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Abstract

THE CORTICAL NEUROPHYSIOLOGY OF VISUAL-AUDITORY 

MULTISENSORY PROCESSING IN HUMANS

by

Sophie Molholm

Advisor: Walter Ritter

This research investigated the spatio-temporal dynamics of the cortical integration 

of inputs to the visual and auditory sensory systems, with the use of high-density 

electrical scalp recordings. The first study examined visual-auditory multisensory neural 

interactions for basic visual and auditory stimuli under the most simple of tasks. The 

spatio-temporal dynamics of multisensory neural interactions were mapped over the first 

200 ms of cortical processing post-stimulus onset, and compared to ongoing unisensory 

processing. The second study investigated the spatio-temporal dynamics of multisensory 

influences on object recognition processes, by comparing multisensory processing of 

visual and auditory elements that belonged to the same common object or belonged to 

different common objects (i.e., line drawings or animals and animal vocalizations from 

the same or different animals), for stimuli that were task relevant versus stimuli that were 

task irrelevant. Overall, the data from these studies indicate that multisensory 

interactions occur at many levels of processing, and can be affected by task parameters
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and the semantic content of the different sensory elements of multisensory stimuli. 

Further, the data reveal that there is considerable multisensory processing in sensory 

specific cortical areas, and suggest that in some cases this occurs in a feed-forward 

manner.
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CHAPTER 1
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Introduction

Inputs to the various sensory systems function to inform us of the presence and 

identity of the objects and events in the environment at any given moment, and our 

experience is one in which the multiple sensory properties cohere into unified perceptions 

of these object and events. To illustrate this, it helps to imagine what it is like when we 

are deprived of the contribution of one of these senses. For example, when it is dark we 

have to rely on auditory and somatosensory information in the near absence of visual 

information. In this case our experience is dramatically different, and objects and events 

can seem incomplete. The same would be the case were we deprived of auditory or 

somatosensory stimulation. Thus while we easily distinguish the unique characteristics 

of different sensory inputs (e.g., the touch, smell, and image of a flower), 

phenomenological experience, as well as experimental evidence (e.g., Stein, Huneycutt,

& Meredith, 1988; Bertelson & Radeau, 1981; McGurk & MacDonald, 1976; MacGrath 

& Summerfield, 1985), tells us that there are profound multisensory influences on the 

normal perception of objects and events.

Behavioral evidence o f multisensory perception

A number of behavioral studies have demonstrated and to some extent delineated 

multisensory influences on the detection, localization, and identification of stimuli. These 

have shown that the presence of multisensory cues can affect both the detection and 

localization of a stimulus (e.g., Stein, Huneycutt, & Meredith, 1988; Bertelson &

Radeau, 1981), and that multisensory cues can combine to improve object recognition or 

to affect the perceived identity of an object (e.g., MacGrath & Summerfield, 1985; 

McGurk & MacDonald, 1976).
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The perceived intensity of a stimulus can be increased by the simultaneous 

presentation of a stimulus in another sensory modality (Stein, London, Wilkinson, & 

Price, 1996), such that the detection of a faint stimulus is improved (Stein et al., 1988). 

Stein and colleagues (Stein et al., 1988) presented brief flashes and tones alone or 

simultaneously to cats that were trained to detect a visual stimulus, and ignore the 

auditory stimuli. The flashes and tones were presented at matching or mismatching 

locations of different eccentricities relative to the cat. For visual stimuli that were 

detected less than 100% of the time when presented alone, detection was improved when 

an auditory stimulus was simultaneously presented to the same location.

The presence of multiple sensory cues has been shown to both enhance and 

interfere with the accurate localization of a stimulus. Spatial acuity improves with 

location concordant bisensory stimulation, as demonstrated by the effects of concurrent 

auditory or somatosensory stimulation on the localization of visual stimuli (see Welch & 

Warren 1986 for a review; Stein & Meredith, 1993). On the other hand, spatial acuity 

can decrease with location discordant bisensory stimulation (e.g., Bertelson & Radeau, 

1981). This latter phenomenon is referred to as ‘the ventriloquist effect’, so called 

because it is best illustrated by conjuring to mind the talking dummy with his ‘master’ the 

ventriloquist standing by.

Multisensory effects on object/event perception have been largely demonstrated 

for speech perception, showing that viewing articulatory gestures can affect what speech 

sound is perceived (e.g., McGurk & McDonald, 1976), or enhance speech perception in a 

noisy environment (Campbell & Dodd, 1980; Thompson, 1995). The McGurk effect 

(McGurk & MacDonald, 1976) exemplifies the multisensory nature of speech perception.
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In one demonstration, the speech sound “ba” was presented and unambiguously heard as 

“ba”. When it was paired with a video of someone mouthing the syllable “ga”, “da” or 

“tha” were most often heard. These speech syllables fall between “ba” and “ga” in terms 

of place of articulation (Delattre, Liberman, & Cooper, 1955), suggesting that visual and 

auditory speech information were fused to arrive at a final speech percept. This highly 

robust illusion provides a clear example of the multisensory nature of speech perception.

Related to multisensory object perception, there are several studies that have 

looked at multisensory influences on the perception of features. In a clever experiment, 

Jousmaki and Hari (1998) showed that the perception of surface texture was influenced 

by simultaneous auditory stimulation, and in this way demonstrated that both tactile and 

auditory information can contribute to the perception of texture. Subjects rubbed the 

palms of their hands together, and the sound their hands made was played back to them 

online, over headphones. When the higher frequencies were amplified, subjects rated 

their hands as feeling drier and smoother than when they were not modified. In another 

study, visual and tactile cues were shown to both contribute to the perception of height 

(Ernst & Banks, 2002).

Thus we see that inputs to the multiple sensory channels combine to affect 

perception at many levels, i.e., the detection and localization of stimuli, and the 

perception of stimulus features and of objects and events.

Neural mechanisms of multisensory integration

Most of what we know about the mechanisms of neural multisensory integration 

comes from the work of Stein and colleagues (see Stein & Meredith, 1993 for a review) 

on multisensory integration in cells of the superior colliculus. This has been largely
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investigated in cats for combinations of visual, auditory, and somatosensory stimulation, 

using the method of single cell recordings. Single cell multisensory integration is defined 

as a change in cell responsiveness to stimulation by two or more sensory inputs, 

compared to the sum of the responses to the different inputs under conditions of 

unisensory stimulation. This can be either an increase or a decrease in response rate. 

Based on the work of Stein and colleagues several principles of multisensory integration 

have emerged, for cells in the superior colliculus: 1) stimuli must be in temporal 

synchrony (within -100 ms; Meredith, Nemitz, & Stein, 1987); 2) stimuli must be in 

spatial register, such that they fall into the receptive field of the same multisensory cell 

(Meredith & Stein, 1996); 3) multisensory interactions are strongest when the individual 

inputs are minimally effective (the principle of inverse effectiveness; Stein & Meredith, 

1993); and 4) stimuli that are out of spatial register can result in cell response depression 

(Meredith & Stein, 1996).

Recent evidence suggests that cortical neurons in known polysensory areas follow 

the principles of multisensory integration defined for the superior colliculus, with the 

exception that spatial register seems not to be as important (e.g., Duhamel et al., 1991; 

Wallace et al., 1992). Data from our laboratory supports the notion that spatial register is 

not an essential condition for eliciting cortical multisensory interactions. Using the 

method of high-density event-related potentials (ERP), we found that multisensory 

interactions were elicited by auditory and somatosensory inputs that were out of spatial 

register by 180 degrees.

Electrophysiological and imaging data on multisensory processing 

Knowledge of the cortical spatio-temporal network of multisensory processing is
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an essential component to the full understanding of multisensory influences on 

perception. Event-related potentials (ERP) provide precise temporal information on the 

time course of cortical processes, as well as and some insight into the possible underlying 

generators of cortical processes; while functional imaging provides precise detail of the 

cortical structures that are activated by a given process. There are a number of functional 

imaging studies on multisensory processing, and a few such electrophysiological studies. 

Evidence from electrophysiological and functional data combine to strongly suggest that 

multisensory processing occurs early on in information processing, in cortical areas that 

are generally thought to be ‘unisensory’ (Calvert et al., 1997; Foxe et al., 2000; Giard & 

Peronnet, 1999; Macaluso et al., 2000). Such early multisensory effects, which appear to 

occur in cortical areas involved in the initial sensory processing of the individual sensory 

inputs, may be related to the detection and localization of stimuli, as well as possibly 

‘tagging’ inputs to the different sensory systems as belonging to the same object. The 

functional and electrophysiological data also suggest that cortical multisensory 

processing is affected by the semantic or emotional congruency of the sensory inputs 

(Calvert et al., 1999; 2000; de Gelder et al., 1999; Pourtois et al., 2000; Raij, Uutela, & 

Hari, 2000), in both polysensory and ‘unisensory’ areas. The little data that are currently 

available on the timing of such effects vary considerably, probably in part due to the very 

different stimuli and tasks used across studies (de Gelder et al., 1999; Pourtois et al.,

2000; Raij, Uutela, & Hari, 2000). The lower estimates (-100 ms) come from studies 

that suffer from methodological problems (de Gelder et al., 1999; Pourtois et al., 2000:

The problem is that the visual stimulus was presented well before the auditory stimulus 

(-1000 ms) and stayed on through the duration of the auditory stimulus, thus effects
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could be due to anticipatory processes), while the estimate on the higher end (280 ms) 

may have been due to the use of letters (Raij, Uutela, & Hari, 2000), which presumably 

require more translation to become meaningful than, say, clear images of animals.

Thus a picture of cortical multisensory processing is beginning to emerge, which 

suggests that inputs to separate sensory channels that are temporally coincident result in 

the early multisensory processing in cortical areas that are involved in the sensory 

processing of the stimuli.

The present endeavor

The goal of the research presented in this thesis was to investigate the spatio- 

temporal dynamics of the cortical integration of inputs to the visual and auditory sensory 

systems, with the use of high-density electrical scalp recordings. The first study (Chapter 

2) examined visual-auditory multisensory neural interactions for basic visual and auditory 

stimuli under the most simple of tasks. The spatio-temporal dynamics of multisensory 

neural interactions were mapped over the first 200 ms of cortical processing post­

stimulus onset. Particular consideration was given to the point in time at which such 

interactions first onset, and the possible underlying neural generators of this initial 

multisensory interaction, given its scalp topography. This study provided a full 

description of the time course of multisensory processing for visual-auditory stimuli that 

originated from the same location in space, onset at the same time, and were task relevant 

(a simple reaction-time task was employed). However, beyond these factors the stimuli 

were not related in any ecologically meaningful way.

The second study (Chapter 2) was designed to investigate the spatio-temporal 

dynamics of multisensory object recognition processes. This was achieved by comparing
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multisensory processing of visual and auditory elements that belonged to the same object 

or belonged to different objects (i.e., line drawings or animals and animal vocalizations 

from the same or different animals), for stimuli that were task relevant versus stimuli that 

were task irrelevant. Thus the study examined the points in information processing, and 

the general cortical areas, that stimuli with congruent versus incongruent visual and 

auditory elements were differentiated, with the purpose of placing these effects in the 

framework of ongoing information processing.
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Multisensory auditory-visual interactions during early 
sensory processing in humans: A high-density electrical 

mapping study.

Reprinted from Cognitive Brain Research, 14, Molholm, S., Ritter, W., Murray, M., 
Javitt, D.C., Schroeder, C.E., & Foxe, J.J., Multisensory visual auditory-visual 
interactions during early sensory processing in humans: A high-density electrical 
mapping study, Copyright (2002), with permission from Elsevier Science.
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Abstract: Integration of information from multiple senses is fundamental to perception 

and cognition, but when and where this is accomplished in the brain is not well 

understood. This study examined the timing and topography of cortical auditory-visual 

interactions using high-density event-related potentials (ERPs) during a simple reaction­

time (RT) task. Visual and auditory stimuli were presented alone and simultaneously. 

ERPs elicited by the auditory and visual stimuli when presented alone were summed 

( ‘sum’ ERP) and compared to the ERP elicited when they were presented simultaneously 

( ‘simultaneous’ ERP). Divergence between the ‘simultaneous’ and ‘sum’ ERP indicated 

auditory-visual (AV) neural response interactions. There was a surprisingly early right 

parieto-occipital AV interaction, consistent with the finding of an earlier study (M.H. 

Giard, F. Peronnet, Journal of Cognitive Neuroscience 11 (1999) 473-490). The timing 

of onset of this effect (46 ms) was essentially simultaneous with the onset of visual 

cortical processing, as indexed by the onset of the visual Cl component, which is thought 

to represent the earliest cortical visual evoked potential. The coincident timing of the 

early AV interaction and C l strongly suggests that AV interactions can affect early visual 

sensory processing. Additional AV interactions were found within the time course of 

sensory processing (up to 200 ms post stimulus onset). In total, this system of AV effects 

over the scalp was suggestive of both activity unique to multisensory processing, and the 

modulation of “unisensory” activity. RTs to the stimuli when presented simultaneously 

were significantly faster than when they were presented alone. This RT facilitation could 

not be accounted for by probability summation, as evidenced by violation of the 'race' 

model, providing compelling evidence that auditory-visual neural interactions give rise to 

this RT effect.
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1. Introduction

Everyday tasks involve the seemingly automatic integration of information from 

multiple sensory modalities. For instance, driving a car involves the synthesis of visual 

(seeing the road), auditory (hearing the car engine; a passing car), somatosensory (feeling 

the steering wheel), and motor (depressing the gas pedal) activity. The combination of 

inputs from different senses can function to reduce perceptual ambiguity (e.g., 32) and 

enhance stimulus detection (e.g., S3). Despite the fundamental role that sensory 

integration plays in performance and perception, how and when information from 

separate sensory modalities comes together in the human neocortex is not well 

understood. The bulk of our knowledge on the mechanisms of multisensory integration 

in the brain comes from the pioneering research of Stein, Meredith, and colleagues (see 

54 for a review) on multisensory processing in the superior colliculus (of anaesthetized 

cats), a sub-cortical structure involved in orienting to auditory, visual, and somatosensory 

stimuli. However, the extent to which the multisensory mechanisms defined in the 

superior colliculus generalize to cortical processes remains to be fully elucidated. 

