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Abstract 
At every moment in life we are receiving input from multiple sensory modalities. 

We are limited, however, in the amount of information we can selectively attend to and 

fully process at any one time. The ability to integrate the relevant corresponding 

multisensory inputs together and to segregate other sensory information that is 

conflicting or distracting is therefore fundamental to our ability to successfully navigate 

through our complex environment.  Such multisensory integration and segregation is 

done on the basis of temporal, spatial, and semantic cues, often aided by selective 

attention to particular inputs from one or multiple modalities.  The precise nature of 

how attention interacts with multisensory perception, and how this ramifies 

behaviorally and neurally, has been largely underexplored. Here, in a series of six 

cognitive experiments in humans using auditory and visual stimuli, along with 

electroencephalography (EEG) measures of brain activity and behavioral measures of 

task performance, I examine the interactions between attention, stimulus conflict, and 

multisensory processing.  I demonstrate that attention can spread across modalities in a 

pattern that closely follows the temporal linking of multisensory stimuli, while also 

engendering the spatial linking of such multisensory stimuli. When stimulus inputs 

either within audition or across modalities conflict, I observe an electrophysiological 

signature of the processing of this conflict that is similar to what had been previously 
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observed within the visual modality. Moreover, using neural measures of attentional 

distraction, I show that when task-irrelevant stimulus input from one modality conflicts 

with task-relevant input from another, attention is initially pulled toward the conflicting 

irrelevant modality, thereby contributing to the observed impairment in task 

performance. Finally, I demonstrate that there are individual differences in multisensory 

temporal processing in the population, in particular between those with extensive 

action-video-game experience versus those with little. However, everyone appears to be 

susceptible to multisensory distraction, a finding that should be taken into serious 

consideration in today’s complex world of multitasking.     
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1. General Introduction  
The ability to accurately perceive the world around us is fundamental to our 

behavior and survival. Without a correct representation of the surrounding 

environment, we would not be able to find food, avoid danger, reproduce, or engage in 

various complex cognitive processes. For most healthy individuals, the complete 

perceptual experience is a complex multisensory one, made of representations of objects 

that are built from various sensory stimuli that arise from an array of physical sources.  

Each sensory modality (audition, vision, somatosensation, gestation, olfaction) 

has its own unique set of receptors, a fact which allows for the simultaneous 

transduction of multiple types of different physical stimuli. While the separate 

transduction and processing of multiple types of information is highly beneficial, at any 

given instant we may be bombarded by input from many different types of physical 

stimuli, only some of which are relevant for behavior. It is only through the effective 

implementation of both multisensory processing and selective attention that we are able 

to experience the world in a way that is not overwhelming, but rather in a way that is 

effective for behavioral goals. How multisensory processing and attention interact to 

select those stimulus inputs that are relevant from other competing information, and 

accurately process them, is therefore of great importance, given that this dynamic 

interaction is fundamental to successful behavior.  
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Appropriate multisensory processing entails both integration and segregation of 

information, enabling multiple stimulus components arising from the same source (or 

object) to be bound together into a unified representation, while simultaneously 

segregating out stimuli arising from different sources or environmental events. Selective 

attention allows us to focus on that which is the most relevant at that time, thereby 

enabling us to interact with our environment in manner conducive to our goals. At any 

given moment, these two major processing functions may be interacting at various 

levels. For example, in a noisy crowd, attending to a particular individual for the 

purpose of conversing with them often entails selecting their auditory stream from a 

background of competing (conflicting) noise while also receiving visual speech cues via 

lip/mouth movements.  The accurate and integrative processing of these inputs, 

although typically performed with ease, involves a complex cascade of neural processes. 

In this cascade, selective attention must enhance that which is relevant from other 

conflicting input while also linking together the audio and visual stimulus inputs that 

are co-occurring spatially and temporally thereby yielding their integration into a 

coherent multisensory input stream.  

In the studies presented in this dissertation I examine various facets and 

interactions of attentional, conflict, and multisensory processing using both neural and 

behavioral measures. The multisensory stimuli I use are auditory and visual, and 

therefore the previous work reviewed here focuses on the processing of stimuli from 
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these modalities. The delineation of the neural underpinnings and behavioral 

ramifications of attention, conflict, and multisensory processing is of fundamental 

importance in that greater understanding of these mechanisms can potentially benefit 

both healthy and clinical populations. For example, healthy aging entails a greater 

reliance on multisensory input as the added signal it provides can be highly valuable 

and informative (e.g., Diederich, Colonius, & Schomburg, 2008; Mahoney, Li, Oh-Park, 

Verghese, & Holtzer, 2011). In addition, in disorders such as autism, multisensory 

processing may be compromised with the integration of multiple stimuli showing 

abnormal patterns when compared to healthy individuals (e.g., Foss-Feig, et al., 2010; 

reviewed in Marco, Hinkley, Hill, & Nagarajan, 2011). 

In this dissertation, I also investigate individual differences in these types of 

processing, particularly looking at differences between video-game players and non-

video-game players. If there is any evidence that there are differences in performance 

between these groups, then it might be possible that training with video games could 

aid in situations where these processes may be compromised.  Together, the studies 

presented here provide novel evidence of how all of these processes may be interacting 

and the circumstances under which processing differences due to experience may occur.  

1.1 Multisensory Integration 

As implied, although not explicitly stated above, I use the terms multisensory 

integration and multisensory processing distinctly as they describe somewhat different 
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phenomena. Multisensory processing includes both the integration of multiple stimuli 

into an object and the segregation of different stimuli into discrete objects, while 

multisensory integration refers more specifically to the binding together of such 

different sensory stimuli to coherent objects. Most of the research on multisensory 

processing, to date, specifically examines the interactions that may lead to multisensory 

integration; however, as discussed later, it is important to consider segregation as well, 

particularly under circumstances of in which stimulus inputs conflict in some way.  

Although a few researchers had been studying multisensory interactions in 

neural recordings and behavioral measures (e.g., Fishman & Michael, 1973; Welch & 

Warren, 1980), Berry Stein and Alex Meredith were pioneers within this field, and their 

work largely influenced much of the way sensory integration is still investigated and 

viewed today. Through recording of neuronal activity (generally in the superior 

colliculus of anaesthetized cats), these researchers developed several principles of 

multisensory integration that remain relevant today. Specifically, in these recordings, 

they observed neural response characteristics that led to the development of principles 

that they termed the temporal principle, the spatial principle, and rule of inverse 

effectiveness for multisensory integration (see Stein and Meredith, 1993; Stein & 

Stanford, 2008). While characterizing perceptual responses in anaesthetized animals 

should be interpreted with some caution, these principles, discussed below, have 
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consistently been observed across species and through a wide variety of measures, 

highlighting their fundamentality in multisensory processing.  

1.1.1 Temporal integration of multisensory stimuli 

Stimuli that occur in close temporal proximity are very likely to arise from the 

same physical event. A tree limb observed hitting the ground will simultaneously evoke 

responses from the visual and auditory sensory systems. Nevertheless, there are 

differences in the latency of arrival of these stimuli to the peripheral receptors 

(depending on distance traveled, as light travels faster than sound), and there are 

differences in the actual transduction time and time from receptor to cortex, with 

auditory transmission being more rapid than visual (reviewed in Hillyard & Kutas, 

1983). As such, it is very likely that the auditory and visual input would arrive at an 

integration area (e.g., the superior temporal sulcus; Beauchamp, Lee, Argall, & Martin, 

2004), not perfectly simultaneously, but with some temporal offset with respect to each 

other. For these stimuli to be integrated, therefore, it is necessary for there to be some 

temporal flexibility in the integration processes, not only binding together information 

that arrives simultaneously, but also information that arrives in close temporal 

proximity. This indeed appears to be the case, as assessed both neurally and 

behaviorally.   

When the neural responses of single cells in the superior colliculus of the cat 

were characterized by Meredith and colleagues (Meredith, Nemitz, & Stein, 1987), they 
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observed that the most vigorous responses of the neurons showing response 

enhancements to simple bimodal stimuli (e.g., flashes of lights, auditory noise) were 

when the bimodal stimuli were presented simultaneously. Importantly, however, as the 

stimulus onset asynchrony (SOA) increased, the response of these cells fell off gradually, 

and not rapidly. That is, even when the auditory and visual stimuli were 100 ms apart in 

time, the cells were still showing enhancements due to the multimodal stimulation. 

When the SOAs were increased to ~300 ms or more, however, these bimodally-

responsive neurons were no longer showing bimodal enhancements, suggesting that 

this temporal offset was too much to generate an enhanced integrative response. From 

these data one can infer that there appears to be a temporal window over which 

multisensory stimuli will be integrated in terms of their neural influence, and this 

window is relatively large (~150 ms).  

Behaviorally, in humans, such a temporal window of integration has been 

confirmed by many studies (e.g., Stone, et al., 2001; van Eijk, Kohlrausch, Juola, & van de 

Par, 2008; Zampini, Guest, & Shore, 2005). Using tasks such as simultaneity judgment 

tasks, wherein participants are asked to determine if simple stimuli (e.g., auditory tones 

and visual flashes) occurred simultaneously or at different times, and temporal-order 

judgment tasks, wherein participants must determine which stimulus of a pair occurred 

first in time, the aforementioned studies have shown that even when stimuli are spaced 

out by 100 ms people still consistently cannot temporally distinguish them, while by 300 
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ms the temporal separation of the stimuli is generally temporally distinguishable. This 

temporal window of integration has been observed even with more complex 

audiovisual stimuli, such as speech stimuli (e.g., van Wassenhove, Grant, & Poeppel, 

2007). 

How differences between temporally synchronous versus asynchronous 

multisensory stimuli ramify neurally beyond the level of the single unit has been 

explored in humans using neuroimaging techniques such as functional magnetic 

resonance imagining (fMRI) and positron emission tomography (PET).  If auditory and 

visual inputs are temporally separated beyond the temporal window in integration, 

there presumably must be some regions that are sensitive to such offset and are 

therefore likely involved in multisensory temporal segregation. Bushara and colleagues 

(Bushara, Grafman, & Hallett, 2001) observed PET activation in the right insula, right 

inferior frontal gyrus, right inferior parietal lobe and the left cerebellum during a 

simultaneity judgment task when audio-visual stimuli were asynchronous as compared 

to when they were synchronously presented.  They used 6 audio-visual SOAs in this 

task, some close to the perceptual fusion threshold for individuals (i.e., the edge of the 

temporal window of integration at ~150 ms); however, their data were not sorted by 

physical compared to perceptual fusion, which left open the question as to if there were 

neural differences between these two types of temporal processes. Using speech stimuli 

and event-related fMRI recordings, Miller and D’Esposito (2005) examined which brain 
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regions were active when participants perceived audio-visual stimuli as being 

simultaneous or offset compared to when the stimuli were actually physically 

simultaneous or offset. They found that the superior colliculus, anterior insula, and 

interior intraparietal sulcus showing increased responses to physically offset speech 

compared to physically simultaneous speech, while the superior temporal sulcus, 

Heschl’s gyrus and middle IPS showed increased responses to identical stimuli when 

they were perceived as fused/simultaneous versus perceived as offset. Importantly, in 

the case of the latter perceptual differences, the stimuli were always physically offset by 

the same amount (~200 ms). More recently, using a very similar design as Miller and 

D’Esposito (2005), Stevenson, and colleagues (2011) observed two subregions within the 

superior temporal cortex that were differentially sensitive to physical synchrony (but not 

perceptual) and perceptual synchrony (but not physical) of audiovisual speech stimuli. 

Although both physical and perceived simultaneity would both likely invoke the same 

or similar temporal integration processes, it does appear that there are some differences 

at the neural level as to how these are processed.  

In line with the findings of Miller and D’Esposito (2005) and Stevenson and 

colleagues (2011), several other studies have observed increased hemodynamic activity 

in the superior temporal sulcus (STS) in response to synchronous audio-visual stimuli, 

and which was not observed for asynchronous audio-visual stimuli (Macaluso, George, 

Dolan, Spence, & Driver, 2004; Noesselt, et al., 2007;  van Atteveldt, Formisano, Blomert, 
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& Goebel, 2007). It appears, therefore that regions such as the STS are important for the 

temporal linking of multisensory stimuli. The timing of such temporal linking of 

unisensory components into multisensory objects, however, was largely unknown and is 

one of the questions addressed in the study presented in Chapter 2.  

1.1.2 Spatial integration of multisensory stimuli 

Just as temporally proximal events are likely to originate from a common source, 

multisensory events that occur in close spatial proximity are also likely to arise from a 

single source, and therefore are subject to spatial integration. When Meredith and Stein 

(1986a) presented auditory and visual stimuli at different locations in space, as the 

discrepancy between the spatial locations increased (particularly to the point where the 

stimuli were outside of overlapping auditory and visual receptive fields), the firing rate 

(i.e., the bimodal response) of the cells in the superior colliculus of the cat that 

responded to both stimuli decreased. That is, the stimuli became less linked spatially the 

farther apart they were.  

Interestingly, something that was not explicitly explored in Meredith and 

colleagues data (1986a), but that has become apparent through both behavioral studies 

and neural recordings since, is the co-localization of auditory and visual stimuli. When 

auditory and visual stimuli arise from the same source, they are, by nature, linked 

spatially. However, if they arise from slightly different locations, the spatial-linking of 

these stimuli typically entails the shift of the perceived location of one stimulus toward 



 

10 

the other. Bertelson & Radeau, (1981), and several others prior (Jack & Thurlow, 1973; 

Radeau & Bertelson, 1977), reported that this co-localization appears to be the result of a 

shift of the perceived location of the auditory stimulus toward the location of the visual. 

Outside of the lab the shift of an auditory stimulus to that of a visual has been observed 

when a ventriloquist’s voice appears to be coming from his dummy, or when speech 

from lateral speakers in a theater appears to be coming from an actor on the screen. This 

phenomenon, aptly termed ventriloquism, has been found to be closely tied to the 

spatial integration processes.  

Behavioral studies of the ventriloquism effect have shown that it can depend on 

several factors. First, as the spatial disparity between the auditory and visual inputs 

increases, the odds that they will be judged as co-localized and therefore originating 

from the same source decreases (Godfroy, Roumes, & Dauchy, 2003). Second, the 

salience of the visual stimuli can also determine how likely the co-localization of the 

audio-visual stimuli is to occur, with more salient (suprathreshold) visual stimuli 

serving as stronger attractors for auditory stimuli than do weaker visual stimuli 

(Bolognini, Leo, Passamonti, Stein, & Ladavas, 2007). Finally, the degree to which the 

spatial co-localization will occur also depends on the temporal alignment of the audio-

visual stimuli, with increasing temporal disparity decreasing the spatial linking of 

audio-visual stimuli (Lewald & Guski, 2003; Slutsky & Recanzone, 2001; reviewed in 

Recanzone, 2009).  
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Bonath and colleagues (2007) examined the ventriloquist effect using both EEG 

and fMRI to determine the timing and neural sources of this percept. They presented 

human participants with simple centrally presented auditory stimuli and laterally 

presented visual stimuli (where the lateral offset was ~10 degrees), with the task to 

attend to the auditory stimuli and judge their location in space. They found that, on 

trials in which participants mis-localized a central auditory stimulus as coming from the 

location of a laterally presented visual stimulus, there was increased fMRI activity in 

auditory cortex (planum temporale) contralateral to the side of the accompanying visual 

stimulus. Moreover, this activity appeared to have an extracted auditory ERP 

component with a negative peak occurring around 250 ms post-stimulus that was 

shifted contralateral to the side of the visual stimulus.  These data suggest that the mere 

presentation of a visual stimulus can bias both the perception of and neural responses to 

auditory stimuli.  

Some evidence suggests that phenomena such as the ventriloquist illusion occur 

out of the various reliability weights of each of the stimuli (Alais & Burr, 2004). That is, if 

one modality provides more reliable information for the perceptual decision (in this case 

the visual modality as its spatial resolution is finer), then its responses will be weighted 

more heavily (see Angelaki, Gu, & Deangelis, 2009 for review), and the percept of the 

information from the other modality will be shifted in that direction. While this 

definitely appears to play a role, it is possible that other top-down factors may play a 
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role as well, as general knowledge that stimuli occurring at the same time are likely from 

the same source may bias judgments. This is particularly true for semantic stimuli 

wherein top-down factors such as knowledge of typical spatial correspondence between 

hearing a voice and seeing a mouth move may influence localization judgments (e.g., 

Jack & Thurlow, 1973); however, evidence from Bertelson and Radeau (1981) would 

argue that in the case of simple stimuli more low-level factors are influencing the co-

localization, as there is not necessarily any prior knowledge of their source.   

