERPs recorded contralaterally and ipsilaterally
to the cued side, separately for trials on which observers reported
the cued target (Fig. 2A) or the uncued target to be higher in
contrast (Fig. 2B). Over the posterior scalp, the ERP waveforms
were comprised of prominent positive and negative peaks, including
the P1 at 140 ms (relative to target onset) and the N1 at 190 ms.
Starting at approximately 90 ms after presentation of the targets,
the waveform recorded contralaterally to the cued side became
more positive than the waveform recorded ipsilaterally to the cued
side only for those trials in which observers judged the cued target
to be higher in contrast (Fig. 2A). This enlarged contralateral
positive ERP was observed during the early phase of the P1 (90–150
ms) and again during the time range of the N1 (180–240 ms).
Statistical analysis of the mean ERP amplitudes revealed significant
differences between the contralateral and ipsilateral waveforms in
the time range 100 to 140 ms and 180 to 240 ms post target-onset
at occipital electrode sites PO3/PO4, PO7/PO8, P7/P8, and I5/6.
Post-hoc statistical tests of the individual electrode pairs revealed
that this asymmetry was significant at all four electrode pairs in both
intervals (all P & 0.05). Conversely, there was no significant

Fig. 1. Experimental procedure and behavioral results. (A) Illustration of a
target display on an equal-contrast trial. The auditory cue was presented with
equal probability from the left or right loudspeaker. The left-right positions of
the standard and test patches also varied at random from trial to trial. (B)
Probability of reporting the contrast of the test patch to be higher than that
of the standard patch, averaged over all participants and plotted as a function
of test-patch contrast. The probabilities are depicted for cued-test and cued-
standard trials separately. The standard-patch contrast was fixed at 22%.
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Auditory Evoked COntralateral Positivity : ACOP

Conclusions: 

1) Even with a longer cue-target interval, participants perceived the cued visual stimulus  as brighter 

2) This behavioral effect was accompanied by larger contralateral P100 when participants perceived the stimulus as brighter

3) Contralateral auditory positivity in visual cortex were larger when participants perceived the stimulus as brighter

Future Direction : 

1) Trial by trial correlations between auditory responses and enhanced contrast perception

2) Investigating causal relationship between auditory responses and speed of visual processing

  Cued side perceived as being brighter   Uncued side perceived as being brighter

Contralateral to Cued Location
Ipsilateral to Cued Location

ACOP
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