Knowledge of the timing and anatomical distribution of cortical multisensory processing 

is essential to determining the roles that it plays in information processing.

Generally, it has been assumed that cortical multisensory processing occurs 

relatively late, following extensive processing of sensory inputs, and that it occurs in 

higher order cortical areas specialized for this purpose (e.g. 33). This assumption can be 

partially attributed to: 1) a bias resulting from the tradition of studying sensory systems in 

isolation, and 2) animal studies that reveal multisensory convergence in higher-order 

regions of the parietal (e.g. 17,28, 50), temporal (e.g. 5, 12, 27), and frontal lobes (e.g. 3,
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61) along with a general lack of corresponding studies demonstrating convergence in 

lower-tier cortical areas. However, recent evidence suggests that multisensory processing 

occurs during initial sensory transmission, and in cortical areas that are usually held to be 

unisensory. An investigation by Schroeder et al (47) in the caudomedial (CM) belt area 

of the auditory association cortex of awake behaving macaque monkeys, which gets 

direct input from primary auditory cortex (Al), showed auditory-somatosensory co­

representation. Critically, both the auditory and somatosensory inputs to CM had 

characteristic feed-forward patterns, with both inputs arriving first in layer 4 at about 12 

ms post stimulus onset, strongly suggesting bottom-up multisensory integration that 

occurs early in the sensory processing hierarchy. Functional imaging studies have 

suggested multisensory effects in what have been classically considered unisensory 

cortical areas (7, 31), although the prevailing opinion is that these interactions represent 

feedback from higher-tier multisensory onto the lower-tier unisensory areas. Direct 

empirical evidence of feedback mediated multisensory convergence in classical sensory 

cortex is sparse but supports this possibility (see 49). Very recently two event-related 

potential (ERP) studies found surprisingly early multisensory effects that, in light of their 

scalp topography, appear to indicate the early integration of sensory information in 

traditionally held unisensory cortex. In Giard and Peronnet (24), auditory-visual (AV) 

effects were found to onset at just 40 ms over right parieto-occipital scalp; this is 

consistent with generators in early visual cortices, although the spatial resolution of ERPs 

does not allow the contribution of the abutting multisensory areas in posterior parietal 

cortex or superior temporal sulcus (STS), to be ruled out. And in Foxe et al. (20), 

auditory-somatosensory effects onset at about SO ms over central/post-central scalp,
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consistent with generators in early somatosensory cortex; and at 70 ms over scalp areas 

consistent with neural activity from posterior auditory areas, in line with the findings of 

Schroeder et al. (47).

The finding of an AV effect that onsets at 40 ms over parieto-occipital scalp (24) 

suggests that AV effects can occur at about the same time that initial activation of 

primary visual cortex (VI) is usually assumed to occur (45-55 ms as represented by the 

onset of the earliest cortical visual evoked potential, Cl: e.g. 10, 11,21). This 

surprisingly early latency finding suggests a model of auditory-visual interaction in the 

cortex where auditory input, which reaches the cortex in less than half the time of visual 

input (9 to 15 ms: 9,59), is transmitted from auditory cortices to visual or nearby visually 

dominant cortical areas, and consequently affects the early sensory processing of visual 

input.

The purpose of the present study was to advance the understanding of cortical 

multisensory processing by placing early AV interactions within the temporal and 

topographical framework of cortical sensory processing of the individual auditory and 

visual inputs. We first endeavored to determine if the early AV effect reported in Giard 

and Peronnet (24) would be elicited using a simple task and basic stimuli. In Giard and 

Peronnet a relatively complicated task and stimulus set were employed: On each trial, 

one of two tones was presented, and/or a permanently placed circle morphed into a 

horizontal or vertical ellipse. Subjects made forced two-choice classifications of the six 

randomly occurring stimulus conditions. In contrast, in the present study, single visually 

presented disks and auditory pure tones were presented either alone or simultaneously, 

and subjects performed a speeded simple reaction-time task. Elicitation of the effect
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under these conditions, in conjunction with its elicitation in the very different conditions 

of Giard and Peronnet (24), would suggest that early cortical multisensory processing for 

auditory and visual stimuli that onset simultaneously may be present for a variety of 

stimuli and tasks. We then compared the onset of the earliest AV effect to the onset of 

C l in response to the visual stimulus alone. We expected that the initial cortical response 

to the visual stimulus would precede any AV effects, reflecting that cortical unisensory 

processing of the visual input began prior to cortical multisensory processing.

The technique of high-density electrical mapping (from 128 scalp electrodes) was 

used to establish the spatio-temporal dynamics of auditory-visual multisensory 

processing in relation to activation across a distributed sensory processing network. To 

assess multisensory processing, ERPs to the ‘visual alone’ and ‘auditory alone’ stimulus 

conditions were summed (hereafter referred to as the ‘sum’ ERP) and compared to the 

ERP to the simultaneously presented auditory and visual stimuli (the ‘simultaneous’

ERP). If neural responses to the auditory and visual inputs were processed in the same 

way when they were presented simultaneously as when they were presented alone, then, 

based on the principle of superposition of electrical fields, the ‘simultaneous’ ERP would 

be equivalent to the ‘sum’ ERP. However, if the neural responses to the simultaneously 

presented auditory and visual stimuli interacted during processing, the ‘simultaneous’ and 

‘sum’ ERPs would diverge. This method of measuring multisensory processing is valid 

when neural responses reflect sensory processing unique to the stimulus, and do not 

reflect processes common to all three stimulus types such as target (e.g., the P3) or 

response (e.g., motor cortex activity) related neural activity. Several forms of interaction 

effects have been reported from this comparison (e.g. 20, 24, 38,40,55). Although our
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primary focus was on the earliest AV interaction, AV interactions up to 200 ms were 

considered.

We also tested whether multisensory processing was reflected in our behavioral 

data. Simple reaction-times are generally facilitated when location concordant stimuli are 

simultaneously presented. This has been called the “redundant signal effect” (RSE) (e.g., 

29, 37). There are two classes of models to explain this effect: race models and 

coactivation models. In race models each stimulus of a pair independently competes for 

response initiation, and the faster of the two mediates the response for any trial.

According to this model probability summation produces the RSE, since the likelihood of 

either of the two stimuli yielding a fast reaction-time is higher than that from one 

stimulus alone. In coactivation models, the interaction of neural responses to the 

simultaneously presented stimuli facilitates response initiation and produces the RSE.

We tested whether the RSE exceeded the statistical facilitation predicted by the race 

model, and thereby provided evidence for the contribution of AV neural interactions to 

RT facilitation.

2. Materials and Methods

2.1. Subjects

Twelve neurologically normal, paid volunteers participated (mean age 23.8 ± 2.69 

SD; 5 female; 11 right-handed), all reported normal hearing and normal or corrected-to- 

normal vision. The Institutional Review Board of the Nathan Kline Institute for 

Psychiatric Research approved the experimental procedures, and each subject provided
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written informed consent. Data from two additional subjects were excluded, one for 

excessive blinking, and the other for failure to maintain central fixation.

2.2. Stimuli

Auditory alone: a 1000 Hz tone (60 ms duration; 75 dB SPL) was presented from 

a single JBL speaker located atop the monitor on which visual stimulus was presented.

Visual alone: a disk (60 ms duration), subtending 1.2° in diameter (143 cm 

viewing distance) and appearing red on a black background, was presented on a monitor 

(Iiyama Vision Master Pro 502, model #A102GT), peripheral to central fixation. The 

location of the circle was chosen on an individual subject basis after completion of the 

following procedure. In a pre-test session, the red circle was presented 100 times to each 

of 16 different locations across the visual field. The center of the stimulus was located 

1.6 or 2.6 degrees lateral from fixation and 1.6 or 2.0 degrees vertical from fixation. For 

each subject, the location was chosen from which the best C l-P I visual evoked potentials 

(VEPs) were observed. We sought to optimize our sensitivity to the obligatory VEPs 

because cortical AV effects have been previously reported in the latency range and 

general scalp location of C l and PI (40 to 90 ms post-stimulus; 24). There were four 

different locations used across our cohort (see Figure 1).

Auditory and Visual simultaneous: the auditory-alone and visual-alone conditions 

described above were presented simultaneously. The auditory and visual stimuli were in 

close proximity, with the speaker placed on top of the monitor in vertical alignment with 

the visual stimulus.
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2.3. Procedure

Participants were seated in a comfortable chair in a dimly lit and electrically 

shielded (Braden Shielding Systems) room and asked to keep head and eye movements to 

a minimum, while maintaining central fixation. Eye position was monitored with 

horizontal and vertical electro-oculogram (EOG) recordings. Subjects were instructed to 

make a button-press response with their right index finger when a stimulus in either 

sensory modality was detected, as quickly as possible without making errors. The three 

stimulus conditions were presented with equal probability in random order. Stimulus 

onset asynchrony (SOA) varied randomly between 750 and 3000 ms. Stimuli were 

blocked into sequences of 150 trials, and each subject completed a minimum of 18 

blocks. Breaks were encouraged between blocks to maintain high concentration and 

prevent fatigue.

2.4. Data acquisition and analysis

Continuous EEG was acquired from 128 scalp electrodes (impedances < 5k£2), 

referenced to the nose, band-pass filtered from 0.05 to 100 Hz, and digitized at 500 Hz. 

The continuous EEG was divided into epochs (-100 ms pre- to 800 ms post- stimulus 

onset) and baseline corrected over the full 900 ms. Trials with blinks and eye movements 

were rejected off-line on the basis of the EOG. An artifact criterion of ± 60 pV was used 

at all other scalp sites to reject trials with excessive EMG or other noise transients. The 

average number of accepted sweeps per stimulus condition was 681 (ranging from 661 to 

702 sweeps over the three conditions)
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EEG epochs were sorted according to stimulus condition and averaged from each 

subject to compute the event-related potential (ERP). Baseline was defined as the epoch 

from -50 ms to 10 ms post-stimulus onset. In addition, ERPs from the auditory-alone and 

visual-alone conditions were summed for statistical comparison with the ERP response to 

the simultaneous auditory-visual condition. Group-averaged ERPs for each of the three 

stimulus conditions and the summed auditory and visual alone ERPs were calculated for 

display purposes and for identification of the auditory N1 and P2 and the visual C l, PI, 

and N l.

Button press responses to the three stimulus conditions were acquired during the 

recording of the EEG and processed offline. Responses falling between 100 and 800 ms 

post stimulus onset were considered valid. This window was used to avoid the double 

categorization of a response.

2.5. Statistical analyses

2.5.1. Behavioral. For individual subjects, the percent hits and average 

response-time were calculated and their reaction-time distributions were recorded for 

each stimulus condition. To test for the presence of an RSE, planned comparisons 

between each of the alone stimulus conditions and the simultaneous stimulus condition 

were performed. To determine if a co-activation explanation of the RSE was necessary. 

Miller’s test of the race model (37) was implemented. The model places an upper limit 

on the cumulative probability (CP) of RT at a given latency for stimulus pairs. For any 

latency, t, the race model holds when this CP value is less than or equal to the sum of the 

CP from each of the single stimuli minus an expression of their joint probability
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(CP(t)simultaneous <  ((CP(i)alone 1 +  CP(t)alone 2) “ (CP(t)alone I * CP(t (alone 2))- For CUCh subject the

RT range within the valid RTs (100-800 ms) was calculated over the three stimulus 

conditions and divided into quantiles from the first to the hundredth percentile in 5% 

increments (1%, 5% ,..., 95%, 100%). T-tests comparing the actual ( C P (,(simultaneous) and 

predicted ( ( C P ^ o n e  i + C P (t)aione2) - (CP(t)aione i *  C P (t)aione 2 )) facilitation were performed 

to assess the reliability of violations of the race model.

2.5.2. Event-related potentials: AV effects. To date only Giard and 

Peronnet (24) have measured AV multisensory processing by comparing ‘simultaneous’ 

and ‘sum’ ERPs. In the first phase of our analysis we used their findings to predefine the 

latencies and scalp regions at which we tested for AV interactions. As such, we tested for 

an early AV interaction over parieto-occipital scalp within the latency range of the C l,

AV interactions within the latency range of the auditory N1 and P2 and the visual PI and 

N1 components, over corresponding scalp areas, and an AV effect over right fronto- 

temporal scalp at about 150 ms. For each of the six tests the mean amplitude of the 

‘simultaneous’ and ‘sum’ ERPs over a 10 ms window was submitted to a three-way 

repeated measures analysis of variance (ANOVA) with factors of Stimulus Type 

( ‘simultaneous’ versus ‘sum’), Hemisphere, and Electrode (3 representing each 

hemisphere). The center of each of the latency windows was chosen on the basis of the 

maximum difference between the ‘simultaneous’ and ‘sum’ ERPs within the prescribed 

latency range, and is indicated in parenthesis in the results section. Geisser-Greenhouse 

corrections were used in reporting p  values when appropriate. An alpha level of less than 

.05 was used for all statistical tests. For the reliable AV interactions, the topography and
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distribution of the effect was inspected in the difference voltage map; when the focus of 

the effect differed from the scalp region tested, a follow up test was conducted.