1.1.3 Inverse effectiveness 

The final general principle of sensory integration developed by Meredith and 

Stein is that of inverse effectiveness. Although not discussed extensively here as it is less 

applicable to the experiments in this dissertation, this principle is still of interest as it 

provides evidence for the robustness of multisensory integration under circumstances of 

low signal (i.e., potentially high noise). Meredith and Stein (1986b) observed that when 

they presented weak visual stimuli and low volume (dB) auditory stimuli, the neurons 

in the superior colliculus that were responsive to multisensory stimuli were particularly 

responsive to these stimuli. The specific type of response that they showed to these weak 

stimuli exceeded the sum of the unisensory responses elicited by the same stimuli 

presented separately.  The enhanced multisensory response was termed superadditive 

and has often been used as a hallmark for robust multisensory integration at the cellular 

level (see Stein & Stanford 2008 for review).  
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While such superadditive responses, particularly for weaker stimuli, have been 

observed consistently at the single neuron level, caution should be exercised when 

examining such responses at the gross level via fMRI or electroencephalographic (EEG) 

recordings (see Calvert, Hansen, Iversen, & Brammer, 2001 and Talsma & Woldorff, 2005 

for discussions).  When such properties of superdditivty were observed at the single unit 

level, they were not observed for all the cells in a population. Given that measure such 

as fMRI gather activity from a very large population of cells, such superadditive 

responses may be washed out with other responses, or be constrained by other factors 

such as limits in vasculature and metabolism. Moreover, depending on the properties of 

the task, the extraction of superadditivity can often entail erroneous double-subtraction 

of activity. For example, in EEG data tasks involving target-detection the detection of a 

target elicits a great positive component known as the P300, regardless of whether the 

targets are unimodal or bimodal.  In determining the presence superadditivity in such a 

task, the responses to each of the unimodal components (i.e., two P300 responses) would 

be subtracted from the response to the bimodal component (containing one P300 

response) thereby producing artifactual multisensory interactions as a result of this 

unbalanced subtraction.  

1.1.4 Semantic information and multisensory interactions  

Another important category of multisensory processing involves that of semantic 

relatedness, which can influence (either positively or negatively) whether or not 
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information will be integrated. This was something that was not considered in the initial 

studies of neural integration in the superior colliculus, as it was not applicable, but this 

factor has been widely considered in studies of human multisensory processing (see 

Doehrmann & Naumer, 2008, for review). The semantic relationships are often auditory 

and visual (e.g., spoken words and visually presented pictures or words), with their 

associations being a product of learning over development. Such correspondence also 

can influence whether or not integration will occur, with incongruent audio-visual 

information likely coming from distinct objects.  

One way to examine the influence of semantic congruency on multisensory 

processing is to determine how the presentation of such stimuli influences response 

times in a task. Laurienti and colleagues (2004) presented participants with unimodal 

visual (color patches), unimodal auditory (spoken words), congruent audio-visual (color 

patches and matching spoken words), incongruent audio-visual (non-matching color 

patches and spoken words), or dual-visual (redundant – color patches with written 

words) stimuli. Participants were required to respond as quickly as they could to the 

blue and red stimuli presented in any modality. Responses to the congruent 

multisensory stimuli were faster than predicted by the race-model (a model that 

suggests that multisensory facilitation may be the result of the fastest responses to each 

individual stimulus component; Miller, 1982), while the response times to the dual-

visual stimuli did not exceed the responses to the unimodal visual stimuli. Moreover, 
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incongruent multisensory stimuli did not provide the same response facilitation as the 

congruent multisensory stimuli did, suggesting that such facilitation was due to 

semantic-relatedness and not additional alerting due to the presence of stimuli in other 

modalities. The study presented in Chapter 5 expands on these findings by mapping the 

time course over which facilitative and interference effects similar to those reported 

above can occur across modalities, and how they are modulated as a function of 

attention to a specific modality.  

In addition to facilitating behavioral responses, semantically congruent 

multisensory stimuli have been examined using neural measures (fMRI) to determine 

which areas may be responsible for the merging of semantic information from different 

modalities.  Van Atterveldt and colleagues (2004) used simple auditory and visual letter 

stimuli in a passive task that were simultaneously presented in either matching 

(congruent) or non-matching (incongruent) pairs. They observed that while the superior 

temporal sulcus and gyrus responded generally to bimodal stimuli, the planum 

temporale and Heschl’s sulcus distinguished between congruent and incongruent 

stimuli, showing more activation for congruent multisensory stimuli.  In a follow-up 

study by this group (van Atteveldt, Formisano, Goebel, & Blomert, 2007) they replicated 

these results; however, when they had participants do an active rare-target detection 

task, they no longer observed this congruency effect as all conditions equally modulated 

these regions. They interpreted this as the top-down (task instructions) making 
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everything relevant, thereby effectively overriding the automatic associations that were 

made during the passive task for the congruent multisensory stimuli.  

Task instructions and stimuli do indeed appear to have a strong influence on 

which regions will be involved in semantic multisensory associations. Beauchamp and 

colleagues (2004) used visual stimuli that consisted of video clips and sounds of tools 

that could either match or not match (e.g., a saw making a hammer sound), and had 

subjects making a match/non-match judgment on these stimuli during fMRI scanning. 

They found marginally significant activity in the posterior superior temporal sulcus and 

the middle temporal gyrus that was greater for congruent compared to incongruent 

multisensory stimuli. While the evidence for the precise regions that perform semantic 

multisensory linking may be fairly divergent, together these studies do suggest that both 

behaviorally and neurally the content of semantic information is important for 

multisensory processing. 

1.1.5 The emergence of multisensory processing 

It is important to note that, while all of the different factors described above are 

important for multisensory integration, the more these factors correspond, the more 

likely it is for integration to occur, while the more disparate these factors, the more likely 

it is for segregation to occur. When an auditory stimulus and visual stimulus occur close 

together in time, they are likely to be bound together; however if the semantic or 

representational information they contain does not correspond (e.g., seeing a dog and 
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hearing a meow), they are likely to be segregated, which can slow responses to them 

(e.g., Yuval-Greenberg & Deouell, 2009). Moreover, as the temporal separation increases 

between two stimuli, the less likely it becomes for them to be spatially linked (Slutsky & 

Recanzone, 2001), indicating an interplay between these two factors. Even when audio-

visual stimuli are congruent semantically, as the timing between them increases their 

likelihood of activating areas involved in integration, such as the superior temporal 

sulcus, decreases (van Atteveldt, Formisano, Blomert, et al., 2007). While much more 

research needs to be done to fully delineate the circumstances and manner in which 

these factors influence each other, it is the dynamic interaction(s) between these factors 

that ultimately yields to coherent object-based perception.  

A final important aspect about multisensory perception is that it is not always 

accurate (e.g., ventriloquism), and can be vastly influenced by experience. There are 

certainly cases where one modality ‘overrides’ the other creating illusory or fused 

percepts. For example, the McGurk illusion (McGurk & Macdonald, 1976) wherein 

visual input of lip movement influences auditory speech perception, or the multiple 

flash illusion, wherein multiple auditory tones paired with flashes evoke the phantom 

percept of an illusory flash (Shams, Kamitani, & Shimojo, 2000), underscore the 

flexibility and complexity of the integration and perceptual processes. How these are 

modulated by experience is of great interest, in that both immediate (Fujisaki, Shimojo, 
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Kashino, & Nishida, 2004; Kopco, Lin, Shinn-Cunningham, & Groh, 2009) and long-term 

(Putzar, Goerendt, Lange, Rosler, & Roder, 2007) plasticity may occur across modalities.  

1.2 Conflict 

Conflict, in its most basic terms related to behavior and task performance, entails 

competition for representation between two (or more) entities. Conflict can occur 

between stimuli or between possible responses options. These are not mutually 

exclusive, and indeed both are often present in conflict tasks (see below); however, the 

competition they represent can occur at different levels of neural processing (Szucs & 

Soltesz, 2010). Studies of conflict have primarily involved tasks such as the Stroop 

(Stroop, 1935), Flanker (Erikson & Erikson, 1974), or Simon (Simon, 1969), all of which 

include conditions in which participants are presented with competing input that must 

be overcome to generate an appropriate behavioral response. As such, studies of conflict 

are often considered an important hallmark in the understanding of executive function 

(Miller & Cohen, 2000).  

In the classic version of the Stroop task, participants are presented with one 

physical stimulus that contains two different components, one lexical and one 

perceptual, such as the word “Blue” written in green ink. The task is to determine the 

color of the ink while ignoring the lexical meaning of the word, and the response can be 

made verbally or via a button press. Within this task there are different levels of conflict, 

both at the level of the stimulus and at the level of the response; as in the example above, 
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both “blue” and “green” could be response options, and both possibilities are present 

within one physical stimulus. Generally, the Stroop task compares congruent trials (the 

word “Blue” written in blue ink) to incongruent trials (“Blue” written in green ink) to 

determine the differences in neural processing (and behavior) that are the result of such 

conflict. In certain cases, neutral stimuli can be used (e.g., “Orange” written in green 

ink), where “Orange” is not a response option.  

Behaviorally, both accuracy and response time measures have been examined in 

conflict tasks such as the Stroop task. When the stimulus components are incongruent, 

participants are generally slower to respond and less accurate than when the stimuli are 

presented in congruent form (e.g., Dyer, 1973; Proctor, 1978). When the stimuli are 

neutral, because their accuracy and response times fall between those of congruent and 

incongruent stimuli, they can provide a metric for the level of facilitation and 

interference, with facilitation being the difference in response time between congruent 

and neutral stimuli, and interference being the difference in response time between 

incongruent and neutral stimuli (reviewed in Macleod, 1991).  

1.2.1 Neural signatures of conflict processing  

Both the underlying neural substrates and the timing of conflict processing have 

been examined in humans using fMRI and EEG. When comparing incongruent to 

congruent stimuli in visual variants of the Stroop task, the first electrophysiological 

difference observed emerges at around 300-400 ms, depending on the study (Badzakova-
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Trajkov, Barnett, Waldie, & Kirk, 2009; Liotti, Woldorff, Perez, & Mayberg, 2000; 

Markela-Lerenc, et al., 2004; West & Alain, 1999). This effect manifests as a fronto-central 

negativity that is greater for incongruent compared to congruent trials and usually lasts 

for ~150-200 ms. The source of this electrophysiological conflict effect, as suggested by 

source modeling, is thought to include areas of medial prefrontal cortex including the 

anterior cingulate cortex (ACC; Liotti et al., 2000). In some studies, an additional, later 

effect (~500-800 ms post stimulus) has been observed wherein incongruent trials have a 

greater positivity (with a more posterior, parietal distribution) compared to congruent 

ones (Liotti et al., 2000; West & Alain, 1999). The source of this effect has not been 

convincingly modeled, leaving its precise origin unknown. While the early effect has 

been given different names across studies and tasks (N2: van Veen & Carter, 2002b; 

N450: West & Alain, 1999; Ninc: Appelbaum, Boehler, Won, Davis, & Woldorff, in press), 

it is generally thought that this activity reflects the early detection/monitoring of conflict 

(Carter & van Veen, 2007; van Veen & Carter, 2002a). To date, however, it is still 

somewhat unclear if this early activity reflects stimulus or response conflict; Szucs and 

Soltesz (2010) have suggested that it does not reflect response conflict as its amplitude is 

not modulated by response speed, while evidence from Appelbaum and colleagues 

(unpublished data from Appelbaum, Smith, et al., 2011) suggests that the latency of this 

component is modulated by response speed. The later positivity has been speculated to 

be the semantic interpretation/word information representation of the stimuli (West & 
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Alain, 1999; Liotti et al., 2000), but it is not observed (or reported) in all studies, and 

therefore less is known about its functional role.  

Electrophysiological findings concerning the role of neutral stimuli have been 

generally more mixed (possibly due to different types of neutral stimuli used) than the 

aforementioned findings on incongruency. Using non-word stimuli for their neutral 

condition (e.g., “XXXX”), West and Alain (1999) found that their neutral and congruent 

conditions did not differ in levels of activation for the early N450 effect, while both 

differed from the incongruent trial types (the incongruent trial types being more 

negative than the congruent and neutral). However, in a numerical Stroop task, both 

facilitation and interference effects were observed electrophysiologically, with the 

facilitation effect occurring before the interference effect (~280 versus 330 ms post-

stimulus; Szucs & Soltesz, 2007).  Using other (non-color) word stimuli in their neutral 

condition (e.g., “low”), Atkinson and colleagues (2003) observed that these neutral 

stimuli gave rise to a more positive deflection than incongruent and congruent stimuli at 

frontal sites from 250-300 ms.  Interestingly, in all of these tasks, the behavioral 

responses to the neutral stimuli still showed both facilitation and interference effects 

(faster RTs relative to incongruent trials, slower RTs relative to congruent trials), 

underscoring the importance of examining neural data to fully assess the underlying 

mechanisms of conflict processing that may not emerge with behavior alone.  



 

22 

Many studies have examined the neural underpinnings of conflict processing 

with fMRI or PET to determine the brain structures involved in stimulus and response 

conflict. Generally, these studies have observed that areas in the medial prefrontal 

cortex, including the ACC/pre-SMA, have greater activity for incongruent compared to 

congruent trial types (e.g., Carter, Mintun, & Cohen, 1995; Leung, Skudlarski, Gatenby, 

Peterson, & Gore, 2000; Roberts & Hall, 2008; Ruff, Woodward, Laurens, & Liddle, 2001), 

and that the dorsolateral prefrontal cortex (DLPFC) has also been found in response to 

conflicting stimuli (e.g., Egner, Delano, & Hirsch, 2007). Further, frontal regions such as 

DLPFC have been involved when subjects are preparing for conflicting stimuli, even 

prior to the presentation of the stimulus (MacDonald, Cohen, Stenger, & Carter, 2000). 

Unfortunately, from the fMRI data alone the sequence of ACC/DLPFC activation is 

unclear due to the slow temporal resolution of the fMRI signal. However, converging 

evidence from EEG studies suggest that the earliest effect likely originates from the ACC 

(e.g., Liotti et al., 2000), and additional evidence from conflict monitoring, discussed 

below, suggests that the ACC activity is often followed by activity in DLFPC, which may 

help participants be more prepared for future conflict (Botvinick, Braver, Barch, Carter, 

& Cohen, 2001). 

1.2.2 Conflict monitoring/cognitive control 

Another important aspect of conflict processing that has been studied is that of 

trial-to-trial adjustments in performance. Specifically, early behavioral studies have 
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demonstrated that participants were faster to respond to an incongruent trial when it 

was preceded by another incongruent trial as compared to a congruent one (e.g., 

Gratton, Coles, & Donchin, 1992). Botvinick and colleagues (2001) termed this process 

“conflict monitoring” and proposed that it reflected the trial-to-trial adjustments of 

attention in response to the previous difficulty with the incongruent stimulus. That is, 

when the conflict present in an incongruent stimulus generates a slower response, 

participants are often aware of this, and they then ramp up their attentional control such 

that they are better-prepared for the next stimulus. While some have argued that such 

effects are due to response priming as they are abolished when response repetitions are 

taken into account (Mayr, Awh, & Laurey, 2003), others have found that these effects 

still persist in spite of this (Kerns, et al., 2004).  

Neurally, conflict monitoring has been thought to involve regions which are part 

of the fronto-parietal attentional network (e.g., DLPFC) to engage and be better prepared 

for subsequent stimuli (Egner & Hirsch, 2005). Specifically, this engagement was found 

on trials where an incongruent trial followed an incongruent trial, as compared to when 

an incongruent trial followed a congruent trial. Moreover, when this contrast was 

conducted, Egner & Hirsh also observed increased activity in regions that were involved 

in the processing of the relevant feature of the stimulus (e.g., activity in the fusiform face 

area for faces), suggesting that engagement of these lateral frontal regions leads to 

enhancement of that which is relevant, subsequently improving performance on those 
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incongruent trials preceded by other incongruent trials. Together, these data suggest 

that conflict processing is an on-going process involving adjustments in the allocation of 

attention to the relevant stimuli.  

1.2.3 Supramodal aspects of conflict processing? 

While many studies have examined the neural correlates of conflict processing, 

they have generally done so using exclusively visual tasks (see Chapter 4 for discussion). 

Preliminary evidence suggests that conflict processing in other modalities such as 

auditory may have similar neural substrates (Haupt et al., 2009; Roberts & Hall; 2008); 

however, it is unclear, to date, how modality-independent (or supramodal) conflict 

processing may be. It is likely the case that competing stimuli, regardless of their origin, 

would still activate some of the same neural substrates as they ultimately would require 

the same response output. Under such circumstances, the initial sensory processing that 

occurs from receptor to primary and secondary sensory cortices may be insensitive to 

the specific nature of the stimuli of input (congruent, incongruent, neutral) and only 

after this information has been relayed to places such as the ACC does the competition 

present become ‘detected.’ Moreover, given that conflict still occurs across modalities 

both behaviorally (Yuval-Greenberg & Deouell, 2009) and neurally (Molholm, Ritter, 

Javitt, & Foxe, 2004), and information from the modalities enters the nervous system 

through separate pathways, it seems reasonable to suppose that structures such as the 

ACC/pre-SMA could indeed be amodal in the role of detecting the competing input/the 
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potential competing output both within and across modalities. As discussed in Chapters 

4-6, however, there are still many unanswered questions about the timing and amodal 

or supramodal nature of conflict processing within and across the different sensory 

modalities.  

1.2.3 Other aspects of conflict processing 

The discussion above has focused on specific types of conflict wherein multiple 

types of (or facets of) stimuli are competing for a specific response. There are other cases 

of conflict, however, where various stimuli may be competing for the same attentional 

resources, even if they are not directly competing for responses. For example, in 

situations where dual-tasks are performed (such as driving and talking on the phone), 

the respective auditory and visual inputs are competing for shared attentional resources, 

and the complete processing of one input may come at the cost of processing the other 

(e.g., Spence, Ranson, & Driver, 2000). This type of stimulus competition is important to 

consider, because, while it may involve somewhat different neural mechanisms then 

those described above (e.g., Bendixen, et al., 2010), the behavioral ramifications of such 

competition can be highly detrimental (Strayer & Johnston, 2001).   