The second phase of analysis was conducted to render a full description of the 

spatio-temporal properties of the AV interactions, and was considered exploratory. The 

‘simultaneous’ and ‘sum’ ERPs were compared using point-wise running paired t-tests 

(2-tailed), with an AV interaction defined as at least 10 consecutive data points meeting a 

0.05 alpha criterion (10  data points = 20 ms at a 500 Hz digitization rate) (for use of 

running t-tests see 26,40). This criterion meets stringent standards for assessing reliable 

effects, as posed by Guthrie and Buchwald (26), when a large number of t-tests are 

calculated across the electrode montage and epoch. This is a suitable alternative to 

Bonferroni correction for multiple comparisons, which would increase the likelihood of 

Type II errors through overcompensation for Type I errors. This “post-hoc” phase of the 

analysis was critical because 1) it provided a description of the time course of the AV 

effects, and 2) the full description of the spatio-temporal properties of the AV interactions 

allows these data to be used as a hypothesis generation tool for future multisensory 

studies.

2.5.3. Event-related potentials: C l onset. Cl onset was measured by 

comparing the amplitude of the ERP to the visual alone condition to baseline using point- 

wise running paired t-tests (2-tailed); onset was defined as the first point where a 0.05 

alpha criterion was met and followed by at least 10 consecutive significant data points.
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3. Results

3.1. Behavioral

3.1.1. Redundant signal effect. Mean reaction-times to the simultaneous 

condition (255 ms) were faster than mean reaction-times to either the visual or the 

auditory alone conditions (305 and 297, respectively). A RSE was confirmed with 

planned comparisons of each of the alone conditions to the simultaneous condition (for 

auditory alone condition compared to the simultaneous condition: tu  = 7.972, p < 0.001; 

for the visual alone condition compared to the simultaneous condition: tu  = 11.057, p < 

0 .001).

3.1.2. Test o f the race model. There was violation of the race model for each of 

the 12 subjects. The CP at each quantile were group averaged separately for each 

stimulus condition to form an aggregate distribution that preserved the shape of the 

individuals’ data (also termed Vincent averaging; 60). For the group averaged data, the 

race model was violated over the first 6 quantiles (see Figure 2). These violations were 

reliable across subjects, with statistically significant differences between the actual 

(CP(t)simultaneous) and predicted ((CP(t)alotie 1 + CP(t)alonc 2) '  (CP(t)alone 1 * CP(t)alone 2)) 

facilitation for three of the quantiles (see Table I). Violation of the race model strongly 

supports the contention that the interaction of auditory and visual stimulus information 

during neural processing contributed to the RSE.
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3.2. Event-related potentials

In Figure 3 the group averaged ERPs to the alone conditions (auditory and visual), 

and the simultaneous condition at selected electrode sites are displayed. The ERP 

elicited by the auditory alone condition was characterized by the typical auditory 

components Pa peaking at 40 ms, PI peaking at 56 ms, N1 peaking at 105 ms, and P2 

peaking at about 200 ms (43,57, 58). Pa and N1 appeared maximal over fronto-central 

scalp and inverted at the mastoids; PI appeared maximal at fronto-central sites but did 

not invert at the mastoids; and P2 appeared maximal over centro-parietal scalp. The ERP 

elicited by the visual alone condition was characterized by the visual Cl from about 40 to 

65 ms, and a typical PI and N1 peaking at 110 and 160 ms, respectively (10, 21); PI 

appeared maximal over occipital scalp and N1 over occipito-temporal scalp. The ERP 

elicited by the ‘simultaneous’ condition displayed classic auditory and visual 

componentry, in general as described for the alone conditions.

3.2.1. AV Interactions

Differences between the group averaged ‘simultaneous’ and ‘sum’ ERPs could be 

readily observed. For the electrode sites over parieto-occipital to occipital scalp, and in 

the posterior temporal regions, the ‘simultaneous’ ERP was more positive in amplitude 

from about 45 to 80 ms compared to the ‘sum’ ERP, and had a smaller peak amplitude 

for the positive going wave at about 100 ms and the negative going wave at about 160 

ms. At the central and fronto-central electrode sites the ‘simultaneous’ ERP was of
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greater amplitude than the ‘sum’ ERP for the negative going wave at about 120 ms, and 

for the positive going wave at about 180 ms.

3.2.2. Posterior A V interactions

The early right parieto-occipital difference between the ‘simultaneous’ and ‘sum’ 

ERPs was confirmed with a significant Stimulus Type by Hemisphere interaction 

(centered at 58 ms: F (1, 11) = 5.73, p = .036); the ‘simultaneous’ ERP was more 

positive than the ‘sum’ ERP (see Figure 4a). A follow up focused contrast over the right 

electrode sites, with factors of Stimulus Type and Electrode, showed a main effect of 

Stimulus Type (F (1, 11) = 8.83, p = .013).

In the latency range and scalp region of the occipitally focused visual PI, the 

‘simultaneous’ ERP was significantly less positive going than the ‘sum’ ERP (centered at 

120 ms: F (1,11) = 5.89, p = .034). However, inspection of the voltage map suggested 

that the AV interaction in this latency range was largely focused over left centro-parietal 

scalp (see Figure 4c). A post-hoc two-way repeated measures ANOVA on left centro- 

parietally placed electrodes supported this contention (F (1, 11)= 15.69, p = .002) and we 

concluded that the A V effects in this latency range mainly reflected interactions over left 

centro-parietal scalp.

In the latency range and scalp area of the occipito-temporally focused visual N1 

the ‘simultaneous’ ERP was less negative going than the ‘sum’ ERP (see Figure 4f), with 

a 2-way interaction of Stimulus Type by Electrode that approached significance (centered 

at 165 ms: F(l, 11) = 4.22, p = .061). The ‘simultaneous’ versus ‘sum’ difference was 

focused over nght scalp. Given the strong trend toward significance we did a post hoc
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contrast on the right hemisphere electrode sites, with factors of Stimulus Type and 

Electrode; this showed a main effect of Stimulus Type (F (1, 11) = 6.31, p = .029.

3.2.3. Fronto-CentraUCentral A V interactions

In the latency range and scalp region of the fronto-centrally focused auditory N l, 

the amplitude of the ‘simultaneous' ERP was significantly more negative going than the 

amplitude of the ‘sum’ ERP (centered at 120 ms: F (1,11) = 10.20, p = 0.009). However, 

inspection of the topography of the effect suggested that it was largely due to the left 

centro-parietally focused AV interaction (see Figure 4c, and the results from the post-hoc 

ANOVA on left centro-parietal sites, centered at 120 ms, reported above).

In the latency range and scalp area of the centrally focused auditory P2 the 

‘simultaneous’ ERP was significantly more positive going than the ‘sum’ ERP (see 

Figure 4g) (centered at 180 ms: F (1, 11) = 5.23, p = 0.043). Inspection of the 

simultaneous and sum ERPs over fronto-temporal scalp suggested that there were no 

amplitude differences focused over this area (centered at 150 ms: F (1, 11)= 1.03, p = 

.331).

3.2.4. Exploratory analysis o f the spatio-temporal properties o f the A V 

interactions

The p-values from the running t-test analysis comparing the amplitudes of the 

‘simultaneous’ and ‘sum’ ERPs across the electrode montage and epoch provide a 

comprehensive picture of the spatio-temporal properties of the AV interactions (Figure

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

S). The earliest AV interaction onset at 46 ms, was evident only over the right parieto­

occipital region of the scalp, and lasted for 20 ms (also see Figure 4a). This was followed 

by an AV interaction, not identified in our first phase of analysis, focused over frontal 

scalp that onset at 86 ms and lasted for up to 26 ms (also see Figure 4b). Next, there were 

simultaneous AV interactions focused over left centro-parietal and right posterior 

temporal regions of the scalp. Left centro-parietally it onset at 102 ms, and right 

posterior temporally it onset at 100 ms; these evolved into AV interactions focused over 

left centro-parietal scalp and right superior temporal scalp that peaked at 128 ms (also see 

Figures 4c, d, and e). These effects did not appear to be a modulation of the auditory Nl. 

Starting at 160 ms there was an AV interaction focused over right occipito-temporal scalp 

that lasted until at least 180 ms, and this difference had a topography and time course 

consistent with the visual Nl (also see Figure 4f). Finally, there was a central AV 

interaction focused over left scalp that onset at 174 ms and extended out to 200 ms post 

stimulus onset (also see Figure 4g). We should note that the two latter AV interactions 

were present at only 3 to 4 electrode sites, while the other AV interactions were present 

at many electrode sites clustered within a scalp region.

3.2.5. The present multisensory effects are not an artifact o f slow wave 

anticipatory potentials

The performance of a task in our experimental paradigm introduced the 

possibility of slow wave anticipatory potentials (e.g., the contingent negative variation; 

see 62). These slow potentials begin several hundred milliseconds prior to stimulus onset 

and continue for a short time thereafter. If present, anticipatory potentials would be
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represented twice in the ‘sum’ ERP and only once in the ‘simultaneous’ ERP, resulting in 

an artificial difference between the two. Problematically, this difference would appear to 

begin post-stimulus onset, due to baseline correction on the pre-stimulus portion of the 

ERPs, and would be indistinguishable from a genuine AV interaction (56).'

The current experiment was designed to minimize the incidence of anticipatory 

potentials. SOA was varied randomly between 750 and 3000 ms such that subjects could 

not accurately predict the arrival of the next stimulus, and hence would be discouraged 

from anticipating its onset (see 13). To confirm that anticipatory potentials did not 

contribute to the reported AV effects we compared the onset of our earliest effect for two 

different baseline criteria. If the effect was a consequence of anticipatory potentials, then 

its onset latency should shift for different baseline criteria (56). The early right parieto­

occipital effect onset at the same latency of 46 ms for the two baseline criteria: 100 to 50 

ms pre-stimulus onset; and our original 50 ms pre-stimulus to 10 ms post-stimulus onset. 

This analysis strongly suggests that anticipatory potentials did not contribute significantly 

to our AV effects.

To further rule out the contribution of slow wave anticipatory potentials to our 

AV interactions, we inspected the grand mean ‘simultaneous’ and ‘sum’ ERPs for 

differences in the pre-stimulus portion of the waves. The data were reprocessed (as 

described in the methods section) to look at a longer pre-stimulus epoch (250 ms pre­

stimulus to 200 ms post-stimulus onset). No pre-stimulus differences were observed at 

anterior electrode sites, and only minimal pre-stimulus differences were observed at 

posterior electrode sites, again suggesting that anticipatory potentials did not contribute to 

our AV effects.

1 We thank Dr. Steven Hillyard for pointing out this potential problem at the 2001 CNS conference.
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3.3. C l onset

The early AV interaction fell within the time range of when the initial response in 

primary visual cortices, indexed by C l, generally occurs (e.g. 10,11, 21). We therefore 

set out to compare the onset of the early AV effect with the onset of C l. However, the 

Cl in the group averaged ERP to the visual alone stimulus condition was of relatively 

small amplitude, and activation did not reliably onset until the PI portion of the ERP, at 

76 ms (at occipital sites). The relatively small amplitude C l was likely due to our use of 

multiple visual stimulus locations across subjects. That is, because of the anatomy of the 

retinotopically arranged human visual cortex, the scalp topography of C l changes as a 

function of stimulus position (10). Thus, C ls to the same visual stimulus presented to 

different locations would have different scalp topographies, and when averaged together 

the C l would appear diminished.

To get a more accurate measure of the onset of C l to our visual stimulus, we 

presented it to a single location for an additional 7 subjects (mean age 25 ±7.9 SD; 5 

female; 5 right-handed; one also participated in the main experiment). Only differences 

in procedure between this and the main experiment are noted. The stimulus was always 

presented to the lower right quadrant of the visual field (2.6 degrees lateral and 2.6 

degrees vertical from fixation). To maintain arousal a simple oddball paradigm was used 

in which subjects made a right-handed button-press response to an infrequently occurring 

change in color (5% of trials). SOA varied randomly between 750 and 1000 ms. Stimuli 

were blocked into sequences of 100 trials, and the first 3 subjects completed 4 blocks of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

trials while the remaining subjects each completed 8 blocks of trials. The continuous 

EEG was divided into 100 ms pre-stimulus to 200 ms post-stimulus onset epochs. These 

were averaged for each subject to compute the ERP. Baseline was defined as the pre­

stimulus epoch. The average number of accepted sweeps was 329 ±29 for the first 3 

subjects and 721 ±21 for the remaining subjects.

The group averaged ERP exhibited a Cl that was largest over occipital scalp and 

appeared to diverge from baseline at -40 ms. The t-test analysis showed that Cl onset at 

44 ms over left occipital scalp and at 46 ms over central and right occipital scalp. Thus, 

with a temporal resolution of essentially 2 ms, the onset latencies of C l and the early AV 

interaction were the same.

4. Discussion

The present study examined the spatial and temporal properties of cortical AV 

interactions to basic stimuli, while subjects performed a simple reaction-time task. In the 

behavioral data there was a significant reaction-time advantage when the visual and 

auditory stimuli were presented simultaneously compared to when they were presented 

alone - the so-called redundant sensory effect (RSE). There was substantial violation of 

the race model. Hence the RSE could not be accounted for by simple probability 

summation, providing strong evidence that multisensory neural interactions are 

responsible for this sizeable RSE.
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4.1 The early AV effect

The electrophysiological data exhibited surprisingly early auditory-visual 

multisensory interactions, over right parieto-occipital scalp. The combination of the early 

timing of this effect and its scalp topography over early visual areas is consistent with 

modification of very early visual sensory processing by auditory inputs. As unisensory 

transmission to auditory cortex is considerably faster than it is to visual cortex, this 

suggested the following possible interpretation to us. First, auditory input activates 

primary auditory cortex within 13 ms of stimulus presentation and is then transmitted up 

the auditory processing stream. This input is then projected to “unisensory” visual areas 

through one of two possible pathways.