1.3 Attention 

Selective attention, as its name would imply, allows one to focus on a specific 

portion of space, or a specific feature or object, that are most relevant in a particular 

circumstance while ignoring other concurrent irrelevant stimuli in the environment. At 
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any given moment the focus of attention can change, but the stimuli that are in the 

spotlight of attention will get priority. While attention can be exogenously captured by a 

particularly salient stimulus (see Egeth & Yantis, 1997 for discussion), the type of 

attention that is more relevant for the present dissertation is the goal-directed 

endogenous form, wherein an individual deliberately allocates attention to a specific 

spatial location, modality, object, feature, etc., (see Carrasco, 2011 for review).  

Endogenous attention has been studied extensively in behavioral tasks such as 

Posner’s cueing paradigm (Posner, 1980). In this paradigm, participants are cued to 

attend to a particular location in space, with a to-be-detected target likely appearing in 

that location. When the target appears in the cued location, participants are faster and/or 

more accurate to respond to it, relative to when the target appears at an uncued location, 

suggesting a relative facilitation of processing due to the selectively directed attention. 

As with conflict, a neutral cue (where, in this case attention is not directed to either 

location), leads to responses that are intermediate to the cued and uncued conditions in 

reaction time and/or accuracy, thereby delineating the benefits and costs of allocating 

attention.  

The underlying neural mechanisms that lead to the enhanced processing of 

attended stimuli have been characterized in both the temporal and spatial domains. 

Upon interpretation of a cue to attend to a particular region of (visual) space, portions of 

the fronto-parietal attentional control network becomes engaged, typically frontal and 
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then parietal, followed by a biasing of thethe region of sensory cortex which would 

receive input from the target stimulus (i.e., exhibits enhancements) prior to the arrival of 

the target (Grent-'t-Jong & Woldorff, 2007). Various facets of this temporal-spatial 

cascade of attentional control processing, which is carried out over several hundred 

milliseconds, has been observed in a number of studies (e.g., Corbetta, Kincade, 

Ollinger, McAvoy, & Shulman, 2000; Hopfinger, Buonocore, & Mangun, 2000; Martinez, 

et al., 1999; Somers, Dale, Seiffert, & Tootell, 1999).  

At the cellular level, directed spatial selective attention has been found to 

increase the response of a cell to a stimulus appearing within its receptive field (Luck, 

Chelazzi, Hillyard, & Desimone, 1997; McAdams & Maunsell, 1999; Motter, 1993).  

Evidence from neuroimaging studies indicates that when a target is presented within the 

area of selective attention, the neural response to the target is enhanced in areas such as 

V2 in visual cortex (e.g.,Heinze, et al., 1994; Mangun, Buonocore, Girelli, & Jha, 1998; 

Mangun, Hopfinger, Kussmaul, Fletcher, & Heinze, 1997). Moreover, in 

electrophysiological data, early sensory components such as P1 and N1 to stimuli are 

enhanced in cases where the stimuli occurred within the spotlight of attention 

(Vanvoorhis & Hillyard, 1977; see Hillyard & Anllo-Vento, 1998 for review). Together, 

these findings suggest that attention serves as an important process that prioritizes the 

processing of certain stimuli, while likely suppressing the processing of other competing 

stimuli or the processing at other potential stimulus locations (e.g., Hopf, et al., 2006).  
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Another important feature of selective attention is its ability to transcend 

modalities. That is, if a particular region of space is attended to in one modality, stimuli 

that are present in that region, regardless of modality, will receive enhanced processing 

that manifests in behavioral improvements such as faster RTs (Spence & Driver, 1996). 

Moreover, even if attention is directed to a particular modality (e.g., vision) other stimuli 

that are presented within the same region of space will still receive enhanced processing, 

showing the supramodality of attention (Eimer & Driver, 2001; McDonald, Teder-

Salejarvi, Di Russo, & Hillyard, 2003; Teder-Salejarvi, Munte, Sperlich, & Hillyard, 1999).  

The control of attention across the various modalities has been shown with fMRI 

to activate similar regions of the frontoparietal network (Woldorff, et al., 2004; Wu, 

Weissman, Roberts, & Woldorff, 2007). The temporal deployment of attention to the 

various modalities has also been shown to occur with very similar timing (Green, 

Doesburg, Ward, & McDonald, 2011). Together, these findings suggest that attention is 

capable of interacting within and between modalities in a dynamic way that permits 

selection of that which is relevant for current behavioral goals. 

1.3.1 Attention and multisensory processing 

The effect of attention on multisensory processing has become a topic of recent 

interest (see Talsma, Senkowski, Soto-Faraco, & Woldorff, 2010 for review). An early 

behavioral study attempted to address this issue by investigating if the ventriloquist 

illusion could be influenced by endogenous attention (Bertelson, Vroomen, de Gelder, & 
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Driver, 2000). They used a visual-monitoring task which was performed simultaneously 

with an auditory localization task. They observed no influence on the location of visual 

attention on the perception of the location of the auditory stimulus. From this, they 

inferred that the auditory stimuli could be spatially linked regardless of the presence or 

absence of attention.   

More recently, however, and with neural measures, several researchers have 

found that, indeed, multisensory integration processes can be modulated by attention. 

Talsma and Woldorff (2005) conducted an electrophysiological study wherein 

participants directed attention to either the left or the right, while being presented with 

auditory, visual, and audio-visual stimuli that were either in the attended or unattended 

field. These stimuli were used to assess the multisensory interactions that were 

occurring on the attended versus the unattended fields.  The results indicated that at 

several latencies the multisensory processing interactions were larger when they 

occurred in the attended compared to the unattended field, suggesting that even at a 

very early stage of processing, multisensory integration may be modulated by attention.  

Fairhall and Macaluso (2009) also provided compelling evidence of the 

modulation of multisensory integration by attention in a paradigm using speech stimuli 

and audio-visual congruency as a measure of integration. They presented participants 

with two lateralized visual stimuli (videos of mouth movements) and one central 

auditory (speech) stream that was congruent with one of the visual streams and 
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incongruent with the other. On a given block participants were instructed to direct their 

attention to one of the visual streams while performing an orthogonal visual detection 

task. When they looked in a region of interest (ROI) in the STS as defined with a 

localizer task, they observed that there was enhanced processing when the audio input 

was congruent with the attended visual stimuli as compared to when it was 

incongruent.  

Even though more studies are finding that, indeed, multisensory processing may 

be modulated by attention, there is still some debate as to under which specific 

circumstances this occurs. Further, it is still largely unknown if attention might 

modulate all the various components of multisensory integration (temporal, spatial, 

semantic) in a similar manner.    

1.3.2 Attention and conflict processing 

Selective attention is fundamental in the resolution of conflict. In order for the 

correct response to be determined in the face of competition, the appropriate 

signal/response must be amplified and/or the competing and irrelevant response must 

be suppressed.  Indeed, attention is proposed to play a key role in the conflict 

monitoring account of conflict processing (Botvinick, et al., 2001), as it is believed to be 

invoked after an incongruent trial to better prepare (i.e., enhance processing) to the 

particular feature or item that is relevant for the appropriate response.  
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This has been supported through a variety of fMRI studies which have found 

increased activity to a particular relevant feature (faces, color, etc.) after an incongruent 

trial (Egner & Hirsch, 2005; Erickson, et al., 2009). Such enhanced processing, in turn, 

appears to lead to improved performance on the subsequent trial in the form of faster 

response times (Gratton, et al., 1992). Attentional modulation like this has been 

correlated with fMRI activity in the DLPFC (Kerns, et al., 2004) and EEG activity in the 

later positive component (Larson, Kaufman, & Perlstein, 2009).  

While it is clear that attention plays a significant role in conflict processing, it is 

still largely unclear how this will ramify beyond the visual domain. In a multisensory 

cued conflict paradigm, Weissman and colleagues (Weissman, Warner, & Woldorff, 

2004) observed increased activity in the sensory cortices of the relevant modality in the 

face of incongruency, suggesting that attention interacts with multisensory conflict in a 

similar way as it does with unisensory conflict. Nevertheless, the temporal cascade of 

these processes is unknown, and as this particular study was cued, it did not examine 

trial-sequence conflict monitoring effects, leaving open questions about the role of 

attention in conflict processing across the various modalities. Moreover, it is also 

unknown if attentional allocation to different modalities modality in the face of conflict 

might asymmetric in some way, such as by giving input from one modality an 

advantage over the other. These issues are addressed experiments presented in Chapters 

5 and 6.   
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1.4 Individual differences and experience  

One final point to consider is that of individual differences in attention, conflict, 

and multisensory processing. Each of these processes, as with any cognitive function, is 

largely shaped by experience. Moreover, many different processes can be affected by 

immediate plasticity (Woods & Recanzone, 2004) or long-term plasticity as a function of 

deprivation of one sensory modality (Carriere, et al., 2007) or exposure to some type of 

training (Green & Bavelier, 2003). As any of the aforementioned processes can be 

compromised in a wide variety of cognitive deficits (e.g., ADHD, Autism, 

Schizophrenia), it is important to understand if there are training regimens that may be 

beneficial to performance in these types of tasks. Recent literature has suggested that 

extensive action video game playing may, for example, provide such a benefit, in that 

video game players appear to have enhanced attentional and perceptual capabilities 

compared to non-gamers (Green & Bavelier, 2003, 2006a, 2006b, 2007; Li, Polat, Makous, 

& Bavelier, 2009). Additionally, training done in those studies with such games has been 

reported to improve performance in attentional tasks, implying a causality for the 

improvements observed. While this field is still emerging, and there are still debates as 

to how much weight should be placed on the findings to date (see Boot Blakeley & 

Simons, 2011 and Bavelier, et al., 2011 for discussions), they are nevertheless important 

findings to be considered and worth examining across a wide variety of tasks to see how 

generalizable the effects may indeed be.   
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1.5 Studies presented in this dissertation 

 In this dissertation I present six studies that examine the interactions of attention, 

stimulus conflict, and multisensory processing. The motivation for each study is 

introduced in their respective chapters, and all studies presented have either been 

published or are currently under review for publication. I have led the studies in each of 

these chapters, and the co-authors listed in the footnote at the start of each chapter have 

offered various levels of support including input on design and analysis, assistance with 

data collection, and input on the final manuscript.  

Each of the chapters presents data from an EEG or behavioral study. Chapter 2 

uses EEG measures of brain activity to look at the spread of attention across sensory 

modalities and how this interacts with the temporal and spatial linking of multisensory 

stimuli. Chapter 3 is a behavioral study that looks at the performance of gamers and 

non-gamers in multisensory temporal processing. Chapter 4 is an EEG study that 

examines the supramodality of conflict processing using an auditory Stroop task that 

was modeled closely after a previous corresponding visual Stroop experiment (Liotti et 

al., 2000). Chapter 5 contains a multisession behavioral study that examines the time 

course of interference and facilitation in a crossmodal Stroop task in which either the 

auditory or the visual input was attended. Chapter 6 is an EEG study that looks at 

attentional allocation to the irrelevant modality during multisensory conflict processing. 
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Finally, Chapter 7 examines the behavioral effects of gaming experience on the ability to 

perform dual-tasks across modalities. 

1.5 Methods Used 

All of these studies use behavioral measures to assess performance (accuracy, 

response times) on the various tasks. Where appropriate, behavioral data are fit to 

various functions (e.g., Gaussian, sigmoidal), with parameters being extracted from 

these fits for further analyses (see Methods in Chapters 3 and 5 for details). In addition, 

three of the aforementioned studies use electroencephalography (EEG) in conjunction 

with the behavioral measures to determine the cascade of neural processes leading up to 

the behavior. EEG is a non-invasive technique with which one can record changes in 

electrical activity across the scalp (with respect to a reference) over time. This method is 

highly advantageous as it provides very high (millisecond) temporal resolution and can 

therefore reveal a temporal sequence of neural events unfolding across a trial.  

The specific signal that is recorded with EEG is not that of action potentials, but 

rather derived from local field potentials. The field potentials that are picked up on the 

surface of the scalp are thought to originate from excitatory post synaptic potentials 

(EPSPs) and inhibitory postsynaptic potentials (IPSPs) from populations of aligned 

pyramidal cells in the cortex. When many cells within a population are simultaneously 

generating these local field potentials, they generate a macroscopic electrical potential 

that can be picked up on the surface of the scalp. While the spatial resolution of EEG is 
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rather coarse, it provides an extremely high temporal resolution measure of the 

temporal cascade of cortical brain activity invoked during cognitive processes, such as 

those investigated in the present dissertation.   
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2. The cross-modal spread of attention reveals 
differential constraints for the temporal and spatial 
linking of visual and auditory stimulus events1

Sensory perception entails the ability to combine information from multiple 

modalities to reliably determine the objects in one’s environment. This can be 

accomplished in various ways, often invoking selective attention toward one or multiple 

modalities to guide the stimulus processing. Fundamental to the grouping of 

multisensory information into meaningful entities are several general principles that 

underscore the temporal and spatial linking of stimulus input components (Stein and 

Meredith, 1993, Stein and Stanford, 2008).  

 

The necessity for some degree of temporal correspondence for multisensory 

integration to occur has been shown both neurophysiologically and behaviorally. More 

specifically, as the stimulus onset asynchrony (SOA) between the unisensory 

components of a multisensory stimulus increases (beyond the typical temporal window 

of integration of ~150ms), the probability that they will be neurally integrated and 

judged as from the same source or event decreases (Meredith et al., 1987, Stone et al., 

2001, Schneider and Bavelier, 2003).  

Likewise, with both neural recordings (Meredith and Stein, 1986, Wallace et al., 

1996) and behavioral measures (Spence et al., 2003, Gondan et al., 2005, Keetels and 

                                                      

1 The work in this chapter is published as “Donohue, S.E., Roberts, K.C., Grent-‘T-Jong, T., & Woldorff, M.G. 
(2011). The cross-modal spread of attention reveals differential constraints for the temporal and spatial 
linking of visual and auditory stimulus events. Journal of Neuroscience, Jun 1:31(22): 7982-90.  
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Vroomen, 2005, Bolognini et al., 2007), as spatial discrepancy increases, the likelihood 

also decreases for physiological multisensory interaction and for the behavioral 

judgment of perceptual correspondence. Importantly, however, as manifested in the 

phenomenon of ventriloquism, when a physically separated sound occurs concurrently 

with a visual stimulus, the perceived auditory location tends to be shifted toward the 

visual (Bertelson and Radeau, 1981, Hairston et al., 2003), and spatially separated but 

synchronous multisensory stimuli can still yield behavioral and neural enhancements 

(Teder-Salejarvi et al., 2005).  Moreover, in an explicit auditory localization task, this 

perceptual shift has been associated with a shift in the auditory brain response toward 

the side contralateral to the visual stimulus, presumably reflecting perceptual spatial 

integration of these spatially disparate stimuli (Bonath et al., 2007).  To date, however, 

relatively little is known about how the temporal factors of multisensory integration 

interact neurally with the spatial factors, such as during the ventriloquist illusion, and 

the role attention might play in these interactions.  

Previously, we had reported neural activity measures showing that attention to 

stimuli in one modality (vision) can spread to irrelevant but synchronous stimuli in 

another modality (audition), even when arising from different locations (Busse et al., 

2005). This effect was reflected electrophysiologically by a late-onsetting (>200ms), long-

lasting, negative-polarity ERP wave, as well as enhanced auditory-cortex fMRI activity, 

being elicited by sounds occurring synchronously with an attended, spatially disparate, 
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visual stimulus.  This spreading-of-attention effect was interpreted as a cross-sensory, 

object-related, linking process (see also Molholm et al., 2007, Fiebelkorn et al., 2009), 

reflecting a multisensory version of attentional spreading previously observed across 

unimodal visual objects (Egly et al., 1994, Martinez et al., 2007).   Here, we investigated 

the temporal and spatial linking of multisensory stimulus components, and the role of 

attention in this linking, by examining the cross-modal attentional spreading between 

spatially disparate visual and auditory stimulus events occurring with different 

temporal separations, both within and outside of the temporal window of integration. 

We report a fundamental role of attention in the multisensory-linking processes, as well 

as a dissociation between patterns of brain activity reflecting the temporal and spatial 

linking of the stimuli.  

2.2 Methods and Materials 

2.2.1 Participants  

Eighteen healthy right-handed adult volunteers (9 male) participated in the 

study (ages: 18-24 yrs; M= 21.1). Two additional participants were excluded due to poor 

behavioral task performance. Participants gave written informed consent and were 

financially compensated for their time. All procedures conducted were approved by the 

Duke University Health System Institutional Review Board.  

2.2.2 Stimuli and Task 
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To determine the spread of attention at varying SOAs, we adapted the bilateral 

attentional streaming paradigm we had employed previously for simultaneous visual 

and auditory events (Busse et al., 2005). During each block, participants were instructed 

to covertly attend to the left side or to the right side of a central fixation point (Fig. 1). 