The first possibility is a direct, feedforward projection from primary auditory or 

auditory association cortices to early visual cortices. Until recently, it was largely 

believed that such connectivity did not exist. However, very recently, anatomic tracer 

studies have provided evidence for direct projections from both primary auditory cortex 

(A l) and auditory association areas to both VI and V2 in macaques (18,44). The second 

possibility is a more indirect pathway, in which feedforward auditory input reaches areas 

of AV multisensory convergence (e.g. the superior temporal polysensory region - STS), 

and is transmitted via feedback connections to earlier "unisensory" visual areas. The 

critical issue is one of timing. The question is whether there is sufficient time for 

auditory input to reach early visual areas to result in modulation of the later arriving 

visual input? Given the standard timing offset between the initial auditory and visual
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inputs to their respective primary cortices, there is a more than sufficient window of 

approximately 25-30 ms in which this process could occur (49).

4.1.1. Timing and what it tells us

The onset of an AV interaction at 46 ms in our study is much earlier in 

information processing than multisensory processing is generally assumed to occur, and 

reinforces the view that visual processing is modified by auditory inputs well before 

visual sensory analysis is complete. The Cl component of the VEP, our measure of 

initial input to visual cortices, and the AV effect, were found to onset essentially 

simultaneously. This timing of AV interactions relative to C l onset suggests that the 

visual input to this multisensory process arrives through feedforward connections. 

Further, this earliest AV interaction has different scalp topography to that of the C l, with 

a focus that is more dorsal over right parieto-occipital scalp. Thus, on the basis of both 

timing and topography, we suggest that an early stage of the dorsal visual stream is the 

likely site of this AV interaction. Visual activation of such areas is essentially 

simultaneous with activation of VI (46). The auditory input, on the other hand, 

conceivably arrived through either feedforward or feedback connections, as auditory 

cortices are activated by tones of moderate intensity by at most 15 ms (9).

This finding of an early AV effect contributes to recent evidence (20, 24,47,49) 

of multisensory interactions during early sensory processing. Models of sensory 

integration need to account for such early multisensory operations in addition to later 

multisensory processing that occurs following the extensive sensory analysis of the 

individual sensory inputs (33. 39). For example, based on functional imaging data,
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Calvert et al. (7) and Driver and Spence (16) suggest feedback accounts of multisensory 

processing in unisensory cortex, although they do not specify the point at which this 

occurs in information processing.

4.1.2. Candidate areas for initial integration o f multisensory inputs

The right parieto-occipital focus of the earliest AV interaction is consistent with 

sources originating from one of several possible underlying brain areas: Regions of the 

visual motion processing system2 (referred to here as MT+, which includes V5 and 

related areas), and known multisensory regions of the posterior parietal cortex and the 

superior temporal sulcus (STS). Of these three, STS is the most parsimonious with the 

detailed neurophysiology of visual processing in the macaque monkey. In the monkey, 

STS receives visual inputs only milliseconds after VI (~3 ms; 46,49, and there are cells 

in STS that receive converging input from auditory cortices (3,5,25). Further, human 

fMRI studies implicate STS in auditory-visual multisensory processing (e.g. 8,41). 

However, while its auditory-visual response characteristics make STS a strong candidate 

for the source of the early AV interaction, the topography of the interaction observed here 

and in Giard and Perronet (24) seems posterior to what one might predict for a generator 

in STS.

MT+ is consistent with the topography of the early interaction, and there is strong 

evidence from monkey intracranial data that the arrival of the fastest inputs to V5 occurs 

at the same time as, and sometimes even earlier than, initial inputs to VI (45,46,48); and 

human data have found similar timing (6,22). Further supporting the possibility that

2 Transient stationary stimuli, such as ours, activate the visual motion processing system (e.g., Schroeder, 
Mehta, & Givre, 1998).
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MT+ contributed to the early AV interaction, multisensory processing in human MT+ for 

auditory-visual speech has been shown with fMRI (7; also see 4). Although monkey 

studies have failed to convincingly show that MT+ responds to auditory stimuli (e.g., 

unpublished data from our lab), it is possible that such multisensory cells in the macaque 

have not been sampled.

Also consistent with the topography of the early interaction is posterior parietal 

cortex, which is activated by a visual stimulus just a few milliseconds following VI 

activation (46,49). Human and monkey studies have shown that posterior parietal areas 

are involved in the multisensory representation of location and motion (2,30). Further, 

monkey studies indicate that these areas include neurons that respond to both auditory 

and visual inputs early in information processing (e.g., 34; and see 2 for review). A 

caveat is that such convergence of auditory and visual inputs has only been found when 

monkeys have been extensively trained to make saccades to the auditory stimuli (25).

4.1.3. Functional significance of early A V integration

MT+ and the posterior parietal cortices are involved in the processing of motion, 

and are implicated in exogenously (stimulus) driven attentional orienting to moving 

stimuli. Consistent with the right hemisphericity of the early AV interaction, the 

exogenous attentional orienting systems in posterior parietal cortices are generally 

localized to the right hemisphere (e.g., 36,42). The rapid detection and localization of 

moving objects is advantageous to survival, for example allowing one to dodge a hurtling 

object whistling through the air, and would be enhanced by the early integration of 

temporally coincident auditory and visual information in motion sensitive areas.
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Behavioral studies have shown that detection and localization of visual objects are 

improved when there is a temporally coincident, location concordant, sound (52, 53).

4.2. The later AV effects

A centro-parietal AV interaction peaked at 120 ms. This interaction overlapped 

with the time course of both the auditory Nl and the visual PI. However, its centro- 

parietal topography suggested a different configuration of generators. This evolved into 

more Iateralized activity focused over right superior temporal and left centro-parietal 

scalp that peaked at about 128 ms; these AV interactions were distinct from the activity 

in response to the auditory or visual alone stimulus conditions within the same latency 

range (see figure 4d for comparisons of the interactions with the activity to the auditory 

alone condition at the same latency).

A later AV interaction, over left central scalp (-180 ms), was consistent with 

generators in motor cortex and may reflect sensory motor integration. The timing of the 

effect is consistent with such an interpretation, with the mean RT to the simultaneously 

presented stimuli occurring -75 ms later, as is the scalp topography since the right 

handed response used in this study would be expected to elicit a left Iateralized motor 

response.

In addition to the above, post hoc analyses suggested two further AV interactions. 

One was over frontal scalp (~ 100 ms), and was unique to the 'simultaneous' stimulus 

condition (i.e. did not correspond to activity in response to either the visual or auditory 

alone stimulus conditions). Multisensory processing in the frontal cortices has been 

shown previously in both human and monkey studies (3, 8). The other was focused over

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

right occipito-temporal areas (~ 165 ms). The timing and scalp topography of this effect 

was consistent with those of the visual Nl, elicited by the visual alone stimulus condition. 

Auditory-based modulation of the visual Nl would suggest that auditory inputs can affect 

the visual object recognition system, as the visual Nl has been implicated in visual object 

recognition processes by many studies (e.g., 1, 14, 15).

5. Summary & Conclusions

Our electrophysiological data are in general agreement with those reported by 

Giard and Peronnet (24), the only comparable ERP study to date. Both studies revealed 

AV interactions of the same polarity over right parieto-occipital scalp (~ 40-50 ms), over 

occipito-temporal scalp ( -  165 ms), and over fronto-central (in Giard & Peronnet, 24) 

and central (the present study) scalp (-180 ms). However, our AV effects were of 

considerably shorter duration than those reported in Giard and Peronnet. Additionally, 

while we also found multisensory effects in the latency range of the auditory Nl and 

visual PI components, high-density topographic mapping showed that these effects had 

different topographies than the unisensory components, suggesting different underlying 

source configurations for these multisensory effects. Furthermore, our data did not 

evidence fronto-temporal activity at about 150 ms as was found in Giard and Peronnet.

Of course, due to the considerable differences in the paradigms used, it is not surprising 

that some differences were seen. Rather, given the general similarities in findings across 

these two studies, we suggest that AV multisensory processing comprises a base set of
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cortical interactions that will be present for a variety of stimuli and tasks.

These data contribute to the growing literature on the spatio-temporal properties 

of cortical multisensory processing in humans. The extent to which multisensory activity 

is unique to particular combinations of the senses versus common to various sensory 

combinations, and the impact of task effects on the observed activities, remains to be 

seen. For example, it has been well documented that there can be profound crossmodal 

influences on attentional orienting (e.g. 19,23,35,51). Further, the current data 

highlight the importance of a detailed consideration of the timecourse o f sensory 

processing within the individual sensory modalities. The inherent differences in 

transmission time to cortex of stimulation within the different sensory modalities will 

likely have considerable effects on the timecourse and potential neural areas at which 

multisensory interactions will occur.
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Table 1. t-tests comparing the CP for the ‘simultaneous’ stimulus condition to the CP 
predicted by the Race Model over the first 5 quantiles, in which the ‘simultaneous’ CP 
exceeded the predicted CP.

Quantile CP: simultaneous CP: predicted t n P<
1 .001 .000 1.49 .080
2 .002 .001 1.23 .120
3 .017 .007 2.76 .009
4 .118 .066 3.23 .004
5 .328 .253 2.61 .012
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Figure 1. The 16 possible locations of the visual stimuli, with the number of subjects for 

whom a given location was used in the main experiment. The eccentricities of the 

stimulus locations with respect to central location were 1.56° for the upper left and right 

locations just above fixation, 2.33° for the higher upper left location, and 3.28° for the far 

lower left location. The far lower left location was used for all subjects in the follow up 

experiment, and had an eccentricity of 3.28°.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

Figure 2. a. Mean (N=12) reaction times (SEM indicated) for simultaneous (AV: red 

bar), and auditory (A: blue bar) and visual (V: green bar) alone stimulus conditions, b. 

Cumulative probability (CP) distributions for the simultaneous (red trace) and visual 

(green trace) and auditory (blue trace) alone stimulus conditions, and the CP predicted by 

the race model (black trace), c. Miller inequality: values greater than zero signify 

violation of the race model (seen here over the first 6 quantiles).
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Figure 3. The ‘simultaneous’ (red trace), and visual (green trace) and auditory (blue 

trace) alone ERPs at left (a) and right (b) fronto-central electrode sites and at left (c) and 

right (d) occipital electrode sites. The placement of the electrode sites are indicated in 

magenta in top and back views of the electrode montage.
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Figure 4. Auditory-visual interactions are illustrated in ‘simultaneous’ versus ‘sum’ 

difference voltage maps of the focus of the AV interactions, at their peak latencies. The 

color scale is to the left of Figure 4a, and the voltage scale used for each of the maps is 

indicated below it, in gray. These are accompanied by ERP traces to the ‘simultaneous’ 

(red), ‘sum’ (blue), and ‘simultaneous’ versus ‘sum’ difference (green) from 

corresponding electrode sites. The electrode location is indicated with a black dot on the 

voltage map. A vertical black line is drawn through the traces at the latency of the 

corresponding voltage map. For each AV interaction voltage map, a unisensory voltage 

map (visual or auditory) at the same latency is illustrated, to the far right. Comparison of 

the AV interactions and corresponding unisensory voltage maps reveals the similarity or 

difference of the interaction to unisensory processing.
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Figure 5. Significant p values over time for 119 electrodes from running t-tests 

comparing the 'simultaneous’ and ‘sum’ ERPs (this excluded 4 mastoid electrodes, 4 non 

scalp electrodes that recorded ocular activity, and 1 bad electrode). P values are 

differentiated with a color scale. Grey indicates an absence of significant p values Time 

is plotted on the x axis from 0 to 200 ms. Electrodes are plotted on the y axis. Starting 

from the bottom of the graph, the electrodes are divided into sections from posterior to 

anterior scalp (O=occipital; P-0=parieto-occipital; P=parietal; C=central; F-C=fronto- 

central; F=frontal). Within a section the electrodes are arranged from the right most 

lateral to the left most lateral sites (indicated to the right of the graph for each section). 

The sections are labeled based on the mid line of the scalp (e.g., “central” includes 

electrodes over temporal scalp).
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Multisensory visual-auditory object recognition in humans: A 

high-density electrical mapping study.

Abstract:

Integration of information from multiple senses is fundamental to perception and 

cognition, but when and where this is accomplished in the brain is not well understood. 

This study examined the timing and topography of cortical visual-auditory object 

recognition using high-density event-related potentials (ERPs) during an object 

recognition task. Visual and auditory elements were presented together that belonged to 

the same common object (congruent pairs) or belonged to different common objects 

(incongruent pairs). These were line drawings of animals and animal vocalizations from 

the same or different animals. Subjects responded to a target animal whether present in 

the visual, auditory, or both sensory modalities. We hypothesized that visual object 

recognition processes would be affected by the presence of ancillary auditory object 

information, and that this would result in reaction time facilitation for congruent targets, 

and modulation of the visual N1 ERP component. In support of this hypothesis, object 

recognition was speeded when the visual and auditory elements were object congruent. 