Visual stimuli were randomly presented to the lower left or lower right quadrant of the 

screen (at 12.3° visual angle to the left and right of the center, and 3.4° below the central 

fixation). The visual stimuli were checkerboard images with 0, 1, or 2 dots contained 

within the checkerboard. Each visual stimulus was on the screen for 33 ms, and the 

inter-trial interval was jittered between 950 and 1050 ms. Participants were instructed to 

detect an occasional target visual image (a checkerboard on the designated side with 2 

dots, 14% probability) in the attended visual stream, and to press a button when this 

image appeared. Accuracy and reaction times (RTs) were recorded, and for each 

participant the difficulty level was titrated by adjusting the contrast and size of the dots 

within the target images so that participants were ~80% correct in detecting the target-

stimulus checkerboard possessing two dots.  
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Figure 1: Task. A. Task timing and example stimuli. In a given run while EEG 
data were collected, subjects were instructed to fixate centrally and covertly visually 
attend to either the left or the right and to detect infrequent targets (checkerboards 

with two dots) on the attended side. The lateral visual stimuli could be accompanied 
by a centrally presented tone at the varying SOAs shown in (B). The inter-trial SOAs 
were jittered between 950 and 1050 ms. B. Relative timing of the visual and auditory 

stimulus components in the 4 conditions. Visual Only: Visual stimulus presented 
alone; Simultaneous: Visual and auditory stimuli presented simultaneously; Delay-
100: Auditory stimulus delayed by 100 ms relative to the onset of the visual; Delay-

300: Auditory stimulus delayed by 300 ms relative to the visual.  An additional post-
EEG behavioral simultaneous-judgment task was conducted using the same stimuli 

as during all the multisensory EEG runs, but in which subjects were asked to judge if 
the auditory and visual stimuli occurred simultaneously or separately. 

 

All visual stimuli (targets and non-targets, both on the attended and unattended 

sides) were presented in the following multisensory conditions: Visual Only, Visual with 

Simultaneous Auditory (Simultaneous), Visual with Auditory Delayed by 100 ms 

(Delay-100), or Visual with Auditory Delayed by 300 ms (Delay-300; Fig. 1B). In each of 

the multisensory trial types, the auditory stimulus consisted of a tone pip (33 ms 

duration, 1200 Hz, 60 dBSL, 5 ms rise and fall periods) presented centrally. Participants 

were instructed to ignore all of the auditory stimuli as being irrelevant to their task. All 
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stimuli were presented in Matlab (Mathworks) using Psychophysics Toolbox 3 

(Brainard, 1997, Pelli, 1997). After one practice block, participants completed a total of 30 

experimental blocks (half attend left, half attend right), each a little over two minutes in 

duration. The trial types were presented in randomized and counterbalanced order 

within each block, and the order of the blocks was randomized for all participants.  

2.2.3 Post-EEG Behavioral Assessment of Simultaneous Judgment 
Perception 

In order to assess participants’ ability to determine the temporal separation 

between auditory and visual events, each participant was behaviorally tested using a 

simultaneity judgment task immediately after the EEG recording session. In this task, as 

before, participants were instructed to covertly attend to the left or right side of a central 

fixation point, and lateralized visual streams were presented as during the EEG session. 

The auditory stimuli, also similar to before, were presented centrally, either 

simultaneously with the visual (Simultaneous), delayed by 100ms (Delayed-100) or 

delayed by 300ms (Delayed-300), and the visual stimuli were always accompanied by 

one of these auditory conditions (i.e. there were no Visual-Only trials here). The time 

between consecutive visual stimuli was jittered from 1450 to 1550 ms, to allow enough 

time for participants to make a simultaneity judgment and to respond. More specifically, 

participants were instructed to judge whether the visual and auditory components of the 

stimulus were simultaneous, indicating their judgment with a button press. A total of 48 

trials were completed for each of the 3 conditions.  
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2.2.4 Behavioral Data Analysis  

Reaction times (RTs), hits, and false alarms were obtained for each subject for the 

behavioral data obtained during the EEG recording session. Outlier trials, as defined by 

having reaction times more than two standard deviations from each subject’s mean 

reaction time, were excluded from the analysis. Repeated-measures analyses of variance 

(ANOVAs) were conducted to look at the effect of multisensory-SOA condition on 

reaction time and accuracy, and any significant effects, using an alpha level of 0.05, were 

followed-up with t-tests. In the simultaneity judgment task, the ‘percent simultaneous’ 

judgment responses were calculated for each condition, and a repeated-measures 

ANOVA was conducted to see if these judgments differed between the SOA conditions.     

2.2.5 EEG Recording and Analysis  

Continuous electroencephalogram (EEG) was recorded using a Synamps 

Neuroscan system (Charlotte, NC) and a customized elastic electrode cap (Electro-Cap 

International, Eaton, OH) contained 64 electrodes. The data were sampled at 500 Hz, 

bandpass filtered online from 0.01-100 Hz, and referenced to the right mastoid electrode 

site. Eye blinks and eye movements were recorded using two electrodes lateral to each 

eye, referenced to each other, and two electrodes inferior to each orbit, referenced to 

electrodes above the eyes.  
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Offline, the data were filtered with a low-pass filter that strongly attenuated 

signal frequencies above 50 Hz. Trials that contained eye movements or blinks were 

rejected, as were trials with excess muscle activity or excess slow drift. The time range 

around each trial used for assessment of artifact was -250 to 950 ms, relative to the onset 

of the visual stimulus. The artifact-rejection threshold level was titrated individually for 

each participant, and that value was then used for an computer-applied rejection 

processes applied in automatic fashion across all the trials for that participant.  . The 

data were re-referenced to the algebraic average of the left and right mastoid electrodes. 

Time-locked ERP averages were obtained for each of the different conditions, and 

difference waves were calculated based on these averages. For the analyses reported 

here, only the non-target trials were considered, thereby focusing on the influence of the 

visual spatial attention manipulation without the presence of the large, long-latency ERP 

waves (e.g., P300s) associated with target detection. To examine the differences between 

conditions, repeated-measures ANOVAs were conducted on mean amplitude measures 

of brain activity (see Results) across subjects using a prestimulus baseline of 200 ms. All 

offline processing was done using the ERPSS software package (UCSD, San Diego, CA).    

2.2.6 Extraction of Spreading-of-Attention Activity  

To extract the activity associated with the processing of the task-irrelevant 

auditory tone as a function of whether it was accompanied by an attended or 

unattended visual stimulus, the following analysis was conducted. In each of the three 
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auditory conditions (Simultaneous, Delay-100 and Delay-300), the task-irrelevant tones 

were always presented centrally in the same trial with either a visually attended or a 

visually unattended lateral stimulus. To separate the contribution of the visual stimuli 

on the ERPs in the multisensory conditions, the Visual-Only condition was subtracted 

from the Simultaneous, Delay-100 and Delay-300 conditions (all time-locked to the onset 

of the visual stimulus), separately for each visual-attention condition, isolating the 

activity linked to the processing of the auditory stimulus under each multisensory 

attentional context.  These extracted ERP responses to the central tones when they were 

accompanied by an attended versus an unattended lateral visual event could then be 

compared to extract the possible spread of attention across modality and space to the 

tones (see Fig. 4). In addition, the conditions were collapsed across the left and right side 

to obtain this overall attentional spreading effect, regardless of the side of visual 

stimulation. This spreading-of-attention activity was extracted and analyzed for each of 

the three SOA delay conditions.    

Two additional comparisons were performed between the extracted auditory 

responses for the three SOA conditions:  one for when the lateral visual stimulus was 

attended and one for when it was unattended.  These were to assess the effect of the 

SOA manipulation separately for within each of the visual-attention conditions. 
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2.2 Results 

2.2.1 Behavioral results for the visual attention task during the EEG 
runs 

 For the visual attention task during which the EEG was recorded, response 

times (RTs) and detection accuracy for the visual target stimuli were collected. (Note 

that the centrally presented auditory tones were always task irrelevant in these runs.)  

No significant differences in accuracy for the visual targets were observed between the 

three stimulus onset asynchrony (SOA) conditions, with the performance in each case 

being close to the desired difficulty titration level of 80% correct ( Visual Only: M = 

78.3%, SD = 13.3%; Simultaneous: M = 78.8%, SD = 9.5%; Delay-100: M = 77.0%, SD = 

14.1%; Delay-300: M = 78.8%, SD = 12.5% ).  For the RTs (Visual Only: M = 587 ms, SD = 

46 ms; Simultaneous: M = 583 ms, SD = 49 ms; Delay-100: M = 586 ms, SD = 48 ms; Delay-

300: M = 595 ms, SD = 50 ms), however, an analysis of variance (ANOVA) revealed a 

main effect of condition (F(3,51) = 2.82; P < 0.05), with the Delay-300 condition being 

significantly slower than the other conditions with an auditory component 

(Simultaneous vs. Delay-300: t(17) = 2.53; P < 0.05; Delay-100 vs. Delay-300: t(17) = 2.90; P 

= 0.01; Visual Only vs. Delay-300: t(17) = 1.96; P = 0.07  ).  

2.2.2 Simultaneity-judgment task (behavior only)  

In the separate behavioral task after the EEG session, participants were highly 

likely to judge the visual and auditory events as simultaneous in both the Simultaneous 

and Delay-100 conditions (87.55% and 78.85%, respectively), while they were very 
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unlikely to judge them as simultaneous in the Delay-300 condition (37.16%; Fig. 2). An 

ANOVA revealed a main effect of condition (F(2,34) = 60.81; P < 0.001), with post-hoc t-

tests showing differences between all three conditions ( Simultaneous vs. Delay-100: 

t(17) = 4.11; P = 0.001; Simultaneous vs. Delay-300: t(17) = 8.68; P < 0.001); Delay-100 vs. 

Delay-300: t(17) = 7.21; P < 0.001).  

 

Figure 2: Behavioral results from the post-EEG behavioral simultaneity-
judgment task.  Shown for the Simultaneous, Tone-100-ms-Delayed, and Tone-300-

ms-Delayed conditions (error bars show the SEM).  When the stimuli were 
simultaneous or delayed by 100 ms, subject were much more likely to judge the 

stimuli as occurring simultaneously than when they were presented 300 ms apart. 

 

2.2.3 Visual Spatial Attention ERP Effects 

Visual spatial attention effects to the non-target visual stimuli that occurred by 

themselves (Visual Only trials) were assessed to assure that the manipulation of the 

subjects’ covert visual spatial attention was effective. Classical attentional modulations 

(e.g., Hillyard and Anllo-Vento, 1998) of the early sensory ERP components contralateral 

to the direction of visual attention were observed for both directed loci of attention (left 
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and right).  In particular, attended compared to unattended stimuli showed an increased 

positivity-polarity component at contralateral occipital sites (P1 effect) between 90-120 

ms post stimulus, followed by an increased negativity-polarity wave over contralateral 

parietal-occipital sites (posterior N1 effect) between 190-230 ms (Fig. 3).  An ANOVA 

that included the factors of attention (attended vs. unattended), stimulus location (left 

vs. right visual field), and hemisphere (left vs. right electrode location) confirmed the 

presence of a significant contralateral P1 attention effect over the latency window 90-120 

ms with a three-way significant interaction across the occipital sites2

                                                      

2 Electrodes are labeled according to the International 10-20 system.  For electrode locations that are close, 
but not identical to the standard 10-20 system locations, the postscript “i” and “a” are used to indicate a 
location slightly inferior, or anterior to the standard location. 

 TO1/TO2, O1i/O2i, 

and P3i/P4i (F(1,17) = 22.87 P < 0.0005). The analyses similarly showed a significant N1 

attention effect at posterior sites P3i/P4i, P3a/P4a, and O1/O2 (F(1,17) = 5.02 P < 0.05) 

from 190 to 230 ms. These attention effects on the sensory evoked ERP waves indicate 

that subjects were appropriately focusing their visual attention to the instructed side. 
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Figure 3: Visual attention ERP effects from the Visual-Only condition. 
Topographic distributions of the attention effects (attended minus unattended) for 

the P1 (90-120 ms) and N1 (180-210 ms) sensory components, shown separately for left-
visual-field stimuli (top) and right-visual-field stimuli (bottom).  As can be seen from 

the distributions, when the visual stimuli on the left were attended, they elicited 
right-sided (i.e., contralateral) P1 and N1 attention effects over occipital cortex. When 

the visual stimuli in the right visual field were attended, the P1 and N1 attention 
effects were correspondingly observed over the left visual cortex. 

2.2.4 The Cross-modal Spread of Attention from Vision to Audition as 
a Function of SOA 

2.2.4.1 Simultaneous Condition   

Looking first at the Simultaneous condition, the ERPs to attended visual stimuli 

occurring alone was subtracted from the ERPs to attended visual stimuli occurring with 

a task-irrelevant central tone, thereby deriving an extracted ERP to the central auditory 

tone elicited in the context of occurring  synchronously with an attended lateral visual 

stimulus from a different location.  An analogous subtraction was performed to extract 

the ERP to the central tone when it occurred with an unattended lateral visual stimulus.  
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Comparing these two extracted ERP responses should reveal any differences in auditory 

activity derived from the differential visual attention, reflecting the spreading of 

attention from the visual event to the synchronous auditory stimulus (Busse et al., 2005).  

In the Simultaneous condition here, we replicated our previously reported pattern of 

multisensory-attentional-spread activity, appearing as in Busse et al. (2005) as a long-

lasting, fronto-central, negative-polarity wave from ~200 to ~700 ms (F(1,17) = 16.80, P < 

0.001, at sites Fz, FCz, FC1 and FC2; Fig. 4), elicited by the central tones occurring 

simultaneously with an attended lateral visual stimulus relative to an unattended one 

(see Table 1 for detailed statistics). The ERPs at time points prior to and beyond the time 

period of 200-700 ms did not differ significantly (all Ps > 0.05). In that the spread-of–

attention effect seemed to have a particularly anterior distribution, the additional, 

somewhat more anterior sites of Fp1m, Fp2m, and Fpz (Fig. 5) were also tested for 

significant differences between the attended-visual and unattended-visual multisensory 

conditions from 200 to 700 ms, and indeed were also highly significant (F(1,17) = 15.01, P 

= 0.001). 
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Table 1: Statistical results for the main effect of condition for attended-visual 
vs. unattended-visual extracted auditory activity across the frontal sites Fz, Fcz, FC1 

and FC2, across the entire time period in 50 ms windows for Simultaneous, Delay-100, 
and Delay-300 conditions. 

Attended vs. Unattended          Simultaneous              Delay-100             Delay-300 
Time Window DF F P F P F P 
150 to 200 ms 1,17 <0.1 NS (0.90) <0.1 NS (0.78) 0.12 NS (0.74) 
200 to 250 ms 1,17 18.83 0.0004 1.25 NS (0.28) 0.44 NS (0.52) 
250 to 300 ms 1,17 14.2 0.002 1.86 NS (0.20) 0.2 NS (0.66) 
300 to 350 ms 1,17 7.32 0.02 15.12 0.001 <0.1 NS (0.77) 
350 to 400 ms 1,17 8.99 0.008 10.42 0.0049 0.58 NS (0.46) 
400 to 450 ms 1,17 4.98 0.04 1.84 NS (0.20) <0.1 NS (0.87) 
450 to 500 ms 1,17 6.31 0.02 7.7 0.01 0.62 NS (0.40) 
500 to 550 ms 1,17 12.44 0.003 12.96 0.002 1.57 NS (0.20) 

550 to 600 ms 1,17 18.4 0.0005 8.52 0.01 0.82 NS (0.40) 
600 to 650 ms 1,17 13.55 0.002 7.39 0.01 1.82 NS (0.20) 
650 to 700 ms 1,17 8.42 0.01 2.17 NS (0.20) 4.22 NS (0.06) 
700 to 750 ms 1,17 5.77 0.03 1.77 NS (0.20) 2.11 NS (0.20) 
750 to 800 ms 1,17 3.42 NS (0.08) 0.98 NS (0.30) 2.22 NS (0.20) 
800 to 850 ms 1,17 2.14 NS (0.16) 1.08 NS (0.30) 3.87 NS (0.07) 
850 to 900 ms 1,17 2.6 NS (0.13) <0.01 NS (0.90) 3.44 NS (0.08) 
900 to 950 ms 1,17 1.18 NS (0.29) 0.17 NS (0.68) 0.62 NS (0.40) 
950 to 1000 ms 1,17 0.52 NS (0.48) 0.27 NS (0.61) 0.2 NS (0.60) 
1000 to 1050 ms 1,17 0.16 NS (0.69) 0.11 NS (0.74) 0.4 NS (0.50) 

  

2.2.4.2 Tone-Delayed-by-100-ms Condition (Delay-100)   

In the Delay-100 condition, as indicated in Figs 4 and 5, the onset of the 

spreading-attention effect was shifted in time by ~100 ms, with the apparent onset of the 

late negative wave starting at 300 ms, rather than 200 ms. Testing the same frontal-

central sites (Fz, FCz, FC1 and FC2; Fig. 5) as for the Simultaneous condition revealed a 

significant effect of condition (attended-visual vs. unattended-visual) from 300 to 800 ms 

(F(1,17) = 6.71, P < 0.05; Table 1). Importantly, no effects of multisensory attentional 

context were found prior to 300ms, supporting the presence of a 100-ms temporal shift 
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for the attention-spreading effect when the auditory stimulus was delayed by 100 ms.  

As with the Simultaneous condition, an additional set of more anterior electrodes (Fp1m, 

Fp2m, and Fpz) were also tested from 300 to 800 ms and, as above, a significant effect of 

multisensory attentional context was also observed over these channels (F(1,17) = 8.57, P 

< 0.01). 