This RT facilitation could not be accounted for by probability summation, as evidenced
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by violation of the ‘race’ model, indicating that visual-auditory interactions gave rise to 

this RT effect. In addition, we found that there was modulation of cortical processing for 

the same congruent target stimuli, in visual object recognition areas in the latency range 

of the visual N l, and over occipital scalp in the latency range of the selection negativity.
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Introduction

Inputs to the various sensory systems function to inform us of the objects and 

events in the environment at any given moment, and our experience is one in which the 

multiple sensory properties cohere into unified perceptions of these object and events. To 

illustrate this, it helps to imagine what it is like when we are deprived of the contribution 

of one of these senses. For example, when it is dark we have to rely on auditory and 

somatosensory information in the near absence of visual information. In this case our 

experience is dramatically different, and objects and events can seem incomplete. The 

same would be the case were we deprived of auditory or somatosensory stimulation.

Thus while we easily distinguish the unique characteristics of different sensory inputs 

(e.g., the touch, smell, and image of a flower), phenomenological experience, as well as 

experimental evidence (e.g., Stein, Huneycutt, & Meredith, 1988; Bertelson & Radeau, 

1981; McGurk & MacDonald, 1976; McGrath & Summerfield, 1985), tells us that there 

are profound multisensory influences on the normal perception of objects and events.

Multiple sensory inputs that emanate from a single object usually provide 

redundant and/or complementary information about the identity of the object. For 

example, the smell and image of a rose are complementary information about the rose's 

identity; while the heard sound and seen speech articulations associated with a spoken 

syllable give partially redundant information about its identity. Oftentimes the 

information coming into the nervous system through any single sense is degraded due to 

“noise”, such as the partial occlusion of an object or the hum of a vent masking 

someone’s speech. In such instances sensory information that is complementary and 

redundant can be essential to accurate and timely object recognition.
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Numerous studies have illustrated multisensory effects on perception, showing 

that viewing articulatory gestures can affect what speech sound is perceived (e.g., 

McGurk & MacDonald, 1976), or enhance speech perception in a noisy environment 

(Campbell & Dodd, 1980; MacLeod & Summerfield, 1990; Sumby & Polack, 1954; 

Thompson, 1995). However, multisensory object recognition has not been extensively 

examined outside the domain of speech perception. Related to multisensory object 

perception, several studies have considered multisensory influences on the perception of 

features. Jousmaki and Had (1998) showed that tactile judgments of surface texture were 

influenced by simultaneous auditory stimulation, demonstrating that both tactile and 

auditory information can contribute to the perception of texture; while in another study, 

visual and tactile cues were both shown to contribute to the perception of height (Ernst & 

Banks, 2002).

The cortical spatio-temporal dynamics of the integration of object information 

from different senses, important for mapping out the sequence of neural processes that 

underlie multisensory object recognition, remains to be fully elucidated (for proposed 

models see Massaro 1999; Calvert 1998; Driver & Spence, 2000). Functional imaging 

and event related potential (ERP) studies of multisensory speech perception have detailed 

a network of cortical areas that plays a role in the integration of auditory-visual speech 

(e.g., Calvert, Brammer, Bullmore, et al, 1999; Calvert, Campbell & Brammer, 2000). 

However, it is probable that this circuit for speech perception is a relatively specialized 

one, and that the cortical network involved in integrating information from the different 

sensory systems depends on the class of multisensory objects/events that are being 

considered (e.g., animals versus speech), as well as the specific demands of the task that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

is being performed. Information regarding the timing of multisensory object processing 

relative to the well-detailed timing of ongoing unisensory processing is sparse at best (but 

see Giard & Peronnet, 1999, Molholm, et al., in press, and Schroeder & Foxe, in press).

The goal of the present study was to advance understanding of multiple sensory 

influences on object recognition. To this end we examined the combined influences of 

visual and auditory information on the recognition of animals, and placed these effects 

within the temporal and topographical framework of visual and auditory processing. 

High-density event-related potentials (ERPs) were recorded from 128 scalp electrodes 

while participants performed an object recognition task in which they pressed a key to the 

occurrence of a target animal. On each trial one of four stimulus types was presented: an 

animal picture (visual-unisensory); an animal sound (auditory-unisensory); a paired 

picture and sound of the same animal (object congruent-bisensory pair); and a paired 

picture of one animal and sound of another (object incongruent-bisensory pair). On a 

given run, one of eight possible animals was designated as the target. Five types of 

targets were derived from the four stimulus types: auditory-unisensory targets, visual- 

unisensory targets, auditory-incongruent-bisensory targets (with a target auditory element 

and a non-target visual element), visual-incongruent-bisensory targets (with a target 

visual elements and a non-target auditory element), and congruent-bisensory targets 

object congruent stimulus with target visual and auditory elements). Figure 1 illustrates 

the target and non-target stimuli, in the case where the target was a cow.
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To assess the combined effect of visual and auditory information on object 

recognition, we compared performance on the bisensory targets to performance on the 

unisensory targets. We expected that the neural interaction of congruent visual and 

auditory object information (congruent-bisensory targets) would facilitate performance 

compared to the unisensory targets (auditory-unisensory targets and visual-unisensory 

targets). In contrast, we expected that the neural interaction of incongruent visual and 

auditory object information might interfere with recognizing the target (visual- 

incongruent-bisensory and auditory-incongruent-bisensory targets), and result in poorer 

performance compared to the unisensory targets. However, RT facilitation under these 

conditions could be accounted for by one of two classes of models: race models or 

coactivation models (see Miller, 1982, for a discussion of race and coactivation models). 

In race models each constituent of a pair of redundant targets independently competes for 

response initiation, and the faster of the two mediates the response for any given trial, 

resulting in the so-called redundant target effect (RTE). According to this model, 

probability summation produces the RTE, since the likelihood of either of the two targets 

yielding a fast RT is higher than that from one alone. In coactivation models, the 

interaction of neural responses to the simultaneously presented targets facilitates response 

initiation and produces the RTE. We therefore tested if the RTE exceeded the statistical 

facilitation predicted by the race model (Miller, 1982), and thereby provided evidence 

that object information from the visual and auditory sensory modalities interacted to
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produce RT facilitation - i.e. congruent-bisensory targets produced a violation of the race 

model.

Another question we asked was which were the likeliest brain structures to 

mediate these multisensory object recognition processes? Intuitively, object-recognition 

would be considered a visually dominated function. Consistent with this notion, there is 

data to suggest that even when an object is presented through a sensory modality other 

than vision, visual object recognition processes in the ventral-occipital stream may 

mediate object recognition. Up to this point this has only been established for stimuli 

presented tactilely (Amedi, Malach, Hendler, Peled, & Zohary, 2001; James, Humphrey, 

Gati, Servos, Menon, & Goodale, in press), not having been previously investigated for 

objects presented in other sensory modalities. However, our finding of the apparent 

auditory modulation of the visual N1 ERP in study 1 (chapter 2) suggested that this 

would also be the case for auditorily presented objects. Thus, we considered it most 

plausible that object-identity information provided in an adjunct sensory modality (in this 

case auditory) would have its effect in visual object-recognition areas, with the presence 

of features that defined an auditory object affecting processing of visual features of the 

same object.

The technique of high-density electrical mapping was used to establish the spatio- 

temporal dynamics of multisensory processing on object recognition. We predicted that 

the influence of ancillary auditory information on the recognition of animals would be 

reflected in the posterior visual N 1 component of the ERP. The visual N1 occurs 

relatively early in information processing, typically reaching its peak amplitude between 

140 and 170 ms. It is believed to be largely generated in structures o f the ventral visual

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

stream, as evidenced by intracranial grid-electrode recordings (e.g. Allison et al., 1999) 

and scalp topographic studies (e.g. Doniger, Foxe, Murray, et al, 2000; Doniger, Foxe, 

Schroeder, et al., 2001). The N1 (or one or more subcomponents of the N1 complex) has 

been repeatedly shown to reflect visual processing of the structural features of objects 

(e.g., Bentin et al., 1999; Doniger et al., 2000; 2001; Eimer, 2000; but see Vogel and 

Luck 2000) and thus to be involved in object-recognition processes. Using ERPs, 

Molholm and colleagues (2002) have shown visual-auditory multisensory interactions 

with a spatio-temporal profile similar to that of the visual N1 (see also Giard and 

Peronnet, 1999). Importantly, the requisite inter-sensory connectivity for auditory 

influences on visual processing has recently been described. Anatomic tracer studies 

have provided evidence for direct projections from primary auditory cortex (Al), 

auditory association cortex, and superior temporal polysensory cortex (STP; a 

multisensory convergence site) to both VI and V2 in macaques (Rockland & Ojima,

2001; Falchier, Renaud, Barone, & Kennedy, 2001).

In designs where targets are defined by visual features such as shape or color, or 

auditory features such as frequency, well-characterized selective attention components 

are seen (Anllo-Vento & Hillyard, 1996; Harter & Aine, 1984; Hillyard, Hink, Schwent,

& Picton, 1973; Kenemans, Kok, & Smulders, 1993; Naatanen, 1992; Naatanen, Gaillard, 

& Mantysalo, 1978; Smid, Jakob, & Heinze, 1999). We were interested to see how these 

attentional components, which have been largely defined in studies that are purely 

unisensory or where visual and auditory stimuli have both been presented, but not 

simultaneously, would be affected by multisensory processing. We expected earlier 

effects of ancillary auditory inputs on processing in visual recognition areas (e.g., on the
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visual N l) to be passed on to later visual attentional components. In contrast, we did not 

expect visual inputs to affect auditory recognition processes; therefore we predicted that 

auditory attentional components would not be similarly affected.

Materials and Methods 

Subjects

Fourteen neurologicaily normal, paid volunteers participated (mean age 23.6 ±

6.2; 6 female; all right-handed), all reported normal hearing and normal or corrected-to- 

normal vision. The Institutional Review Board of the Nathan Kline Institute for 

Psychiatric Research approved the experimental procedures, and each subject provided 

written informed consent. Data from two additional subjects were excluded, one for 

excessive blinking, and the other for failure to perform the task adequately.

Stimuli

There were four stimulus types: (1) animal sounds alone (auditory-unisensory);

(2) animal pictures alone (visual-unisensory); (3) paired pictures and sounds of the same 

animal (congruent-bisensory pairs); (4) paired pictures of one animal and sounds of 

another animal (incongruent-bisensory pairs). In all there were 80 stimuli: 8 sounds, 8 

pictures, and 64 pairings of each of the sound and picture stimuli.

Animal pictures: There were 8 line drawings (black on a gray background) of 

animals from the Snodgrass and Vanderwart set (1980), standardized on familiarity and 

complexity. These were of a dog, chimpanzee, cow, sheep, chicken, bird, cat, and frog.
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They were presented on a monitor located 143 cm in front of the subject, and were black 

on a gray background. The images subtended an average of 4.8° of visual angel in the 

vertical plane and 4.4° of visual angle in the horizontal plane. These were presented for a 

duration of 340 ms.

Animal sounds: There were 8 complementary animal sounds, adapted from 

Fabiani, Kazmerski, Cycowicz, & Friedman (1996), of uniquely identifiable 

vocalizations corresponding to the 8 animal drawings. These were modified such that 

each had a duration of 340 ms, and were presented over 2 JBL speakers at a comfortable 

listening level of about 70 dB SPL.

Procedure

Participants were seated in a comfortable chair in a dimly lit and electrically 

shielded (Braden Shielding Systems) room and asked to keep head and eye movements to 

a minimum, while maintaining central fixation. Eye position was monitored with 

horizontal and vertical electro-oculogram (EOG) recordings. Subjects were first 

presented with the stimuli and asked to identify them. The sounds were presented first, 

followed by the pictures and finally the sound-picture pairs. Subjects easily identified the 

sounds and pictures as the animals intended by the experimenter.

During the experiment, subjects performed an animal detection task (e.g., “During 

this block, press the button to the cow”) and withheld responses to any other animal. 

Button presses were made with the right index finger. A target was defined by the visual 

sensory modality, the auditory sensory modality, or both. There were 5 types of targets: 

visual-unisensory target (e.g., a picture of a cow), auditory-unisensory target (e.g., a
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"moo" o f a cow), a picture and sound pair in which only the picture was the target 

(visual-incongruent-bisensory target; e.g., a picture of a cow and a bark of a dog), a 

picture and sound pair in which only the sound was the target (auditory-incongruent- 

bisensory target; e.g., a picture of a chimpanzee and a moo of a cow), and an object 

congruent picture and sound target pair (congruent-bisensory target; e.g., a picture of a 

cow and a moo of a cow). Each animal served as the target in 2 of 16 blocks, in 

randomized order both within and between subjects, with the exception that the full set of 

animals served as targets within the first 8 blocks. Targets occurred on 15.6% of trials 

within a block. There were 4 types of non-targets; an animal picture (visual- 

unisensory); an animal sound (auditory-unisensory); a paired picture and sound of the 

same animal (congruent-bisensory pair); and a paired picture of one non-target animal 

and sound of another non-target animal (incongruent-bisensory pair).

Each block contained 56 instances of each stimulus type such that a full set of 

incongruent stimulus pairs was presented in each block (8 visual animals X 7 incongruent 

auditory animal sounds). There were 7 tokens of each of the 5 target types in each block 

for a total of 35 targets in a block. Stimulus onset asynchrony varied randomly between 

750 and 3000 ms. Sixteen blocks were presented, for a total of 896 trials for each of the 4 

types of stimuli. Breaks were encouraged between blocks to maintain high concentration 

and prevent fatigue.