 

Figure 4: Multisensory spread-of-attention activity. The difference wave 
contrasts shown here allows for the removal of ERP activity associated with the pure 

sensory visual or attentional visual effects, isolating the extracted auditory ERP under 
each of the different multisensory attentional contexts. Note the change in scale in A 

and B versus C. All traces are for frontal site Fz (top). A. Extracted auditory ERP 
responses for the Simultaneous condition. These are derived by calculating the ERP 
difference waves for the attended-visual Simultaneous condition (Sim) minus the 

attended-visual Visual-Only condition (VO; top), and for the corresponding 
unattended-visual Simultaneous minus unattended-visual Visual-Only conditions 
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(bottom). These difference waves obtained for the extracted activity to the central tone 
occurring in the presence of an attended lateral visual stimulus and in the presence of 

an unattended lateral visual stimulus were compared (right).  B. Extracted auditory 
ERP responses for all the SOA conditions.  Responses for the same central auditory 

stimuli occurring in the context of the attended versus unattended lateral visual 
stimulus were calculated for each condition (Simultaneous, Delay-100 and Delay-300). 
Each of these extracted-ERP difference waves was obtained in the same manner that is 

shown in A for the Simultaneous condition. C. The difference waves between the 
extracted auditory responses, shown in B above, when they occurred in the context of 

an attended minus an unattended lateral visual stimulus for each of the three SOA 
conditions, overlaid. The Simultaneous showed the greatest attentional difference, 
with the Delay-100 condition showing a slightly diminished attentional difference, 

shifted in time by ~100 ms.  In sharp contrast, the Delay-300 displayed little 
differences between the extracted auditory response in the context of the attended vs. 
the unattended visual stimuli, thus showing little of the attentional spreading effect. 

2.2.4.3 Tone-Delayed-by-300-ms Condition (Delay-300) 

Using the same subtractive methods, the Delay-300 condition was examined to 

look at the effects of the spreading of attention to the centrally presented auditory tone 

delayed by this greater interval. As indicated in Fig. 4 and 5, the late negative wave 

observed in the Simultaneous and Delay-100 conditions was essentially eliminated for 

the Delay-300 condition. The analyses revealed no 50-ms time periods that had 

significant attentional-spread activity between 500 and 1000 ms (Table 1), nor earlier or 

later; however, an analysis of the more anterior electrodes did reveal a small significant 

effect of the spreading of attention if taken across the entire time range (500-1000 ms: 

F(1,17) = 6.00, P < 0.05; Fig. 4 and 5).  
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Figure 5: Topographic voltage distributions of the multisensory attentional 
difference waves.  These distributions are displayed for the difference waves shown 
in Figure 4C, plotted in 50 ms bins. The multisensory attention effect is observed at 
frontal-central sites, maximally for the Simultaneous condition, shifted in time by 

~100 ms and slightly diminished for the Delay condition, and essentially abolished in 
the Delay-300 condition. Periods of significant differential activity between the 

attended and unattended are underlined in black. Sites indicated at top are those over 
which statistics were run. 

Although the analyses described above show clear differences between the 

extracted auditory responses in the Simultaneous, Delay-100, and Delay-300 conditions 

as a function of whether the accompanying lateral visual stimulus was attended versus 

unattended, we wanted to determine whether or not the SOA effects observed were 

present in both the attended-visual and unattended-visual conditions, but just larger in 

the attended, or if they were only present in the attended. To assess this, we conducted 

two additional ANOVAs of the extracted auditory activity, separately for when the 

accompanying lateral visual stimulus was attended and for when it was unattended, 
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with SOA as the main factor. The data that went into these ANOVAs were the mean 

amplitude values across the fronto-central ROI of sites Fz, FCz, FC1 and FC2, extracted 

from 200-700 ms for the Simultaneous condition, from 300-800 ms for the Delay-100, and 

from 500-1000 ms for the Delay-300 condition (i.e., after subtracting off the 

corresponding visual-only responses).  For the attended-visual-stimulus conditions, this 

analysis revealed a clear main effect of the SOA, showing that there were clear 

differences present in the extracted auditory activity as a function of the relative delay of 

the onset of the auditory stimulus when the accompanying lateral visual stimulus was 

attended (F(2,34) = 3/28, P = 0.05).   In contrast,  the corresponding ANOVA across the 

same channels and time periods for the extracted auditory activity for the unattended-

visual-stimulus conditions showed no effect of SOA (F<1), indicating that when the 

accompanying lateral visual stimulus  was unattended, there were no significant 

differences in the response to the auditory stimulus as a function of its relative timing.  

2.2.5 Distribution Comparisons  

A close inspection of the topographic maps (Fig. 5) suggests that there was a 

change in the distribution for the spreading-of-attention effect in the earliest time range 

of activity in the Simultaneous versus the Delay-100 conditions, with the Simultaneous 

condition showing an initial period (latency 200-250 ms) of fronto-central activity, which 

then shifted to a more anterior position shortly later (i.e., shifting anteriorly at around 

250 to 300 ms post-stimulus onset).  In contrast, the effect in the Delay-100 condition 



 

55 

appeared to lack the early fronto-central effect, having the more anterior distribution 

across its entire duration, suggesting the presence of an additional early source in the 

Simultaneous conditions that was not present in the Delay-100 condition. 

To determine if this apparent distributional difference was statistically significant 

we analyzed data from the 20 most anterior electrodes in different time windows. Using 

these electrodes, we vector-scaled the data using the McCarthy and Wood approach 

(McCarthy and Wood, 1985) and then determined if any time-window by electrode 

interactions existed, which, if present, would indicate the presence of a significant shift 

in the distribution between those two time periods. Such a significant shift in 

distribution was indeed observed when comparing the initial onset of the negativity (200 

to 250 ms) with a later portion of this long-lasting negative wave (300 to 350 ms; F(9,153) 

= 3.33, P = 0.001), with the activity being more anterior in the later time window. 

Moreover, the Delay-100 condition appeared to lack this initial, more central 

distribution. This was examined statistically by testing the initial period of the 

spreading-of-attention effect, again using the twenty most anterior electrodes, for the 

Delay-100  condition (300 to 350 ms) versus the initial phase of the Simultaneous 

condition (200 to 250 ms), which also revealed a significant difference in distribution 

(F(9,153) =  3.97, P = 0.0001). In addition, the distribution of the Delay-100 condition in its 

initial effect period from time 300 to 350 ms did not differ from the distribution of the 

Simultaneous condition in the same (300-350 ms) latency (F<1), both being the more 
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anterior distribution.  These results thus provide further converging evidence that there 

was an additional early source present in the Simultaneous attentional-spreading 

activity that was not present in the Delay-100 condition (see Fig. 5).  

2.2.6 Spatial Shifts and Ventriloquism  

Ventriloquism is defined as a shift in the perceived location of a sound toward a 

simultaneous visual stimulus occurring in a different location (Bertelson and Radeau, 

1981). Here, the tones were always centrally presented and were task irrelevant, with the 

attended and unattended visual stimuli being lateralized. If the perceived location of the 

tones was shifted in position toward the simultaneous visual stimulus when the latter 

was attended (as opposed to unattended), then there should be a lateral shift of the 

representation of the auditory stimulus in the brain toward the side contralateral to the 

attended visual stimulus, as observed previously in an explicit localization task – that is, 

the spreading-of-attention activity should be shifted contralaterally.  To determine if this 

occurred, the spreading-of-attention activity for each of the SOA conditions was 

analyzed separately for when the visual stimulus was on the left versus on the right (Fig. 

6). In the top panel, the unattended Simultaneous condition for left visual stimuli was 

subtracted from the attended Simultaneous condition for left visual stimuli (all 

conditions having already subtracted the respective Visual-Only ERP responses), 

analyzed for the time period of 200 to 250 ms. This subtraction revealed that the initial 

attentional-spread neural activity in the Simultaneous conditions was indeed shifted 
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toward the side contralateral to the attended visual stimulus. Correspondingly, the 

analogous analysis for auditory tones occurring with an attended right stimulus 

revealed a shift in the opposite direction (Fig. 6). As observed in the middle and bottom 

panels of Fig. 6, this same subtraction conducted for the corresponding initial time 

period in the Delay-100 and Delay-300 conditions (from 300 to 350 and 500 to 550 ms, 

respectively) showed no such lateralization for the processing of the extracted responses 

to the auditory stimuli.  

 

Figure 6: Distributional differences of extracted auditory response as a 
function of SOA and visual-stimulus laterality.   A. Topographic voltage distributions 
for the spreading-of-attention effects on the extracted auditory response for each SOA 
condition, shown separately for the left and right visual stimuli.   These spreading-of-

attention effects were derived as in Figure 4 from difference waves between the 
auditory ERPs extracted from when the associated visual stimulus was attended vs. 
when it was unattended (i.e., as in Figure 5, the responses to the respective Visual-
Only stimuli have already been subtracted). Clear differences in laterality for the 
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spreading-of-attention activity were observed only in the Simultaneous condition, 
and only during the early phases of that activity. B. Mean amplitude values over the 
left and right fronto-central ROIs (for right and left visual stimuli, respectively) for 

the spreading-of-attention activity for the centrally presented tones in the 
Simultaneous condition, shown separately for when the associated attended visual 

stimulus was on the left or on the right.  The plot underscores the interaction between 
attention and laterality observed for this initial attentional-spreading activity in the 

Simultaneous condition, which was the only condition for which this early 
contralaterality effect was significantly present.  

To statistically assess this effect, we performed an ANOVA of the activity in the 

time period from 200 to 250 ms for the Simultaneous condition over the fronto-central 

sites C1a, C1p, C5a, C2a, C2p, and C6a, using the factors of stimulus location, 

hemisphere (electrode location), and attention. This analysis confirmed a significant 

interaction (F(1,17) = 4.58, P < 0.05) between these factors, due to the attentional-

spreading effect being shifted to the side contralateral to the visual stimulus.  There was 

also a significant lateralization interaction from 250 to 300 ms (F(1,17) = 7.36, P < 0.05)  

and 300 to 350 ms (F(1,17) = 417.09, P < 0.001); however these later interactions were 

driven by shifts toward the side contralateral to the right attended visual stimulus, with 

no shifts toward the side contralateral to the left visual stimulus (P’s > 0.1 for attended 

left minus unattended left on right versus left channels). No such significant interactions 

were observed for the Delay-100 and Delay-300 conditions, analyzed in the 

corresponding initial time windows for the effects in those conditions (300 to 350 ms and 

500 to 550 ms, respectively), nor any other time windows for those conditions (F's<1).  
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2.3 Discussion 

This study is the first to provide a clear dissociation between the multisensory 

linking of the temporal and spatial aspects of the auditory and visual components of a 

multisensory stimulus, reflected by the spreading-of-attention across a multisensory 

object. While it is apparent that the principles of sensory integration are fundamental to 

the successful linking of multisensory information (Stein and Stanford, 2008), to date the 

degree to which the temporal factors can interact with the spatial ones, and how these 

are modulated by attention, has not been much explored. Here, using an attentional 

manipulation and obtaining both neural and behavioral measures, we provide a new 

account of the spatial and temporal linking of auditory and visual stimuli, summarized 

in Table 2.   
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Table 2: Summary of experimental results showing the dissociation between 
the temporal and spatial linking of multisensory stimuli and the interaction of 
attention with these linking processes.  

 

Stimulus  Neural  Perception 

Simultaneous Auditory 
and Visual Stimuli → Spatial Linking  

    (200-250ms) 
Temporal Linking  
    (200-700 ms) 
Spreading of Attention    
    (200-700ms) 

→ 
Spatial Shift (Ventriloquism)  
Judged as Simultaneous 

Auditory Tone Delayed 
by 100 ms Compared 
to Visual 

→ Temporal Linking  
    (300-800ms) 
Spreading of Attention  
    (300-800ms) 

→ No spatial shift 
Judged as Simultaneous 

Auditory Tone Delayed 
by 300 ms Compared 
to Visual 

→ No Spatial Linking 
No Temporal Linking 
No Attentional Spreading 

→ No spatial shift 
Not judged as Simultaneous 

 
 

First, as shown in the separate behavioral sessions, participants were likely to 

judge our stimuli as occurring simultaneously when they were either actually presented 

simultaneously or were delayed by 100 ms, but not when delayed by 300 ms, thus 

indicating the time window over which the stimuli are perceptually linked from a 

temporal standpoint. Second, in line with these behavioral findings, the neural (EEG) 

measures indicated that attention spread from the visual to the auditory modality when 

the stimuli were simultaneous or when the tone was delayed by 100 ms, but not when 

delayed by 300 ms. Therefore, it appears that for attention to spread successfully the 

stimuli need to be temporally linked within the classic time window of audiovisual 

perceptual integration (Meredith et al., 1987, Schneider and Bavelier, 2003, Zampini et 
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al., 2005, van Wassenhove et al., 2007), or, conversely, for the stimuli to be temporally 

linked, attention needs to spread between them. While design limitations precluded the 

determination of any potential modulation in the unattended channel compared to 

baseline, significant differences between the extracted auditory activity for the different 

SOA conditions were only present for attended-visual-stimulus trials, and not for 

unattended-visual-stimulus ones, suggesting that only attended stimuli are differentially 

processed and linked under our temporal manipulation. Finally, only when the auditory 

stimuli were presented simultaneously with the lateral visual stimulus were they 

spatially linked, as indicated by a shift in the neural response to the central tone when it 

occurred with an attended versus an unattended lateralized visual stimulus (cf., Bonath 

et al., 2007). Delaying the tone by even 100 ms, while still leading to the temporal linking 

of the stimuli and a robust spreading of attention, did not lead to any neural reflection of 

spatial linking, as reflected by the lack of a contralateral shift of neural processing. 

Importantly, due to the design of the present paradigm, the spatial linking and neural 

shift effects that were observed in the simultaneous conditions occurred directly as a 

result of a cross-sensory attentional manipulation (i.e., deriving from the same auditory 

stimulus occurring with an attended versus an unattended lateral visual stimulus), 

underscoring the importance of attention in the ventriloquism effect and in the processes 

underlying the spatial and temporal linking of multisensory stimulus components.  
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2.3.1 Temporal linking of multisensory stimuli   

There is considerable behavioral evidence suggesting that at SOAs of increasing 

disparity, multisensory stimuli are more likely to be perceived as separate (Spence et al., 

2001, Schneider and Bavelier, 2003, Zampini et al., 2005), as observed here in our 

simultaneity judgment task.  Further, in multisensory speech identification, a temporal 

separation of more than ~150 ms generally has little or no audio-visual benefit 

behaviorally when compared to visual alone (McGrath and Summerfield, 1985), whereas 

there is a clear benefit at SOAs of less than this separation. Neurally, semantically 

unrelated stimuli (e.g., a tone and a light) are linked together, as indexed by enhanced 

firing to the multisensory stimulus, but only when they occur within the temporal 

window of integration (Meredith et al., 1987).    

Consistent with this previous work, our findings indicate that simple 

multisensory stimulus components will be perceptually linked when presented within 

the temporal window of integration. More importantly here, however, we demonstrate 

that attention will only spread from one modality to another only when stimuli are 

presented within this temporal window of integration, thereby illustrating the 

correspondence between the temporal window of integration and the temporal window 

over which attention will spread across modalities.  Indeed, the present data suggest the 

intriguing hypothesis for the key role played by attention, and its striking ability to 

spread across sensory modalities, to potentially aid in (or be necessary for) the temporal 
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linking of the component features of multisensory stimulus input into a perceptual 

whole.  One might speculate further that it may be this sort of attentional spread that 

underlies, or at least contributes to, the perceptual linking of the various features of any 

multifeatureal object (e.g., Schoenfeld et al., 2003).  

2.3.2 Spatial linking of multisensory stimuli  

Another important new finding here is that of the tighter temporal constraints 

that appear to be required for the spatial linking of the different multisensory 

components. Only in the simultaneous condition, at the onset of the negative-polarity 

wave reflecting the attentional-spreading activity for the centrally presented tone, did 

we observe an additional ERP component showing a lateral shift to the side contralateral 

to the visual stimulus.  The location and timing of this lateralized neural activity 

(centrally/fronto-centrally distributed, occurring at ~200-250 ms) is very similar to that 

found in an explicit auditory localization task in Bonath et al. (2007).  In that study, on 

trials in which the percept of the spatial location of the auditory stimulus was shifted 

toward the visual, there was a corresponding lateralized shift in the distribution of the 

ERP activity contralateral to the location of the visual stimulus, with this activity being 

modeled as arising from auditory cortex (Bonath et al., 2007). The fMRI part of our 

previous study confirmed the presence of spreading-of-attention activity in auditory 

cortex (Busse et al., 2005), where similar regions in the planum temporale are involved in 

discriminating the spatial location of sound (Deouell et al., 2007).  
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In the present study, a particularly intriguing aspect of the ventriloquist-related 

finding was that the observed neural processing shift occurred directly as a result of an 

attentional manipulation, emerging as a difference for identical tones that occur 

simultaneously with an attended versus an unattended visual stimulus. Moreover, the 

effect occurred only in the Simultaneous condition, was present only in the initial 50-100 

ms phase of the activity, and was elicited for auditory stimuli that were completely task 

irrelevant. While the delay of 100 ms allowed attention to still spread from the visual 

modality to the auditory modality, as reflected by the elicitation of the sustained 

negative-polarity ERP wave, and also resulted in the stimuli being still judged as being 

synchronous, this temporal offset appeared to be enough to abolish the lateral neural-

processing shift associated with a ventriloquist effect. This neural result is consistent 

with previous behavioral studies reporting that increasing the audio-visual temporal 

separation reduces the perceived location shift of the auditory stimulus toward the 

visual, as compared to stimuli presented simultaneously or delayed by only 50 ms 

(Slutsky and Recanzone, 2001, Lewald and Guski, 2003).  The present study provides the 

first electrophysiological evidence for the temporal limits of the neural processes that 

lead to the ventriloquist illusion.  

Further, the present study emphasizes the important role of visual attention for 

this lateralization effect to occur, as it occurred directly as a result of the attentional 

manipulation. Although previous behavioral studies have suggested that the 
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ventriloquist illusion is pre-attentive and not influenced by attention (e.g., Bertelson et 

al., 2000), the present findings argue strongly against such a conclusion, with explicit 

neural evidence showing a direct modulation of the spatial linking of auditory and 

visual stimuli as a function of attention .  The present findings showing the key role of 

attention on multisensory integration are in line with other recent evidence suggesting 

that other multisensory illusions, such as the sound-induced extra-flash visual illusion 

(Shams et al., 2001), can be modulated by attention (Mishra et al., 2010).  

To summarize, we show that visual attention can spread robustly across both 

modality and space to a task-irrelevant and spatially separated auditory tone when it 

occurs within the temporal window of integration, with this spread essentially being 

eliminated for SOAs outside that window. Further, when the auditory stimulus is 

delayed in time relative to the visual event, but is still within the temporal window of 

integration, the visual attention will spread (albeit slightly attenuated), and this 

spreading will be delayed by the delay in the onset of the stimulus. Finally, only when 

auditory and visual stimuli occur in close temporal proximity is there a spatial linking of 

the unisensory components.  In particular, only under these circumstances is there was a 

shift of the auditory neural processing to the side contralateral to the visual stimulus, 

consistent with a ventriloquistic-like perceptual shift of the centrally presented auditory 

stimulus toward the visual.  Moreover, all of these cross-modal effects on the processing 

of task-irrelevant auditory stimulus occurred directly as a function of whether the 
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synchronous or near-synchronous visual stimulus was or was not attended, 

underscoring the fundamental role of attention in these multisensory integration 

processes (Talsma et al., 2010).  These results thus shed new light on the temporal and 

spatial constraints by which the various unisensory components of multisensory stimuli 

are linked together into a perceptual whole, and the way in which attention modulates 

these stimulus-linking processes.
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3. Video game players show more precise multisensory 
temporal processing abilities1

We are constantly bombarded with both visual and auditory stimuli, all of which 

must be rapidly processed to construct a veridical representation of our environment. 

While this is seemingly accomplished with ease, a series of complicated processes and 

principles have been shown to underlie multisensory perception (see Driver & Noesselt, 

2008; Stein & Stanford, 2008 for reviews). For example, one fundamental principle of 

multisensory processing is that input from different modalities must be perceived in 

temporal synchrony to be bound into a single multisensory object (e.g., Meredith, 

Nemitz, & Stein, 1987; Stein and Meredith, 1993). This can be easily evidenced by 

focusing on the effects of temporal asynchrony, when the stimulus components from 

different modalities occur separated by too large of a temporal gap, such as in a badly-

dubbed movie or when computer processors temporarily freeze resulting in where what 

is typed (i.e., the tactile input) is delayed with respect to what appears (i.e., the visual 

display). It certainly can be distracting when stimuli from multiple modalities are 

temporally misaligned; however, how far apart in time do these stimuli need to be 

before we begin to notice such temporal discrepancies? Or, conversely, how far apart in 

time can multisensory information be while still being bound into one perceptual 

 

                                                      

1 The work presented in this chapter has been published as “Donohue, S.E., Woldorff, M.G., & Mitroff, S.R.. 
(2010). Video game players show more precise multisensory temporal processing abilities. Attention, 
Perception & Psychophysics. May,72(4):1220-9.  
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representation?   Moreover, in a complex multisensory world where it is of fundamental 

importance to be able to accurately link corresponding cross-modal inputs and separate 

non-corresponding ones, how might the ability to accurately make such links be affected 

by an individual’s prior perceptual experiences? 

While presumably not done so explicitly, most prior work has appeared to 

assume that there is relatively little difference across individuals in their temporal 

window of integration (i.e., how close together in time stimuli must occur in order to be 

perceptually integrated into a single, multisensory object). This is manifested in that 

individual-participant data are rarely reported (but see Stone, et al., 2001; Vatakis, 

Navarra, Soto-Faraco, & Spence, 2007), with most studies not examining individual or 

group differences (e.g., Spence, Shore, & Klein, 2001; van Wassenhove, Grant, & 

Poeppel, 2007; Zampini, Guest, & Shore, 2005). Might each individual’s prior 

experiences and life history influence his or her perceptual processing? Extreme cases 

suggest yes, revealing for example altered behavior (Putzar, Goerendt, Lange, Rosler, & 

Roder, 2007) and differential neural processing in auditory-attention tasks in early-blind 

participants (Liotti, Ryder, & Woldorff, 1998) and differential neural firing patterns (for 

sensory integration) in animals deprived of early sensory input (Carriere, et al., 2007; 

Ghoshal, Pouget, Popescu, & Ebner, 2009). Given that differential life-related perceptual 

experiences can lead to altered neural activity and perceptual abilities, here we ask 

whether certain individuals with a specific type of experience (extensive video game 
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playing) have a more fine-tuned sense of temporal synchrony that enables a greater 

ability to notice slight asynchronies.  

Tools to distinguish multisensory temporal processing 

To delineate individuals’ temporal window of integration, we used two standard 

well-established tasks: the simultaneity judgment task and the temporal-order judgment 

task. In multisensory simultaneity judgment tasks, participants are presented with 

stimuli from two different modalities that can occur either simultaneously or with 

various temporal offsets. The temporal offsets typically occur in both directions (i.e., a 

visual stimulus could proceed or follow an auditory stimulus) at varying stimulus onset 

asynchronies (SOAs). Participants are simply to report if the stimuli appeared 

simultaneously or asynchronously (e.g., Stone, et al., 2001). Likewise, in multisensory 

temporal-order judgment tasks (e.g., Zampini, Shore, & Spence, 2003), participants are 

presented with stimuli that occur either simultaneously or are offset by various SOAs 

and are to judge which modality came first (e.g., was the auditory stimulus presented 

first, or was the visual stimulus presented first?). There is clearly some redundancy 

between the temporal-order and simultaneity judgment tasks, but subtle differences in 

their effects suggest they may operate by somewhat different mechanisms. As such it is 

beneficial to employ both of them to assess crossmodal processing (see van Eijk, 

Kohlrausch, Juola, & van de Par, 2008; Vatakis, Navarra, et al., 2007, for discussion).  
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In simultaneity judgment tasks, when stimuli in different modalities (e.g., 

auditory and visual) are presented at offsets at or close to physical simultaneity, 

participants typically judge these stimuli to be simultaneous. As the SOAs between the 

stimuli increase, the reports of perceptual simultaneity gradually decrease, falling off 

more and more as the stimuli get farther away from physical simultaneity. This task is 

particularly sensitive to temporal offsets at longer SOAs, highlighting those SOAs at 

which participants determine the stimuli to be temporally disparate. Based on this task, 

auditory and visual stimuli appear to be integrated into a single perceptual 

representation at SOAs from physical simultaneity (i.e., 0 ms apart) up to ~150 to 200 ms, 

after which the two stimuli are perceived as distinct (Schneider & Bavelier, 2003; 

Zampini, Guest, et al., 2005). Accordingly, this temporal window of around 150 ms has 

been viewed as reflecting the typical temporal window of multisensory integration. 

Temporal-order judgment tasks, in contrast to simultaneity judgment tasks, are 

most informative at short SOAs (e.g., 50 ms) where it is difficult to distinguish which 

stimulus came first (e.g., Zampini, et al., 2003). Performance is typically very good at 

longer SOAs (where it is obvious which stimulus appeared first) but individual 

differences can potentially arise at the more difficult, shorter SOAs. Together, 

simultaneity and temporal-order judgment tasks provide a complete picture of the 

temporal intervals at which information can be integrated or discriminated and we 

implemented both here to best assess an individuals’ temporal window of integration.  
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Finding individual differences in multisensory temporal integration 

Although the SOAs over which crossmodal stimuli are integrated into one 

perceptual representation differ some across tasks and modalities (e.g., Zampini, et al., 

2003 vs. Zampini, Brown, et al., 2005), the temporal window of multisensory integration 

is generally a reliable and replicable effect, with the likelihood of integration decreasing 

with increasing SOA (e.g., Spence, et al., 2001; Stone, et al., 2001; Vatakis, Bayliss, 

Zampini, & Spence, 2007; Vatakis & Spence, 2006). However, there is some evidence that 

temporal integration can be altered – in one study, when participants were repeatedly 

exposed to audio-visual stimuli with a given temporal offset, their subsequent 

simultaneity judgments were biased toward that offset (Vroomen, Keetels, de Gelder, & 

Bertelson, 2004). Additionally, a recent study has demonstrated that repeated pre-

exposure is not modality specific in that pre-exposure to temporally offset stimuli (by 

100 ms) in either the auditory/visual, visual/tactile or auditory/tactile modalities can 

shift the perception of simultaneity for audio-visual stimuli in the direction of that 

temporal offset (Harrar & Harris, 2008). These two examples offer an intriguing 

suggestion that temporal integration can be manipulated by prior experiences. 

Beyond effects of immediate malleability of sensory perception, longer-term 

malleability has also been demonstrated. For example, extensive experience with a 

specific set of frequencies in an auditory discrimination task has been shown to shape 
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neuronal responses and cortical organization in non-human primates (Recanzone, 

Schreiner, & Merzenich, 1993). More recently, striking evidence of long-term perceptual 

malleability in healthy adult humans has come from studies examining the effects of 

extensive action video game experiences (e.g., Castel, Pratt, & Drummond, 2005; Feng, 

Spence, & Pratt, 2007; Green & Bavelier, 2003, 2006a, 2006b, 2007; Quaiser-Pohl, Geiser, 

& Lehmann, 2006). Action video game players (VGPs) have been shown to have, among 

other benefits, heightened visual acuity (Green & Bavelier, 2007), enhanced contrast 

sensitivity (Li, Polat, Makous, & Bavelier, 2009), an improved ability to simultaneously 

track multiple moving visual items (Green & Bavelier, 2006b), better spatial abilities 

(e.g., Quaiser-Pohl, et al., 2006), enhanced divided attention abilities (e.g., Greenfield, et 

al., 1994), and improved eye-hand motor coordination (e.g., Griffith, Voloschin, Gibb, & 

Bailey, 1983). Non-video game players (NVGPs) who are trained on action video games 

for a relatively short time period reveal some VGP-like benefits, supporting the claim 

that the observed benefits arises from experience and not from pre-existing predilections 

(e.g., De Lisi & Wolford, 2002; De Lisi & Cammarano, 1996; Dorval & Pepin, 1986; Green 

& Bavelier, 2003, 2006a, 2006b, 2007; McClurg & Chaille, 1987; Okagaki & Frensch, 1994; 

but see Boot, Kramer, Simons, Fabiani, & Gratton, 2008; Gagnon, 1985; Rosenberg, 

Landsittel, & Averch, 2005; Sims & Mayer, 2002).  

Video games are inherently multisensory, with first-person shooter and other 

action games often having both auditory and visual cues that are relevant to an 
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appropriate behavioral response. High-action first-person shooter games combine 

intense visual graphics with corresponding and informative auditory cues and feedback, 

and can involve multiplayer interactions wherein players communicate with each other 

via auditory conversations. Given this multisensory nature of the games, it seems quite 

possible that the VGPs’ benefits would extend to multisensory processing, such as by 

affecting individuals’ window of multisensory temporal integration. Specifically, given 

that action video games bombard the players with multisensory stimuli that must be 

processed rapidly and accurately, it seems reasonable to hypothesize that VGPs would 

be better able to parse audio-visual information when they occur closely together in 

time.  

In the current experiment we tested VGPs and NVGPs on both a simultaneity 

judgment task and a temporal-order judgment task, which allowed us to simultaneously 

ask two novel questions: (1) Do individual differences exist for multisensory temporal 

integration windows; and (2) Do video game playing benefits extend beyond vision to 

the realm of multisensory processing? In the simultaneity judgment task, we 

hypothesized that VGPs would show a narrower window of integration, being less 

likely to judge stimuli as occurring simultaneously when they were indeed physically 

asynchronous. That is, we predicted that VGPs would be more accurately able to 

distinguish asynchronies between closely occurring visual and auditory stimuli. 

Likewise, for the temporal-order judgment task, we predicted that VGPs would be better 
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able to distinguish which stimulus (auditory or visual) occurred first at small SOAs, 

thereby also revealing enhanced perceptual discrimination abilities. On the other hand, 

we live in a complex world that is inherently multisensory, and so NVGPs should have 

abundant exposure to integrating visual and auditory information. Thus, another 

possibility was that there would be little-to-no benefit from playing action video games 

to multisensory temporal integration. 

3.1 Methods 

3.1.1 Participants  

Forty-five male members of the Duke University community participated. Based 

upon assessments of their prior gaming experiences, we categorized these participants 

into 18 VGPs (mean age = 20, SD = 2.5), 18 NVGPs (mean age = 20.6, SD = 3.5), and 9 

other participants whose experience with video games fell between these two categorical 

levels of gaming experience, which are described below (mean age = 19.2, SD = 1.4). Six 

additional participants (1 VGP, 4 NVGPs, and 1 other) were excluded due to poor 

behavioral performance, indicated by having points of subjective simultaneity (see 

Results Sections 1.2 & 2.2) in either task that exceeded the range of stimulus onset 

asynchronies tested. Similar to previous experiments (e.g., Green & Bavelier 2006a), no 

female participants were included due to difficulty in finding sufficient numbers of 

females with extensive gaming experience. Participants received either course credit or 

monetary compensation.  
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Video game experiences were assessed via a post-experiment questionnaire that 

asked about the length and amount of experience within several video game genres, as 

well as via a self-report of level of expertise with each genre. The questionnaire served 

two purposes. First, it provided a means to classify participants as a VGP, NVGP, or 

“other.” NVGPs were defined as those participants who had zero hours per week of 

first-person shooter experience in the past six months, as well as having less than 1.5 

hours per week within the past 6 months of real time strategy and sports games (NVGP 

mean = 45 minutes per week). VGPs were defined as having at least 2 hours per week of 

first-person shooter experience in the past six months, as well as playing any type of 

action game (including first-person shooter, as well as including real-time strategy and 

sports games) for a minimum of 4.5 hours per week within the past 6 months (VGP 

mean = 11 hours per week). Additionally, VGPs had all played first-person shooter 

games for at least five hours per week at some point in their lives. The additional nine 

participants were excluded from the majority of the analyses, which were categorical 

VGP/NVGP comparisons, as their video game experiences fell between these two 

criteria; however, their data were included in correlational analyses (see below and 

Results section 3.3).  

The second purpose of the video game questionnaire was to provide a means to 

quantify a participant’s amount of gaming experience on a continuous scale. Based upon 

the answers for each video game genre, we calculated for each participant an overall 
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gaming score (i.e., a number between 0 and 317) that accounted for general gaming 

experience and expertise across all genres of video games. This score was used in the 

correlational analyses (see Results section 3.3).  

3.3.2 Apparatus  

Participants sat approximately 57 cm from a 19in CRT monitor in a quiet testing 

room. The auditory stimuli were presented centrally through two speakers evenly 

spaced to the left and right of the monitor, and the presentation of the visual and 

auditory stimuli was controlled by Presentation (Neurobehavioral Systems) on a Dell 

PC. 

3.3.3 Stimuli  

Each trial was comprised of a visual black-and-white square checkerboard 

pattern (5°x5°, 33 ms duration) and an auditory tone (33 ms duration; 60 dBSL; 5 ms rise-

and-fall time; 1200Hz). Across trials, the visual and auditory stimuli appeared equally 

often with the following SOAs, in milliseconds, where negative represents auditory first, 

positive indicates auditory second (i.e, visual first), and 0 represents physical 

simultaneity: -300, -250, -200, -150, -100, -50, 0, 50, 100, 150, 200, 250, 300. The visual 

stimuli were either presented in the midline for a given block (see Figure 7), with the 

visual stimulus appearing centered 3.4° below a fixation cross, or presented laterally, 

with the visual stimulus appearing 12.3° to the left or right of midline and 3.4° below the 

level of the fixation cross. The auditory stimulus was always presented centrally 
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regardless of the position of the visual stimulus. The variation of the spatial location of 

the visual stimulus was done for two reasons. First, it has been previously shown that 

the spatial position of the multisensory stimuli can influence the judgments of 

simultaneity and temporal order, with increased spatial separation yielding a decreased 

perception of simultaneity (e.g., Zampini, Guest, et al., 2005). Since VGPs had not 

previously been tested in multisensory paradigms of this nature, we wished to 

determine if the spatial separation between the stimuli would have more of an effect on 

the judgments for one group of participants than the other. Second, as VGPs have been 

previously shown to have particularly enhanced visual resolution and attention in the 

periphery (e.g., Green & Bavelier, 2003, 2007), it is possible that differences between 

VGPs and NVGPs would occur mainly or even only for stimuli presented in the 

periphery. In a given block, the spatial position of the visual stimuli was kept constant 

(e.g., presented only on the left for a given block) so that participants did not have to 

spatially shift attention across sides from trial to trial.  

 

Figure 7: Experimental Task. Depiction of experimental stimuli in the central 
and lateral conditions (left-side stimulus shown here). The auditory stimulus 
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(represented here by a the symbol for a musical note) was presented centrally, and the 
visual stimulus’ location varied by block. 