Data acquisition and analysis

Continuous EEG was acquired from 128 scalp electrodes (impedances < 5 k£2), 

referenced to the nose, band-pass filtered from 0.05 to 100 Hz, and digitized at 500 Hz.
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The continuous EEG was divided into epochs (-100 ms pre- to 500 ms post- stimulus 

onset) and baseline corrected over the full 600 ms. Trials with blinks and eye movements 

were automatically rejected off-line on the basis of the EOG. An artifact criterion of ± 60 

pV was used at all other scalp sites to reject trials with excessive EMG or other noise 

transients. The average number of accepted sweeps per non-target was 670, and per target 

was 95. EEG epochs were sorted according to stimulus type and averaged from each 

subject to compute the event-related potential (ERP). Baseline was defined as the epoch 

from -100 ms to stimulus onset. Separate group-averaged ERPs for each of the stimulus 

types were calculated for display purposes and for identification of the occipito-temporal 

Nl.

Button press responses to the 5 target stimuli were acquired during the recording 

of the EEG and processed offline. Responses falling between 250 and 950 ms post 

stimulus onset were considered valid. This window was used so that a response could 

only be associated with a single trial.

Statistical analyses

Behavioral.

For individual subjects, the percent hits and average response-time (RT) were 

calculated, and reaction-time distributions were recorded, for each of the 5 target stimuli. 

To test for an effect of Target on RT, a one-way repeated measures analysis of variance 

(ANOVA) was performed with 5 levels (auditory-unisensory target, visual-unisensory 

target, auditory-incongruent-bisensory target, visual-incongruent-bisensory target, and 

congruent-bisensory target). Tukey HSD tests were performed to determine which of the
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Target RTs differed significantly. The same statistical analyses were performed to test 

for an effect of Target on percent hits.

Significant RT facilitation for the congruent targets was followed by two tests of 

Miller’s test of the race model. This was done to determine if race or coactivation 

models best accounted for the RTE. In one test of the race model, the congruent- 

bisensory targets were compared to the auditory-incongruent-bisensory and visual- 

incongruent-bisensory targets; and in the second test of the race model, the congruent- 

bisensory targets were compared to the visual-unisensory and the auditory-unisensory 

targets. We assumed that if violations of the race model were due to interactions between 

the visual and auditory object information, they should be present in both of these tests. 

This is because in each of the tests of the race model, the congruent targets differed from 

the comparison targets in that they had simultaneously presented object-congruent visual 

and auditory target elements. See Figure 2 for an illustration of this point.

The race model places an upper limit on the cumulative probability (CP) of RT at 

a given latency for stimulus pairs with redundant targets. For any latency, t, the race 

model holds when this CP value is less than or equal to the sum of the CP from each of 

the single target stimuli (either ‘unisensory-targets’ or ‘incongruent targets’; the formulas 

are written for the test with the ‘unisensory-targets’) minus an expression of their joint 

probability (CP(t)COIlgrilcIU < ( (C P (0a •unisensory + CP(t)v •unisensory ) -  (CP«)A -unisensory * C P (dv-

unisensory)). For each subject the RT range within the valid RTs ( 2 5 0 - 9 5 0  ms) was 

calculated over the three target types (congruent-bisensory, visual-unisensory, and 

auditory-unisensory targets; or congruent-bisensory, visual-incongruent, and auditory 

incongruent targets) and divided into quantiles from the fifth to the hundredth percentile
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in 5% increments (5%, 10%,..., 95%, 100%). T-tests comparing the actual facilitation 

( C P (t)cougruem -Bi) and facilitation predicted by the race model ( (C P w A -u n is e n so ry  + C P (t)v -

unisensory ) ” (CP(t)A -unisensory * CP(ov-unisensory)) were performed on quantiles that exhibited 

violation of the race model, to assess the reliability of the violations across subjects. 

Violations were expected to occur for the quantiles representing the lower end of the 

RTs, because this is when it was most likely that interactions of the visual and auditory 

inputs would result in the fulfillment of a response criterion before either source alone 

satisfied the same criterion (Miller, 1982).

Interference of target detection by the simultaneous presentation of visual and 

auditory elements that did not belong to the same object, on the auditory-incongruent- 

bisensory and visual-incongruent-bisensory target trials, was indexed by a significant 

increase in RT or decrease in percent hits for the auditory- and visual-incongruent- 

bisensory targets over, respectively, the auditory- and visual-unisensory targets, as tested 

with the Tukey HSD tests.

Event-related potentials

For the ERP analyses only the bisensory stimuli were considered. This is because 

the visual and auditory sensory ERP componentry was matched across the bisensory 

stimuli. Recall that the possible bisensory combinations under the current design were:

1) congruent bisensory targets (e.g., a picture of a cow and the moo of a cow); 2) visual- 

incongruent-bisensory targets (e.g., a picture of a cow and the bark of a dog); 3) auditory- 

incongruent targets (e.g., a picture of a chimpanzee and the moo of a cow); 4) congruent-
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bisensory non-targets (a picture of a dog and the bark of a dog); and S) incongruent- 

bisensory non-targets (a picture of a chicken and the croak of a frog).

Visual-auditory congruency effects over posterior scalp in the latency 

range of the visual N1

We had a specific hypothesis that visual object recognition processes in the 

ventral visual stream would be affected by ancillary auditory information. We therefore 

tested for visual-auditory object congruency effects on the mean amplitude of the ERPs 

over a 20 ms window, centered at the peak of the Nl. These were submitted to a three- 

way repeated measures ANOVA with factors of Stimulus (5: congruent-bisensory non­

target, incongruent-bisensory non-target, congruent-bisensory target, visual-incongruent- 

bisensory target, and auditory-incongruent-bisensory target), Electrode (3 for each 

hemisphere), and Hemisphere (left and right). Follow up ANOVAs were conducted to 

unravel the congruency effects. For all statistical tests Geisser-Greenhouse corrections 

were used in reporting p values when appropriate and the alpha level for significance was 

less than .05.

Multisensory effects on selective processing components

We hypothesized that visual selective attention components would be affected by 

ancillary auditory inputs, while auditory selective attention components would not be 

affected by visual inputs. As such we examined the selection negativity (SN), a negative 

going potential over occipital scalp, and the selection positivity (SP), a positive going 

potential over frontal scalp, which are elicited by relevant visual stimuli when relevance 

is defined on the basis of a non-spatial feature(s) (Anllo-Vento & Hillyard, 1996; Harter 

& Aine, 1984; Kenemans, Kok, & Smulders, 1993; Smid, Jakob. & Heinze, 1999), and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

the negative difference wave (Nd), which is elicited by relevant auditory stimuli when 

relevance is defined on some physical dimension(s) (e.g., Hillyard, Hink, Schwent, & 

Picton, 1973; Naatanen, 1992; Naatanen, Gaillard, & Mantysalo, 1978). We expected 

the bisensory non-target ERPs to have similar morphologies in the latency ranges and 

scalp areas of these selective attention effects. Therefore for each of the following tests, 

they were collapsed after establishing that there was no significant difference between the 

congruent-bisensory and incongruent-bisensory non-targets. The presence of a 

significant difference a three way ANOVA with factors of non-target stimulus (2; 

congruent and incongruent bisensory non-target ERPs), hemisphere (2: right and left), 

and electrode (3) was performed.

The selection positivity 

To test for the SP we first performed a three-way repeated measures ANOVA on 

the mean ERP amplitudes over frontal scalp, for a 100 ms window starting at the point 

where the ERPs diverged on the basis of the target status of their visual element. This 

had factors of Stimulus (5: congruent-bisensory targets, visual-incongruent bisensory 

target, auditory-incongruent bisensory target, congruent bisensory non-target, and 

incongruent bisensory non-target), Hemisphere (right and left), and Electrode (3). A 

significant effect of Stimulus was followed up with three three-way repeated measures 

ANOVAs, with factors of Stimulus (2: in each of the tests, one of the targets was 

contrasted with the collapsed non-target), Hemisphere (right and left), and Electrode (3). 

These served to compare each of the target ERPs to the collapsed non-target ERP to 

determine if they differed significantly. We expected that each of the target ERPs with a 

visual target element (congruent bisensory targets and visual-incongruent bisensory

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

targets) would be significantly more positive going than the collapsed non-target ERP, 

while the target ERP without the ‘relevant’ visual target element would not be 

significantly more positive going than the collapsed non-target ERP. To test for the 

effect of ancillary auditory information on the SP, the congruent-bisensory target ERP, 

which had visual and auditory elements that were targets, and the visual-incongruent- 

bisensory target ERP, which only had a visual element that was a target, were similarly 

compared.

The selection negativity

To test for the SN, the same statistical tests were performed as for the ‘selection 

positivity’ (see sub-section above), on the mean ERP amplitudes over lateral occipital 

scalp, for a 30 ms window starting at the point where the ERPs diverged on the basis of 

the target status of their visual element. We expected each of the ERPs elicited by a 

stimulus with a target visual element to be significantly more negative going than the 

collapsed non-target ERP, while the target ERP elicited by the stimulus without a target 

visual element would not be significantly more negative going. To test for the effect of 

ancillary auditory information on the SP we tested for a significantly enhanced SN in the 

congruent-bisensory target ERP, which had visual and auditory elements that were 

targets, compared to the visual-incongruent-bisensory target ERP, which only had a 

visual element that was a target with a three-way ANOVA with factors of Stimulus (2: 

congruent-bisensory target and visual-incongruent bisensory target), Hemisphere (2: right 

and left), and Electrode (3).

The negative difference wave

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

To test for the Nd, we first performed a three-way repeated measures ANOVA on 

the mean ERP amplitudes over central scalp, for a 30 ms window starting at the point 

where the ERPs diverged on the basis of the target status of their auditory element. This 

had factors of bisensory stimulus (5: congruent-bisensory targets, visual-incongruent 

bisensory target, auditory-incongruent bisensory target, congruent bisensory non-target, 

and incongruent bisensory non-target), hemisphere (right and left), and electrode (3). A 

significant effect of stimulus was followed up with three three-way repeated measures 

ANOVAs, with factors of Stimulus (2: in each of the tests, one of the targets was 

contrasted with the collapsed non-target), Hemisphere (right and left), and Electrode (3). 

We expected that each of the target ERPs with an auditory target element (congruent 

bisensory targets and auditory-incongruent bisensory targets) would be significantly more 

negative going than the collapsed non-target ERP, while the target ERP without the 

‘relevant' auditory target element would not be significantly more negative going than 

the collapsed non-target. To test for an enhancement of the Nd due to congruency, the 

congruent-bisensory target ERP and the auditory-incongruent-bisensory target ERP were 

similarly compared.

Results 

Behavioral

In the object recognition task, both reaction times and percent hits were affected 

by target type (see Table 1). The pattern of results strongly suggests that object 

recognition was enhanced by the co-occurrence of object-congruent visual and auditory
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information. Object recognition for the congruent-bisensory targets was superior to 

object recognition for the other targets, with the fastest mean reaction time and highest 

mean hit rate. Visually based object recognition was better and faster than auditory based 

object recognition, with faster mean reaction times and higher mean percents hits for 

targets that included a visual target component. Overall, the false alarm rate was low at 

2%; false alarms were more or less evenly distributed among the auditory-unisensory, 

visual-unisensory, incongruent-bisensory and congruent-bisensory non-targets.

Reaction times

Mean reaction times were substantially different among the Targets (see Table 1), 

with the difference between the shortest and longest reaction time greater than 130 

milliseconds. A main effect of Target (F (4,52) = 90.16, p < .001) was followed up with 

Tukey HSD comparisons. These revealed significant RT differences between all the 

target stimuli except the visual-unisensory target and the visual-incongruent-bisensory 

target, and the auditory-unisensory target and the auditory-incongruent-bisensory target 

(see Table 2). The mean RT to the congruent-bisensory targets was significantly faster 

than the mean RTs to all the other targets, demonstrating that targets were more rapidly 

recognized in the congruent objects. The comparisons also revealed that the RTs to the 

targets with a visual element that was a target were significantly faster than the RTs to the 

target stimuli with an auditory element that was a target (excluding the congruent- 

bisensory target).

Test of the Race Model

The race model was reliably violated for 4 successive quantiles in the early 

portion of the reaction time distribution (the 3rd through the 6Ul: see Table 3 and Figure 3).
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This was the case both when RT performance for congruent targets was compared to the 

incongruent-bisensory targets (see Figure 2- test 1), and when RT performance for the 

congruent targets was compared to the unisensory targets (see Figure 2- test 2), strongly 

suggesting that the interaction of visual and auditory object information during neural 

processing contributed to the RTE (see Figure 3).

Percent hits

Percent hits also differed considerably among the targets, with a difference of 

about 15% between the highest and the lowest hit rates. The pattern of differences 

generally paralleled those of the reaction times. For example, by both measures, the best 

performance was for the congruent-bisensory targets and the worst performance was for 

the auditory-incongruent-bisensory targets. There was a main effect of Target type (F (4, 

52) = 17.96, p < .001). Tukey HSD comparisons revealed that percent hits were 

significantly higher for stimuli that included a visual target element compared to trials 

that included an auditory target element, excluding the congruent-bisensory targets (see 

Table 2).

Interference effects for incongruent-bisensory targets were not apparent in our 

data, with a lack of significant differences between the auditory-incongruent-bisensory 

targets and auditory-unisensory targets and the visual-incongruent-bisensory targets and 

visual-unisensory targets, by both the RT and percent hit measures.