3.3.4 Procedure  

Each participant completed both a simultaneity judgment task and a temporal-

order judgment task, with the task order counterbalanced across participants. In the 

simultaneity judgment task, participants were asked to judge whether the auditory and 

visual stimuli were presented simultaneously or asynchronously, and to indicate their 

response with a keypress (‘1’ for simultaneous, ‘2’ for non-simultaneous; using a 

standard keyboard number pad). In the temporal-order judgment task, participants 

were asked to judge whether the auditory or the visual stimulus was presented first in 

time, again indicated with a keypress (‘1’ for auditory first, ‘2’ for visual first). 

Participants were instructed to be as accurate as possible and there was no response time 

limit. After each trial, participants pressed ‘0’ on the number pad to advance to the next 

trial. Each block was comprised of 12 trials at each SOA for a total of 156 randomly 

presented trials per block. There were 4 blocks per task (two with central, one with left, 

and one with right visual presentation) resulting in 624 total trials per task. Block order 

was randomized for each participant. Prior to the start of each task, participants 

completed a practice block of 12 trials.  
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3.2 Results 

3.2.1 Simultaneity Judgment Task 

The primary measure of interest was the proportion of ‘simultaneous’ responses 

at each audiovisual SOA. These proportion values were calculated for each SOA for each 

participant, separately for the central and lateral conditions. Preliminary analyses 

revealed no differences between the left and right lateral visual presentation trials, and 

so all lateral data were collapsed over left-right position. In that participants were 

instructed to prioritize accuracy over response time and no response time limits were 

employed, no response-time effects were found for either task and will not be discussed 

further.  

3.2.1.1 Response Distributions 

To examine the effect of lateralization on simultaneity judgments, we conducted a 

2x2x13 mixed-design ANOVA on the ‘percent simultaneous’ responses, with VGP status 

(VGP vs. NVGP) as a between-subjects factor and stimulus position (central vs. lateral) 

and SOA (each of the 13 intervals) as within-subject factors. These analyses revealed 

main effects of SOA (F(1,12) = 105.33, p < 0.001) and an interaction of SOA x VGP status 

(F(1,12) = 3.84, p < 0.001), with only a trend toward significance for the effect of stimulus 

position (F(1,34) = 3.13, p = 0.09). Further, the interaction of VGP status and position was 

not significant. Because the position of stimuli had no significant effect on the response 

pattern, subsequent analyses were collapsed across central and lateral conditions (Figure 
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8A). As seen in Figure 2 and discussed below, the primary differences between VGPs 

and NVGPs occurred when the visual stimulus came first. Overall, however, VGPs 

showed a more narrow perceptual distribution function with more precise judgments at 

the various SOAs.   

 

Figure 8: Results by task and data type. The raw and Gaussian-fitted 
conditions for the simultaneity judgment task (panels A&B) are plotted as the 

‘proportion simultaneous’ responses, and the corresponding conditions for the raw 
and Sigmoid-fitted temporal order judgment task (panels C&D) are plotted as the 

‘proportion auditory first’ responses. SOAs represent the temporal asynchrony 
between the visual and auditory stimuli on a given trials, with negative values 

indicating the auditory stimulus preceded the visual, positive values indicating the 
auditory following, and 0 representing physical simultaneity. Asterisks denote 
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significant differences between VGPs and NVGPs. Compared to NVGPs, VGPs were 
more accurate when the visual stimulus came before the auditory stimulus in the 

simultaneity judgment task and were more accurate at SOAs close to physical 
simultaneity in the temporal-order judgment task. 

Planned post-hoc t-tests revealed that the VGPs differed significantly from the 

NVGPs at the visual-first SOAs of +150 ms (t(34) = 2.50, p = 0.02), +200 ms (t(34) = 2.23, p 

= 0.03), +250 ms (t(34) = 2.93, p = 0.006), and +300 ms (t(34) = 2.52, p = 0.02), and 

marginally differed from NVGPs at +100 (t(34) = 1.96, p = 0.06). For each of these SOAs, 

the VGPs more accurately reported the trials as ‘not simultaneous’ compared to the 

NVGPs.  

3.2.1.2 Gaussian Fitting  

To further characterize potential differences between VGPs and NVGPs we fit 

each participant’s data to a Gaussian function. The results of this fitting (and subsequent 

averaging for the VGP and NVGP groups) are shown in Figure 8B. As had been done 

with the raw data, above, the fitted data for each participant were analyzed in a 2x13 

(VGP status x SOA) ANOVA. This analysis revealed a main effect of SOA (F(1,12) = 

136.62, p < 0.001), and a SOA by VGP status interaction (F(1,12) = 5.08, p < 0.001). 

Subsequent planned t-test revealed that, as above, VGPs were more accurate than 

NVGPs (i.e., they were more likely to correctly judge the SOAs as non-simultaneous) at 

the SOAs of  +100 ms (t(34) = 2.38, p = 0.02), +150 ms (t(34) = 2.62, p = 0.01), +200 ms (t(34) 

= 2.71, p = 0.01), +250 ms (t(34) = 2.79, p = 0.009), and +300 ms (t(34) = 2.82, p = 0.008).  
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3.2.1.3 Point of Subjective Simultaneity 

For each participant we calculated their ‘point of subjective simultaneity:’ the 

SOA at which the participant was the most likely to judge the auditory and visual 

stimuli as occurring simultaneously. An ideal observer would have a point of subjective 

simultaneity at an SOA of 0, and an auditory-first biased observer would have a 

negative value on our scale used here. That is, a point of subjective simultaneity of -50 

ms would mean that the observer would be most likely to judge the auditory and visual 

stimuli as occurring simultaneously when the auditory stimulus preceded the visual by 

50 ms. Using each participant’s data that had been fit to a Gaussian function, we 

calculated the mean and the standard deviation of the distribution (Zampini, Shore, & 

Spence, 2005). The resulting mean gave the point of subjective simultaneity as it occurs 

at the SOA with the most ‘simultaneous’ responses, and the resulting standard deviation 

indicated the spread of the participant’s responses. This spread of responses served as a 

proxy for how difficult the participant found the task – the narrower their curve (i.e., the 

smaller the standard deviation), the easier the task was for them.    

VGPs and NVGPs produced significantly different group averages for their 

points of subjective simultaneity (VGP M = -15.1 ms; NVGP M = +26.6 ms; t(34) = 3.09, p 

< 0.005), such that VGPs were biased towards perceiving auditory stimuli coming first as 

simultaneous, and NVGPs were biased towards perceiving visual stimuli coming first as 

simultaneous. Additionally, the point of subjective simultaneity for VGPs was closer to 
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the veridical SOA of 0 (i.e., physical simultaneity) than that of NVGPS; moreover, the 

VGPs’ point of subjective simultaneity did not differ from 0 (t(17) = 1.68, p = 0.11), while 

NVGPs’ did (t(17) = 2.64, p = 0.02). VGPs also had a smaller within-subject standard 

deviation (VGP M = 127.0 ms; NVGP M = 160.3 ms; t(34) = 2.32, p = 0.03). 

3.2.2 Temporal-Order Judgment Task  

The proportion of ‘auditory first’ judgments were calculated for each participant 

at each SOA in the central and lateral conditions. Preliminary analyses for the lateral 

visual presentation trials revealed no differences between the left and right locations, so 

all lateral data were collapsed over position. Here we present analogous analyses as to 

those conducted for the simultaneity judgment task as well as additional analyses that 

reveal several nuanced differences.  

3.2.2.1 Response Distributions 

A 2x2x13 ANOVA was conducted with VGP status (VGP vs. NVGP) as a 

between-subjects factor, and Position (central vs. lateral, collapsed across left and right) 

and SOA (each of the 13 intervals) as within-subject factors. A significant main effect 

was observed for the SOA (F(1,12) = 260.45, p < 0.001), as would be expected, with both 

VGPs and NVGPs indicating that their perception of temporal order differed as a 

function of the SOA.. There was also a SOA x VGP interaction (F(1,12) = 2.56, p < 0.005), 

with VGPs and NVGPs showing somewhat different response patterns, as described 

below. There was no main effect of Position, however, nor any interaction of Position 
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with any of the other factors. Because the position of the stimuli did not have a 

significant effect on the judgments, the central and lateral conditions were collapsed for 

all subsequent analyses (Figure 8C).  

To determine which specific SOAs were driving the SOA x VGP interaction, 

post-hoc t-tests were conducted. These revealed that VGPs and NVGPs significantly 

differed at 0 ms (t(34) = 2.46, p = 0.02), with VGPs being closer to  chance at this point, as 

should be the case for the forced-choice temporal order judgment of two stimuli that 

actually were simultaneous. Additional marginally significant effects were found at +200 

ms (t(34) = 1.98, p = 0.056), +250 ms (t(34) = 1.73, p = 0.09), and +300 ms (t(34) = 1.73, p = 

0.09), with VGPs being more likely to correctly report the auditory stimulus as coming 

last.  

3.2.2.2 Sigmoid fitting  

To further characterize the differences between groups, we fit the data from each 

participant to a sigmoid function. The averaged fitted data are shown in Figure 8D. We 

ran a 2x13 (gamer status x SOA) ANOVA for these data. This revealed a main effect of 

SOA (F(1,12) = 455.55, p < 0.001), again confirming that participants were distinguishing 

the stimuli at the various SOAs, and an SOA x VGP interaction (F(1,12) =1.85, p = 0.04). 

This interaction derived from VGPs trending to be more accurate with their judgments 

than NVGPs, and therefore having a higher percentage of ‘auditory first’ responses 

when the auditory stimulus physically came first and likewise, a higher percentage of 
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‘visual first’ responses when the visual stimulus physically came first. None of the post 

hoc t-tests revealed that VGPs differed from NVGPs at any particular SOA; however at -

50 ms there was a trend for VGPs to be more accurate at judging the auditory stimuli as 

coming before the visual (t(34) = 1.89, p = 0.07). Additionally, no differences in the slope 

were observed between groups (p > 0.05).   

3.2.2.3. Point of subjective simultaneity and measure of just noticeable difference  

As for section 1.3, here we calculate the point of subjective simultaneity for each 

participant – the point at which participants were most likely to report the stimuli as 

being simultaneous (here the point at which participants were least able to discriminate 

which stimulus came first). In addition, we also calculated a just noticeable difference 

measure – the smallest SOA at which participants are able to accurately distinguish 

which stimulus came first in time (e.g., Coren, Ward, & Enns, 2004; Poliakoff, Shore, 

Lowe, & Spence, 2006; Spence, et al., 2001; Vatakis, Navarra, et al., 2007; Zampini, 

Brown, et al., 2005).  

The differences between the VGPs and the NVGPs in these analyses tended to 

mirror those in the simultaneity judgment task, although they did not reach significance. 

More specifically, compared to the NVGPs, the VGPs had a point of subjective 

simultaneity that appeared to be slightly  closer to veridical physical simultaneity, 

although the groups did not differ significantly from one another (VGP M = -1.47 ms, 

NVGP M = -4.67 ms).  There was a slight trend for the just-noticeable difference to be 
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smaller (closer to physical simultaneity) for the VGPs compared to the NVGPs, but this 

did not reach significance (VGP M = 120.00  ms, NVGP M  = 140.84 ms; t(34) = 1.24, p = 

0.22). 

3.2.2.4 Other assessments of accuracy on the temporal-order judgment task. 

Our initial hypotheses had been that VGPs would be better than NVGPs at those 

specific SOAs at which the task was particularly difficult (i.e., at those SOAs close to 

physical simultaneity). To determine if this was indeed the case, we calculated the 

overall accuracy from -50 ms to + 50 ms for each participant. Comparing the data 

between groups revealed that at these specific SOAs, VGPs were indeed more accurate 

than NVGPs (VGP M = 61.30 % correct, NVGP M  = 53.66 % correct; t(34) = 2.72, p = 0.01). 

Further, NVGPs were biased toward reporting that the visual stimulus came first at the 

SOA of 0 ms; their average response significantly differed from chance (t(17) = 2.40, p = 

0.03), whereas the VGPs’ responses did not (t(17) = 1.00, p = 0.33).  

The simultaneity judgment task revealed that VGPs differed from NVGPs when 

the visual stimulus came before the auditory at the larger SOAs. To examine possible 

similar effects here, we collapsed the proportion of ‘auditory first’ responses across 

SOAs from +200 to +300 ms and -200 to -300 ms. Doing this revealed that when the 

auditory stimulus came before the visual (i.e., from -300 to -200 ms) VPGs did not differ 

from NVGPs in their judgments (t(34) = .616, p = 0.54); however, when the auditory 

stimulus came after the visual (i.e., from +200 to +300 ms), VGPs and NVGPs did differ 
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on their judgments, with VGPs being more likely to accurately report that the auditory 

stimulus came second (t(34) = 2.012, p = 0.05). 

3.2.3 Correlation between VGP Status and Temporal Processing  

Our continuous measure of video game experience calculated from the post-

experiment questionnaire provides an additional means to assess the relationship 

between video game experiences and the temporal processing of multisensory stimuli. 

To do so we examined correlations between the participants’ amount of video game 

experience and their point of subjective simultaneity in the simultaneity judgment task. 

For this analysis, all the participants (n = 45) were included so that the amount of video 

game experience value was continuous, rather than just at the extremes (that is, we 

included those participants that were not classified as either VGPs or NVGPs). Our 

video game questionnaire score was directly related to the amount of experience a 

participant had had with playing video games such that a higher score equated to more 

experience (see Methods). The analysis indicated that the video game score significantly 

correlated with the point of subjective simultaneity (r = -0.39, p = 0.008, with a higher 

video game score correlating with a shift of the point of subjectivity towards an 

auditory-first bias (Figure 9A). Participants with more video game experience were 

more likely to perceive auditory stimuli that preceded visual stimuli as occurring 

simultaneously. 
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Figure 9: VGP Experience Correlates with Judgment. Correlations between the 
amount of video game experience (score on our video game experiences questionnaire 
with a higher score signifying more experience) and point of subjective simultaneity 
(A) and the standard deviation (B) for the simultaneity judgment task across VGPs 
(N=18; closed circles), NVGPs (N=18, open circles), and participants whose gaming 

experience fell between these two categories (N=9; asterisks). A. As experience with 
video games increased, the point at which participants were likely to report the 

stimuli as appearing simultaneously shifted toward the SOAs where the auditory 
stimulus came before the visual stimulus. The confidence interval for the slope is -

0,57 to -0.09. B. As experience with video games increased, the participants had a 
smaller standard deviation (i.e., they were more likely to correctly identify the stimuli 

as not occurring simultaneously). The confidence interval for the slope is -0.59 to -
0.05. 

As well, the standard deviation from the simultaneity judgment task (i.e., how 

great the spread was after the data had been fitted to a Gaussian distribution) correlated 

with the amount of gaming experience (r = -0.34, p = 0.02), showing that participants 

with more gaming experience had a smaller standard deviation (Figure 9B). Participants 

with increased gaming experience were accordingly more likely to correctly assess 

stimuli that were separated in time as occurring at different times than those 

participants with little gaming experience. 
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3.3 General Discussion 

3.3.1 Summary 

The present study had two main goals. First, we sought to examine if there were 

individual differences present in the temporal perception of auditory and visual 

information that were modulated by action video game experience. Second, we sought 

to determine if the visual benefits previously observed as the result of video game 

playing would translate to other modalities. Using two perceptual tasks (a simultaneity 

judgment task and a temporal-order judgment task), we found evidence that VGPs were 

able to distinguish auditory and visual stimuli as being temporally distinct at closer 

temporal intervals than NVGPs. 

3.3.1.1 Simultaneity judgment task summary 

 Simultaneity judgment tasks are generally considered good indicators of 

determining when stimuli that are physically separated in time become perceptually 

separated. Effects are best observed at the larger SOAs, where temporal distinctness is 

more apparent (e.g., Schneider & Bavelier, 2003; Zampini, Guest, et al., 2005). In the 

current experiment, VGPs were generally more accurate at discriminating the non-

simultaneity of the auditory and visual stimuli at smaller intervals compared to NVGPs. 

VGPs had a point of subjective simultaneity that did not differ from physical 

simultaneity (0 ms), while NVGPs had a point of subjective simultaneity that was shifted 
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toward conditions in which the visual stimulus preceded the auditory stimulus, 

significantly differing from physical simultaneity.  

Notably, significant differences between VGPs and NVGPs arose primarily when 

the visual stimulus preceded the auditory stimulus. One possible explanation for this is 

that VGPs may have heightened sustained visual attention (e.g., Green & Bavelier, 

2006a), allowing them to focus their attention to the spatial position of the visual 

stimulus more quickly and accurately, which in turn allows them to distinguish that the 

subsequent auditory input did not occur simultaneously with the visual input. 

However, as the central and lateral conditions did not differ or interact with gamer 

status, it seems unlikely that this explanation alone could account for the observed 

differences. Another possibility that is consistent with our data is that VGPs may be able 

to more rapidly process visual stimuli (e.g., Green & Bavelier, 2003), thereby allowing 

them to more quickly have attentional and perceptual resources available to distinguish 

the subsequent auditory input from the visual, rather than needing to devote continued 

resources toward processing the visual. Action video games require the rapid processing 

of vast amounts visual information, and it is highly possible that extensive experience 

with these games would lead to more efficient visual processing.   

3.3.1.2 Temporal-order judgment task summary 

The temporal-order judgment task revealed that the VGPs were generally better 

than the NVGPs at being able to distinguish which stimulus came first, showing a more 
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ideal behavioral pattern around SOAs close to physical simultaneity. Here, too the VGPs 

were better than the NVGPs when the auditory stimulus came after the visual, showing 

more accurate judgments at the largest positive SOAs (+200 to +300 ms). Interestingly, 

NVGPs had a bias toward reporting the visual stimulus coming first at the SOA of 0 ms, 

while VGPs were at chance at this SOA, showing more precision in their judgments. 