Event>related potentials

The group averaged ERPs elicited by the 5 bisensory stimuli are displayed in 

Figure 4. The ERPs showed similar classic auditory and visual sensory componentry (see
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figure 4). These included typical auditory components PI peaking at -60  ms and N1 

peaking at -118 ms (Picton, Hillyard, Krausz, & Galambos, 1974; Vaughan & Ritter, 

1970; Vaughan, Ritter, & Simson, 1980); and visual components PI peaking at -78 and 

N1 peaking at -150 ms. The auditory PI and N l appeared maximal over fronto-central 

scalp. The visual PI appeared maximal over lateral occipital scalp and the visual Nl 

appeared maximal over posterior-temporal scalp (see Figure 5, bottom). While the PI 

and N l are usually more posterior (Clark et al., 1995; Foxe & Simpson, 2002), a similar 

posterior-temporal Nl topography has been reported in response to faces (e.g., Carmel & 

Bentin, 2002; Eimer, 2000) and other objects such as houses (e.g., Eimer, 2000; Rossion, 

Gauthier, Tarr, et al., 2000).

The ERPs to all the bisensory stimuli, whether they were congruent or 

incongruent, were essentially identical until -125 ms post-stimulus onset. At this point, 

over orbito-frontal scalp, the ERP elicited by the auditory-incongruent-bisensory stimuli 

diverged from the other ERPs in the negative direction (see Figure 6, bottom panel). This 

was followed in time by the divergence of the ERP elicited by the congruent-bisensory 

stimuli from the other ERPs, over lateral occipital scalp- this difference was present from 

-145 to 165 ms post-stimulus onset, falling within the latency range of the visual Nl, but 

with a scalp distribution posterior to the posterio-temporally focused N l (see Figure 5). 

Next, over central/centro-parietai scalp, the ERPs elicited by stimuli that included a target 

auditory element, i.e., the congruent-bisensory targets and auditory-incongruent- 

bisensory targets, became more negative going than the ERPs elicited by the stimuli that 

did not include a target auditory element, i.e., visual-incongruent-bisensory targets, 

congruent-bisensory non-targets and incongruent-bisensory non-targets (see Figure 6, top
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panel). This ‘auditory target effect' was apparent starting at about 180 ms, and suggested 

that there were cortical systems that processed the auditory elements of the stimuli as a 

function of their relevance. Shortly after the onset of the centrally focused effect, the 

ERPs elicited by the targets with a target visual element (congruent-bisensory targets and 

visual-incongruent-bisensory targets) became more positive going than the ERPs elicited 

by the non-targets (congruent- and incongruent-bisensory non-targets) and the target 

without a visual element (auditory-incongruent-bisensory targets), over orbito-frontal 

scalp (see Figure 6, middle panel). This difference began at about 190 ms, and appeared 

as a slow wave shift that persisted throughout the epoch. This effect suggested that there 

were cortical systems that processed the visual elements of the stimuli as a function of 

their relevance. Starting at -200 ms, the ERPs elicited by the targets were more negative 

going than the ERPs elicited by the non-targets over occipital scalp, this difference 

appeared slightly larger over the left hemisphere. This negativity was considerably 

enhanced in the ERP elicited by the congruent-bisensory targets, starting at -210 ms (see 

Figure 7, top and middle panels). This enhancement suggested that when both the visual 

and auditory elements of a stimulus were targets, they interacted in visual cortex to 

facilitate selective processing of the relevant stimuli whether defined by their visual or 

auditory elements, or possibly target specific processing. Finally, the ERP elicited by the 

incongruent non-targets was more negative than the ERP elicited by the congruent non­

targets starting at about 390 ms (see figure 7, bottom panel), suggestive of late onsetting 

object congruency effects for the non-targets.

The effect of ‘object congruency’ on visual processing in the latency range of the Nl
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Over right occipito-temporal scalp the congruent-target ERP appeared to be of 

greater amplitude and duration than the ERPs elicited by the other stimulus types in the 

latency range of the visual N l, with the remaining 4 ERPs close to superimposed. The 

overall ANOVA showed a Stimulus by Hemisphere interaction (F (4, 52) = 3.75, p =

.02). Three follow up three-way ANOVAs with factors of Congruency (2), Electrode (3) 

and Hemisphere (2) were conducted to unravel the effects of object congruency on the 

‘N T. Each of the ANOVAs compared the ERPs evoked by two of the stimulus types, 

one ‘object congruent’ and the other ‘object incongruent’ (congruent-bisensory target 

versus visual-incongruent-bisensory target; congruent-bisensory target versus auditory- 

incongruent-bisensory target; and congruent-bisensory non-target versus the incongruent- 

bisensory non-target). The congruent-bisensory target and visual-incongruent-bisensory 

target comparison revealed a significant Congruency by Hemisphere interaction (F (1,

13) = 8.08, p = .01; see Figure 5, middle panel). The interaction was due to a larger 

effect of Congruency over the right hemisphere. The congruent-bisensory target and 

auditory-incongruent-bisensory target comparison revealed a main effect of Congruency 

(F ( 1 ,13) = 8.7, p = .01; see Figure 5, upper panel). The congruent-bisensory non-target 

and incongruent-bisensory non-target comparison failed to reveal any significant effects 

(for the main effect of Congruency, (F (1, 13) = 1.56, p = .23)). Thus there was an effect 

of congruency, and this was specific to the targets.

Visual selective processing over frontal scalp: the selection positivity 

The ERPs exhibited a selection positivity, with the stimuli with a target visual 

element more positive going than the stimuli without a target visual element starting at 

210 ms (see Figure 6, middle panel, in which the average of the bisensory ERPs with a
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target visual element (the congruent-bisensory and visual-incongruent-bisensory target 

ERPs) is compared to the average of the bisensory ERPs without a target visual element 

(auditory-incongruent bisensory target and non-target ERPs). Therefore the mean ERP 

amplitude from 210 to 310 ms was used for these tests. The overall ANOVA resulted in 

a main effect of Stimulus (F (4,52) = 11.3, p = .00). Since there was no significant 

difference between the non-targets (F (1,13) = 4.2, p = .527) we collapsed them for the 

follow up tests. There were significant differences between each of the three bisensory 

target ERPs and the collapsed non-target ERP (for congruent-, visual-incongruent-, and 

auditory-incongruent-bisensory ERPs respectively, F (1,13) = 7.96, p = .01; F (1, 13) = 

10.6, p = .006; and F (1, 13 = 22.9, p = .000)). The first two were more positive going 

than the non-target ERP, while the auditory-incongruent-bisensory ERP was more 

negative going. This supported that there was selective processing of relevant visual 

elements, and indicated that ancillary auditory information did not interact with this 

effect.

Visual selective processing over occipital scalp: the selection negativity

We expected selective processing of visual targets to be reflected over lateral 

occipital scalp, and that this would be affected by ancillary auditory inputs. The 

bisensory target ERPs appeared more negative going than the bisensory non-target ERPs 

starting at 210 ms, and this was considerably enhanced in the congruent bisensory target 

ERP. Therefore the mean ERP amplitude from 210 to 240 ms was used for these tests. 

The overall ANOVA revealed a main effect of Stimulus (F (4, 52) = 11.8, p = .000). 

Since there was no significant difference between the non-targets (F (1, 13) = 0.25, p = 

.62) we collapsed them for the follow up tests. The congruent-bisensory target ERP was
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significantly more negative going than the collapsed bisensory non-target ERP, with a 

main effect of Stimulus (F (1, 13) = 56.0, p = .000), this effect interacted with 

Hemisphere (F (2,26) = 6.6, p = .03) due to a greater difference for the electrodes 

positioned over the left scalp. The visual-incongruent-bisensory target ERP was 

significantly more negative than the collapsed bisensory non-target ERP over the left 

scalp, with a Stimulus by Hemisphere interaction (F (2,26) = 10.6, p = .006). We were 

surprised that the auditory-incongruent bisensory target ERP was negative going with 

respect to the collapsed bisensory non-target ERP, appearing quite similar in morphology 

in this latency window over lateral occipital scalp to the visual-incongruent bisensory 

target ERP. In line with these observations, the auditory-incongruent-bisensory target 

ERP versus the collapsed bisensory non-target ERP comparison approached significance 

(F (1, 13) = 4.4, p = .05). There was a significant difference between the congruent- 

bisensory target ERP and the visual-incongruent-bisensory target ERP (F (1,13) = 16.10, 

p = .001), indicating that ancillary auditory information indeed increased the amplitude of 

the SN (see Figure 7 voltage maps, top and middle panels, in which the congruent- 

bisensory target ERP is subtracted from the average of the ERPs without a target visual 

element (top panel: auditory-incongruent bisensory target, congruent-bisensory non­

target and incongruent-bisensory non-target ERPs) and the average of the incongruent- 

bisensory target ERPs (middle panel).

Auditory selective processing over central scalp: The negative difference 

wave

The ERPs elicited by stimuli with an auditory element that was a target 

(congruent-bisensory targets and auditory-incongruent-bisensory targets) appeared more
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negative going than the ERPs elicited by stimuli with an auditory element that was not a 

target (visual-incongruent-bisensory targets, congruent-bisensory non-targets, and 

incongruent-bisensory non-targets) starting at 190 ms, with a focused over left central 

scalp (see Figure 6, top panel). The overall ANOVA revealed a main effect of Stimulus 

(F (4,52) = 4.89, p = .004). Since there was no significant difference between the non­

targets (F (1, 13) = 1.45, p = .25) we collapsed them for the follow up tests. There was a 

significant difference between both of the congruent-bisensory and auditory-incongruent 

bisensory target ERPs and the collapsed bisensory non-target ERP (respectively, F (1 ,13) 

= 7.34, p = .008 and F (1, 13) = 7.88, p = .015), while the visual-incongruent bisensory 

target did not differ significantly from the collapsed bisensory non-target ERP (F (1, 13)

= 0.01, p = .923). There was no evidence of an effect of visual information on this 

auditory effect, with no significant difference between the congruent- and auditory- 

incongruent-bisensory target ERPs (F (1, 13) = 0.4, p = .53).

Exploratory analyses

We conducted additional tests in a ‘post-hoc’ phase of the analysis. These were 

based on our observations of the ERP waveforms and voltage maps. They were 

performed to broaden our description of the data, and had the added benefit of providing 

data to be used as a hypothesis generation tool for future multisensory studies.

A late occurring congruency effect in the non-target stimuli

There was a late occurring congruency effect specific to the non-targets (see 

Figure 7, bottom panel). A two way ANOVA with factors of Congruency (2: congruent 

and incongruent-bisensory non-targets) and Electrode (3) was performed on the mean 

ERP amplitudes over a 100 ms window (400-500) from 3 electrodes over central scalp
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where the difference was greatest. A main effect of Congruency (F (1,13) = 9.68, p = 

.008) strongly suggested an object congruency effect on the non-target bisensory ERP.

Multisensory interactions in the congruent-bisensory targets

The two earlier object congruency effects were specific to the ERPs elicited by 

stimuli that were targets. We tested for evidence of multisensory neural interactions for 

the congruent and incongruent-bisensory targets in the latency ranges of these 

congruency effects, with the hypothesis that they would be specific to (or larger for) the 

congruent-bisensory targets. Multisensory interactions were assessed by comparing the 

bisensory target ERP to the summed ERPs of the visual- and auditory-unisensory targets 

(hereafter summed ERP); differences signified that the neural responses differed when 

the visual and auditory elements were presented simultaneously compared to when they 

were presented alone (see Figure 8; for a full rational of this method of measuring 

multisensory neural interactions see Chapter 2).

Each of the ERPs elicited by the 3-bisensory targets (congruent, visual- 

incongruent, and auditory-incongruent) was compared to the summed ERP in the latency 

ranges where we had confirmed the earlier object congruency target effects. These tests 

were performed on the sets of electrodes over the hemisphere where these congruency 

effects had been maximal (3 right occipital for the first effect and 3 left occipital for the 

second effect). For the latency window of 140-160 ms, three two-way ANOVAs with 

factors of ERP (2: Bisensory versus Summed) and Electrode (3) were performed. There 

was a main effect of ERP when the congruent-bisensory target ERP was compared to the 

summed ERP (F (1 ,13) = 5.33, p = .038); this was due to the greater negativity of the 

bisensory ERP. The bisensory and summed ERPs did not differ significantly between
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either of the incongruent-bisensory target ERPs and the summed ERP (F (1, 13) = .712, p 

= .414 and F (1,13) = .32, p = .57, respectively for each of the visual and auditory- 

incongruent-bisensory target ERPs compared to the summed ERP). Similarly, for the 

latency window of 210-240 ms, three two-way ANOVAs with factors of ERP (2: 

Bisensory versus Summed) and Electrode (3) were performed. There was a main effect 

of ERP when the congruent-bisensory target ERP was compared to the summed ERP (F 

(I, 13) = 17.37, p = .001); this was due to the greater negativity of the bisensory ERP.

The bisensory and summed ERPs did not differ significantly between either of the 

incongruent-bisensory target ERPs and the summed ERP (F (1, 13) = .1.5, p = .23 and F 

(I, 13) = .84, p = .37, respectively for each of the for visual and auditory-incongruent- 

bisensory target ERPs compared to the summed ERP). These results strongly suggest 

that neural multisensory interactions in these latency ranges occurred for the congruent- 

bisensory targets but not for the incongruent-bisensory targets.

Discussion

The purpose of this study was to examine the cortical spatio-temporal properties 

of multisensory visual-auditory object recognition processes. Our main goal was to test 

the prediction that ancillary information in the auditory-sensory modality would modify 

processing in visual object recognition areas of the ventral visual stream. The data 

strongly suggested that this was the case, with adjunct auditory information modifying 

processing over occipital scalp. The target specificity of the object congruency effect 

suggested that it might be due to the simultaneous presence of task relevant information 

in each of the visual and auditory sensory modalities, as opposed to the semantically 

based congruency of the visual and auditory elements of the object. Thus under the
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conditions of this experiment, auditory effects on visual processing at the featural level 

appeared to be task dependent. The electrophysiological effects were accompanied by 

enhanced object recognition for the same stimulus type (i.e., congruent-bisensory 

targets). Violation of the race model indicated that the neural interaction of visual and 

auditory object information contributed to this enhanced behavioral performance.

ERP effects focused over occipital scalp are usually associated with the 

processing of strictly visual information (but see Molholm et al., 2002 and Schroeder et 

al, 2002 for a discussion of this issue), however recent evidence indicates that auditory 

influences on visual processes in occipital cortex are entirely feasible. Direct anatomical 

connections from auditory to visual areas have been identified in macaques (Falchier et 

al., 2001; Rockland & Ojima, 2001), and two ERP studies have shown visual-auditory 

multisensory interactions over occipito-temporal cortex in the latency range of the visual 

Nl (Giard & Peronnet, 1999; Molholm et al., 2002).

An alternative explanation of the target specificity of the object congruency effect 

is that stimulus elements were processed selectively based on their target status, and that 

cognitively costly operations were only performed on the elements that were targets. For 

example, subjects could have compared visual and auditory inputs to visual and auditory 

sensory representations of the targets (e.g., a line drawing of a cow and a moo of a cow), 

and terminated processing on the non-target elements once the absence of a relevant 

visual or auditory feature (or the presence of a non-target feature) was detected. 

Termination of the processing of irrelevant stimuli could explain why there were only 

object congruency effects for the targets, which were ‘relevant’. By this explanation, the 

multisensory effects were due to object congruency, and would be observed in non­
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targets under appropriate conditions. Problematically, there was a congruency effect in 

the non-target ERPs, which occurred after the termination of processing would have had 

to take place by this explanation

Selective processing of the ‘relevant’ (i.e., target) visual and auditory 

elements of the stimuli

We predicted that visual selective processing would be enhanced by ancillary 

auditory information, while the selective processing of auditory information would not be 

similarly affected by visual information. The electrophysiological data supported this 

contention, pointing to the selective processing of the visual and auditory target elements 

by distinct cortical systems, along with a cortical system over occipital scalp that 

uniquely responded supra-additively when both visual and auditory target information 

was presented. That is, the congruent-bisensory target ERP was of greater amplitude 

than the summed ERP (i.e., the sum of the ERPs elicited by the visual-unisensory targets 

and the auditory-unisensory targets).

Auditory influences on the selective visual processing 

Over occipital cortex, the ERPs elicited by the targets were more negative going 

than the ERPs elicited by the non-targets. This negativity was considerably enhanced in 

the ERP elicited by the congruent-bisensory targets. This enhancement suggested that 

when both the visual and auditory elements of a stimulus were targets, they interacted in 

visual cortex to facilitate the processing of the relevant target stimuli. We were surprised 

that the auditory-incongruent-bisensory target ERP exhibited a ‘selection negativity’ that 

approached significance. This suggested to us that visually dominated object recognition

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



89

processes were affected by relevant auditory information even in the absence of relevant 

visual information, under the conditions of this experiment.

The selection positivity over frontal cortex, on the other hand, was not affected by 

ancillary auditory information. The selective processing was specific to the visual 

sensory modality, with the ERPs differentiating largely based on the target status of the 

visual element of the stimulus3.

Auditory target effect 

Stimuli with an auditory element that was a target elicited a more negative going 

ERP than stimuli with an auditory element that was not a target over central/centro- 

parietal scalp. Consistent with our hypothesis that multisensory effects on object 

processing would take place in visual object recognition areas, this was not affected by 

the concurrent presence of congruent visual information.4

3 We do not know why the erp elicited by the auditory-incongruent-bisensory target was 
more negative going over frontal scalp than the ERPs elicited by the other stimuli. One 
possibility is that the ‘no-go’ potential (Sasaki & Gemba, 1986; Gemba & Sasaki, 1989; 
Sasaki & Gemba, 1989; Sasaki, Gemba, Nambu, & Matsuzaki, 1993) also contributed to 
the frontally focused ERP evoked by the auditory-incongruent-bisensory targets. The no- 
go potential is a frontal slow wave negativity that is attributed to the inhibition of a 
planned motor response (Sasaki & Gemba, 1986; Gemba & Sasaki, 1989; Sasaki & 
Gemba, 1989). It could be the case that the target auditory element of the stimulus 
resulted in the planning of a motor response, which was then inhibited by the lack of a 
target visual element in the stimulus. This however seems unlikely, for one because there 
was no concomitant difference in RTs between auditory-incongruent-bisensory targets 
and auditory-unisensory targets, the latter of which would not have elicited a like no-go 
response.

4 We should point out that the conditions under which the Nd is usually observed 
differ substantially from those of the present study. The Nd is typically examined by 
subtracting the ERP elicited by a non-target stimulus when it is ‘relevant’ from the ERP 
elicited by the same non-target stimulus when it is ‘irrelevant’, in a selective attention 
task in which subjects attend to a specified stream of auditory events that occur on 50% 
of the stimulus trials (with the irrelevant stimuli occurring on the other 50% of trials).
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Conclusions

These data strongly suggest that when visual and auditory features were task 

relevant they interacted relatively early in information processing, and as a consequence 

facilitated the recognition of stimuli with task relevant visual and auditory elements (i.e., 

congruent targets). Based on the scalp topography and coincident timing with visual 

object-recognition processes, these proposed feature-based interactions most likely 

occurred in posterior visual cortical areas, and involved the influence of ancillary 

auditory information on predominantly visual processes. Later on in time stimuli were 

processed differentially based on the semantic congruity of their visual and auditory 

elements. This suggests a two stage (at the least) model of the higher order integration of 

visual and auditory information- the first of which occurs at the featural level and is task 

dependent, and the second of which occurs at the semantic level and is not task 

dependent.

We propose that target selection processes were achieved through the matching 

(and mismatching) of input to featural representations of the targets, which could be 

quickly achieved based on the presence or absence of particular feature; whereas the

Thus it is entirely possible that what we were looking at was not a traditional auditory 
selective attention effect, but rather a target effect specific to the auditory sensory 
modality. On the other hand, similar to the present study, the Nd has been elicited by 
relevant stimuli that occur at a relatively low probability (16.7% in Alho, Lavikainen, 
Reinikainen, Sams, & Naatanen, 1990; and 9% here), and it has been observed in ERPs 
elicited by targets compared to ERPs elicited by different non-target stimuli (Woods & 
Alain, 2001). One reason to favor an Nd interpretation is that inspection of the ERP 
difference wave derived from the auditory-unisensory target ERP minus the auditory- 
unisensory non-target ERP suggested an Nd with the same time-course. This had a 
fronto-central distribution mote typical of the Nd that is elicited when only auditory 
stimuli are presented in the course of the experimental run. However, this target versus 
selective attention distinction is not vital here. In either case the differential processing 
of ‘relevant’ auditory elements was indexed.
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subjects waited until they could identify the presence of the target animal in the visual 

and or auditory elements of a stimulus before responding, in which case the dynamic 

nature of the auditory information prolonged identification of the auditory elements 

relative to the static visual elements (To identify auditory inputs, often 100 ms of the 

stimulus or more is required (e.g., Grosjean, 1980; 1985); whereas with a line drawing, 

all the visual inputs needed to identify it are available at time zero). The non-target ERPs 

suggested a visual-auditory object congruency effect, which was apparent starting at 

about 380 ms. The late latency of this object congruency effect suggests that the 

integration of object information (as opposed to featural information) from the visual and 

auditory sensory modalities occurred after sensory specific perceptual analysis was 

complete, either during or after semantic processing. We assume that object congruency 

also affected processing of the targets, but that such effects were obscured by target 

related potentials.
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Table 1.

Congruent Incongruent
visual

Visual alone Auditory alone Incongruent
auditory

RTs in ms 492 (75) 531 (68) 530 (58) 610 (53) 624 (53)
% hits 96(4) 95 (5) 92 (17) 84 (12) 80 (17)
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Table 2.

Reaction Time Differences (upper right) & Percent Hit Differences (lower left)

Congruent Incongruent Visual alone 
visual

Auditory alone Incongruent
auditory
131.86Congruent

Incongruent
visual

Visual alone

Auditory
alone

Incongruent
auditory

** significant at p < .01 
* significant at p < .05
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Table 3. t-tests comparing the CP for the congruent-bisensory targets to the CP predicted 
by the Race Model for test 1 and test 2 over the first 6 quantiles.

Test 1

Quantile CP: congruent CP: predicted t ii P =
1 .006 .006 0.53 .410
2 .002 .004 1.39 .060
3 .019 .011 1.90 .038
4 .050 .044 2.17 .024
5 .117 .092 4.33 .000
6 .173 .120 4.70 .000

Test 2

Quantile CP: congruent CP: predicted t ii P =
1 .001 .002 0.30 .380
/ .019 .012 0.96 .170
3 .051 .036 2.25 .020
4 .116 .075 3.50 .002
5 .159 .136 3.55 .002
6 .147 .178 3.18 .004
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Figure 1. Examples of the 5 target (left side) and 4 non-target (right side) stimulus types 
are illustrated, in the case where the target was a cow
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Figure 2. This illustration is a schematic of the two tests of the race model. This makes 
the point that for both test 1 and test 2 of the race model, RT facilitation for trials on 
which both visual and auditory elements of the stimulus were targets were compared to 
predicted RT performance in cases where the visual and auditory target elements were 
presented separately.
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Figure 3. The left most column graphs reaction-time performance for the congruent- 
bisensory targets compared to the incongruent-bisensory targets (testl) and compared to 
the unisensory targets (test 2). The middle column shows the cumulative probability of 
reaction-times from the S'11 to the 85th percentile, for congruent-bisensory targets (red 
curve), visual-incongruent-bisensory targets (or visual-unisensory targets- green curve), 
auditory-incongruent-bisensory targets (or auditory-unisensory targets- blue curve), and 
the cumulative probability predicted by the race model (yellow dashed curve). The right 
most column graphs the Miller Inequality: positive values indicate violation of the race 
model (i.e., the cumulative probability of responses for the congruent-bisensory targets 
was greater than the cumulative probability predicted by the race model, at the specified 
percentile).
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Figure 4. Traces from the 5 bisensory stimuli ERP waveforms are shown for electrodes 
from fronto-central (upper left), central (upper right), left occipital (lower left), and right 
occipital (lower right) scalp: these are the congruent-bisensory target ERP (red trace), the 
visual-incongruent-bisensory target ERP (green trace), the auditory-incongruent- 
bisensory target ERP (blue trace), the congruent-bisensory non-target ERP (thick black 
trace), and the incongruent-bisensory non-target ERP (thin black trace).
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Figures 5-7. Voltage maps and corresponding ERP waveforms are displayed. The black 
dot indicates the placement of the electrode that the waveforms came from. A straight 
black line is placed over the waveforms, at the latency the voltage map corresponds to.
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black trace represent the difference.
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Discussion

This thesis examined the cortical spatio-temporal dynamics of visual-auditory 

multisensory processing. The goal was to first describe neural visual-auditory 

multisensory interactions under the most simple of stimulus and task conditions. We next 

asked when and where visual and auditory object information would affect such 

processes. Data from the first study (Chapter 2) showed a surprisingly early right 

parieto-occipital AV interaction, which was consistent with the finding of an earlier study 

(Giard et al., 1999). The timing of onset of this effect (46 ms) was essentially 

simultaneous with the onset of visual cortical processing, as indexed by the onset of the 

visual C l component, which is thought to represent the earliest cortical visual evoked 

potential. The coincident timing of the early AV interaction and C l strongly suggests 

that AV interactions can affect early visual sensory processing. Additional AV 

interactions were found within the time course of sensory processing (up to 200 ms post 

stimulus onset). In total, this system of AV effects over the scalp was suggestive of both 

activity unique to multisensory processing, and the modulation of “unisensory” activity. 

RTs to the stimuli when presented simultaneously were significantly faster than when 

they were presented alone. This RT facilitation could not be accounted for by probability 

summation, as evidenced by violation of the 'race' model, providing compelling evidence 

that auditory-visual neural interactions give rise to this RT effect.

Visual-auditory interactions over occipito-temporal scalp areas in the latency of 

the visual N1 in the first study suggested to us that auditory information could affect 

visual object recognition processes. This finding in conjunction with evidence of direct 

anatomical connections from auditory to visual areas (Falchier et al., 2001; Rockland &
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Ojima, 2001) led us to hypothesize that ancillary auditory information would influence 

visual object recognition processes, and that this would be reflected in the modulation of 

the visual N1 and ensuing visual selective attention processes. These predictions were 

bom out in the study on visual-auditory object recognition (Chapter 3). Object 

recognition was speeded when the visual and auditory elements were object congruent. 

This RT facilitation could not be accounted for by probability summation, as evidenced 

by violation of the ‘race’ model, indicating that visual-auditory interactions gave rise to 

this RT effect. This was accompanied by the enhancement of cortical processing for the 

same congruent target stimuli, in visual object recognition areas in the latency range of 

the visual Nl, and over occipital scalp in the latency range of the selection negativity. 

There were also later occurring visual-auditory congruency effects on the non-target 

stimuli, which indicated that the non-targets had been processed for meaning.

The findings of this thesis suggest that multisensory integration occurs at many 

levels of processing, and is affected by task parameters. Further, it shows that there is 

considerable multisensory processing in sensory specific cortical areas, which occur 

relatively early on in information processing. While the first study described a spatio- 

temporal system of visual-auditory multisensory interactions, the second study showed 

that multisensory interactions are affected by the congruency of featural and object level 

information between the visual and auditory elements of the stimuli. Future research will 

be directed at clarifying how the integration of visual and auditory inputs affects the 

processing of feature and identity information of objects.
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