This bias for the NVGPs to report the visual stimulus first could be the result of a form 

of attentional capture. While it has been shown that NVPGs are less able to spread their 

attention throughout space or time in within-modality tasks (Green & Bavalier, 2003, 

2006a), it is equally possible that they are unable to spread their attention across 

modalities as well. The result of this could be that their attention is pulled, or captured, 

by the most salient stimulus, which in this case may be the visual stimulus as it has more 

features in its pattern than the simple auditory tone. If their attention were pulled 

toward this visual stimulus, then NVGPs might be more likely to judge it as occurring 

first since it was the first to capture their attention.  

3.3.2 Task differences and biases  

Simultaneity judgment and temporal order judgment tasks are thought to tap 

into somewhat different underlying mechanisms (van Eijk, et al., 2008). This may 

explain some of the subtle differences revealed in the current study. For example, when 

the visual stimulus preceded the auditory stimulus, VGPs revealed robust differences in 

the simultaneity judgment task relative to NVGPs, with smaller, but still significant, 
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differences in the temporal-order judgment task. Another potential difference between 

these two tasks that may introduce a bias into the simultaneity judgment task is the 

nature of the response requirement. Given that there was an equal probability in both 

tasks of one stimulus coming before the other (i.e., auditory or visual first), in the 

temporal-order judgment task both responses of ‘auditory first’ or ‘visual first’ would 

occur equally likely. In the simultaneity judgment task, however,  only 1 of out 13 SOAs 

was physically simultaneous (0 ms SOA), and thus one could argue that this task creates 

an artificial bias toward responding ‘non-simultaneous’. Importantly, however, auditory 

and visual information separated by SOAs ranging from approximately +150 ms to -150 

ms are typically reported as occurring simultaneously (e.g., Zampini et al., 2005), thus 

resulting in a much more balanced distribution of perceptually simultaneous and 

asynchronous trials, relative to the actual physical distribution. In addition, single-unit 

recording in the superior colliculus in animals has indicated that stimuli occurring 

within this temporal window of +150 ms to -150 ms are integrated into a single 

representation (e.g., Meredith et al., 1987). Therefore while the absolute physical stimuli 

presented may be biased toward non-simultaneity, the behavioral and neural responses 

suggest a more even balance.  

3.3.3 Possible mechanisms underlying VGPs’ benefits 

While much of our discussion has focused on attention, prior research suggests 

that the performance differences between VGPs and NVGPs may be due to other 
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underlying elements. Much of the current evidence for VGPs’ benefits suggests that 

action video game playing alters both attentional and perceptual abilities (e.g., Green & 

Bavelier, 2003, 2007; Li, et al., 2009). For example, VGPs (and NVGPs exposed to a video 

game training regimen) reveal enhanced visual acuity (Green & Bavelier, 2007) and 

contrast sensitivity (Li, et al., 2009). Likewise, it has been suggested that VGPs and 

NVGPs may employ similar cognitive strategies, but that VGPs do so with an added 

benefit of enhanced response-mapping abilities (Castel, et al., 2005).  

Beyond such visual and attentional benefits, there have also been discussions of 

motivational or strategic benefits that can arise from extensive video game playing (e.g., 

Fleck & Mitroff, 2008; see also Green & Bavelier, 2006b). It is certainly possible that the 

differences between VGPs and NVGPs in these and other tasks were the result of more 

global strategic differences rather than, or perhaps in addition to, differences in 

attentional and perceptual abilities. Because this task was done on a computer, VGPs 

may have been more motivated to perform well since many games use a computer (or 

similar) interface, and VGPs may have been more “in their element.” However, if 

increased motivation to perform well were underlying the VGPs’ improved 

performance here, we should expect to see uniform improvements for VGPs over 

NVGPs. That is, regardless if the auditory stimulus preceded the visual or followed it, 

VGPs should differ from (i.e., be better than) NVGPs. However, our effects revealed a 

clear asymmetry in the simultaneity judgment task, as well as weaker but corroborating 
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effects in the temporal-order judgment task, wherein VGPs showed significant 

improvements only when the auditory stimulus followed the visual. Thus, while more 

work needs to be done to fully determine motivational differences between VGPs and 

NVGPs, it seems unlikely that the currently observed effects were due to differences in 

motivation alone.  

3.3.4 Causal effect of video game playing?  

An important question concerns whether the multisensory benefits observed 

here were caused by extensive action video game play, or if people with a priori 

enhanced abilities were just more likely to have engaged in action video game play in 

their lives. Previous studies have trained NVGPs with video games (i.e., having them 

play action video games for 10 to 50 hours over the course of a training regimen) and 

have found they subsequently reveal effects typical of VGPs (e.g., De Lisi & Wolford, 

2002; Dorval & Pepin, 1986; Green & Bavelier, 2003, 2006b, 2007; Okagaki & Frensch, 

1994). On the other hand, some other studies have not revealed such training benefits 

(e.g., Boot, et al., 2008; Gagnon, 1985; Rosenberg, et al., 2005; Sims & Mayer, 2002).  

Although a training component was not included in the current study, the data 

acquired here, in particular the asymmetry of the effects, can provide some insight on 

this issue. More specifically, the amount of our participants’ video game playing 

experience correlated with their point of subjective simultaneity and the associated 

standard deviation (Results Section 3; Figure 3). In the simultaneity judgment task, 
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participants with more video game experience were more likely to perceive the stimuli 

as occurring simultaneously when the visual stimulus followed the auditory, while 

participants with less experience were more likely to perceive the stimuli as occurring 

simultaneously when the visual stimulus preceded the auditory. Thus, although we 

cannot infer causation from this correlation, this observed relationship between the 

amount of experience and subjective perception, together with the previous training 

studies, suggests that extensive video game experience may in fact lead to altered 

multisensory perception.  

3.4 Conclusions  

In a world where humans are constantly facing a rapid barrage of stimuli from 

multiple modalities, it is of fundamental importance to be able to accurately integrate 

corresponding information and parse non-corresponding information. We found that 

participants with extensive action video game experience are better able to distinguish 

events that occur close together in time, revealing enhanced multisensory perception 

and integration. These findings shed new light on individual differences in temporal 

aspects of multisensory integration and add to the growing body of evidence that 

suggests the importance of individual experience on perception.  
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4. Is conflict monitoring supramodal? Spatiotemporal 
dynamics of cognitive control processes in an auditory 
Stroop task1

The study of cognitive control and conflict monitoring has played a major role in 

cognitive neuroscience in the last decade, with a wealth of new data coming from 

functional neuroimaging, electrophysiology, and lesion studies (see Mansouri et al., 2009 

for review). While in daily life sensory stimuli that guide behavioral responses belong to 

multiple modalities, much of our knowledge about cognitive control processes derives 

from studies investigating stimulus conflict within the visual modality. Paradigms such 

as the Stroop (Stroop, 1935) and Flanker (Erikson & Erikson, 1974) tasks have been 

extensively used to examine both behavioral and underlying neural mechanisms of the 

processing of visual stimulus conflict. Despite this wealth of studies, there is still much 

debate about the specific processes involved in conflict detection and resolution.  In 

addition, due to the focus on conflict processing in the visual modality, the 

generalizability across modalities and tasks of the reported findings is not well 

characterized.     

 

Behaviorally, the visual Stroop paradigm (Stroop, 1935) has been studied for 

decades. The causes for the observed behavioral and neural effects have been considered 

almost exclusively within the visual domain, leading to various accounts for visual 

                                                      

1 The contents of this chapter have been published as “Donohue, S.E., Liotti, M., Perez, R., & Woldorff, M.G. 
(2012). Is conflict monitoring supramodal? Temporal dynamics of cognitive control in an auditory version of 
the Stroop task. Cognitive, Afftective & Behavioral Neuroscience. Mar; 12(1):1-15. 
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cognitive control. In its classic form, participants are visually presented with a color 

word (e.g., “RED”) and asked to report the color of the font, which can be either 

congruent or incongruent with the meaning of the word.  According to an early popular 

account, word reading is relatively automatic and rapid. When the word meaning and 

font color do not match, additional processing is required to resolve associated cognitive 

conflict because of the need to select the appropriate response (to the font color) and 

suppress the alternative and competing response (to color-word meaning;  Posner & 

Snyder, 1975).  Consistently, participants are slower and less accurate to respond to 

incongruent than congruent color words (for review see Macleod, 1991). Computational 

models have been developed to explain the observed behavioral patterns, in terms of the 

relative strengths or speed of processing of the different stimulus inputs (e.g., Botvinick, 

Braver, Barch, Carter, & Cohen, 2001). In behavioral studies, researchers have pursued 

various approaches to tease apart the underlying conflict processes, including 

manipulating the stimulus onset asynchrony (SOA) and/or the location of the irrelevant 

and irrelevant stimuli (Appelbaum, Meyerhoff, & Woldorff, 2009; M. O. Glaser & Glaser, 

1982; W. R. Glaser & Dungelhoff, 1984; W. R. Glaser & Glaser, 1989; Lu & Proctor, 2001; 

Weekes & Zaidel, 1996). Such studies typically support the conclusion that the 

interference effect arises from ‘higher-order’ conflict at the stage of response selection 

rather than stemming from perceptual conflict among different feature dimensions of 

the stimuli (Botvinick et al., 2001; Cohen, Dunbar, & Mcclelland, 1990).  
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The neural underpinnings involved in cognitive control during the processing of 

visual stimulus conflict have also been extensively investigated.  Functional 

neuroimaging studies of the Stroop task employing Positron Emission Tomography 

(PET) and more recently functional Magnetic Resonance Imaging (fMRI) have 

consistently reported greater activity in the anterior cingulate cortex (ACC) and/or the 

nearby pre-Supplementary Motor Area (pre-SMA)  in response to high-conflict stimuli 

(incongruent) compared to low-conflict ones (congruent or neutral; Aarts, Roelofs, & van 

Turennout, 2009; MacDonald, Cohen, Stenger, & Carter, 2000; Mars et al., 2009; Milham 

& Banich, 2005; Roberts & Hall, 2008; Ruff, Woodward, Laurens, & Liddle, 2001). These 

results have provided a solid foundation for the notion that the ACC/pre-SMA play a 

central role in cognitive control and error monitoring operations (Botvinick et al., 2001; 

van Veen & Carter, 2002). Another higher-level (i.e., control-oriented) region, the 

dorsolateral prefrontal cortex (DLFPC), has also been implicated in conflict processing, 

in particular being proposed to help implement the cognitive adjustments to conflicting 

stimulus input, following being signaled to do so by the ACC (e.g., Egner, 2007; 

MacDonald et al., 2000;  but see Silton et al., 2010). 

An additional critical aspect in the understanding of the underlying  neural 

mechanisms of conflict monitoring concerns the temporal dynamics of such processes 

during the cascade of brain activity triggered by a visual conflict monitoring task, 

dynamics which are only determinable  by high-temporal-resolution techniques such as 
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electroencephalography (EEG) or magnetoencephalography (MEG). For example, using 

manual responses in the classic color Stroop task, several studies (e.g, Liotti, Woldorff, 

Perez, & Mayberg, 2000; Markela-Lerenc et al., 2004; West, 2003; West & Alain, 1999) 

have reported an early fronto-central negative-polarity wave peaking around 450 ms 

(which has been termed the “N450”) and a later, more sustained posterior positivity (SP, 

500-800 msec), that are greater in voltage for incongruent than congruent color words.  

In our earlier study of the visual Stroop effect (Liotti et al., 2000) the influence of 

alternative response modalities (Manual, Overt verbal, and Covert verbal) was also 

examined, finding that the centrally-maximal negative N450 had a more anterior scalp 

topography for both of the verbal response modalities than for the manual response one. 

The source of the N450 in both response modalities was also modeled as arising at least 

in part from  the dorsal ACC (Liotti et al., 2000), although perhaps from different parts 

thereof (Swick & Turken, 2002).  Various later ERP studies of the color-naming visual 

Stroop task have reported similar results (Atkinson, Drysdale, & Fulham, 2003; 

Badzakova-Trajkov, Barnett, Waldie, & Kirk, 2009; Hanslmayr et al., 2008; Huster et al., 

2009; Markela-Lerenc et al., 2004; West, 2003), with the same general pattern of conflict-

related neural response in these tasks.  

Another aspect of conflict monitoring that has recently received considerable 

attention involves trial-by-trial behavioral adjustments. In tasks such as the  Eriksen 

Flanker task (Erikson & Erikson, 1974), behavioral findings have suggested that 
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participants tend to modulate their attentional allocation as a function of the previous 

trial type, with faster response times observed for incongruent trials that are preceded 

by an incongruent trial compared to those preceded by a congruent trial (e.g., Gratton, 

Coles, & Donchin, 1992). This RT difference has been interpreted as deriving from 

ongoing behavioral monitoring processes, wherein the detection of conflict on one trial 

leads to increased allocation of attention in the next trial to the relevant stimulus 

dimension, thereby enabling the relative speeding of the response. Studies using other 

conflict paradigms, including the Stroop task, have reported similar sequential-trial 

modulations of response time (e.g., Kerns et al., 2004). While these effects have been 

challenged as deriving, at least in part, from facilitation due to response repetition and 

other factors (Mayr, Awh, & Laurey, 2003), even when these factors are taken into 

account some level of sequential-trial effects attributable to cognitive adjustments has 

still been observed (e.g., Egner & Hirsch, 2005; Kerns et al., 2004). Importantly, studies 

employing neural activity measures have suggested a dynamic interplay between the 

ACC and the frontal cortex, wherein increased ACC activity on one trial (e.g., 

presumably reflecting robust conflict detection) is followed by increased DLPFC activity 

to facilitate performance on the next trial (e.g., attentional allocation; Kerns et al., 2004; 

see Mansouri, Tanaka, & Buckley, 2009 for review).  

Taken together, the aforementioned visual-modality work strongly suggests a 

dynamic processing model wherein conflict is detected in the 400-500 ms range by the 
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ACC or pre-SMA, which then signals to other attentional control regions (such as the 

dorsolateral prefrontal cortex) to allocate attention to the relevant visual feature, at least 

by the next trial. Yet, it is unclear if this temporal cascade is unique to the visual 

modality, or rather whether it is a supramodal process, representing a more general 

cognitive control mechanism that would be applicable across other modalities. That is, if 

the operation of cognitive control during conflict processing is modality independent, 

then both within-trial and between-trial conflict monitoring and control effects 

previously observed for the visual modality should operate with similar temporal 

patterns and within common spatial regions regardless of modality.   

In the current study, we sought to characterize the temporal flow of the neural 

processing of conflict in the auditory modality. To this end, an auditory EEG version of 

the Stroop task was implemented that was patterned closely after the visual one 

employed in one of our previous studies (Liotti et al., 2000), including employing three 

different types of behavioral response (Overt Verbal, Covert Verbal, Manual). Here, 

participants made discriminations about the pitch of a spoken word while ignoring its 

meaning, which could be either congruent or incongruent with the pitch, while 

behavioral and neural responses were measured to be able to study the temporal 

cascade of conflict processing in the auditory modality, both within trial and as a 

function of sequence.  
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Previous behavioral studies in auditory versions of the Stroop task have found 

conflict-related RT effects, providing a foundation for the present electrophysiological 

investigation (Jerger, Martin, & Pirozzolo, 1988; Most, Sorber, & Cunninghan, 2007; 

Shor, 1975). The auditory Stroop tasks differed from their visual counterparts due to 

inherent differences in the physical nature of auditory and visual stimuli. Whereas with 

vision the font color and meaning of the word can be independently varied, in audition 

the conflict must be created from another inherent physical property. Shor (1975) 

addressed this problem by varying the pitch of the word (high or low pitch) with the 

identity (i.e., meaning) of the word itself (“high” or “low”), with the task being to 

discriminate the pitch and the results indicating slowing and less accurate responses for 

incongruent than for congruent combinations.   In a slightly different variant, Jerger and 

colleagues (1988) used the gender of the speaker to create conflict for children, wherein a 

female voice would say “daddy” and a male voice would say “mommy”, which also 

resulted in slower responses for the incongruent trials.  The behavioral results from 

these manipulations thus suggest that the conflict that is generated in the visual Stroop 

task can be generalized to the auditory domain. Given this apparent behavioral 

generalization of conflict, it seems likely that the neural bases of the visual and auditory 

conflict effects may share some overlapping mechanisms.  

A recent fMRI study compared visual and auditory versions of the Stroop task in 

a block design, and reported some areas of common activation associated with stimulus 
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conflict across the two modalities (Roberts & Hall, 2008). Accordingly, we expect to 

observe similar electrophysiological correlates of conflict processing in an auditory 

Stroop task as was found in our previous visual version (Liotti et al., 2000) on which the  

current study was patterned. Additionally, a recent EEG study by Larson and colleagues 

(2009) reported sequential EEG effects in a visual Stroop task for the late posterior SP, 

and thus we also expected that we may find a similar sequential effect in the auditory 

modality.  

More specifically, we predicted that previously identified ERP reflections of the 

visual Stroop incongruency effect, namely the frontocentral N450 and the posterior SP, 

would also be manifested in the auditory version of the task.  Moreover, we 

hypothesized that these effects may show similar scalp distribution differences across 

behavioral response modalities, reflecting ‘higher-order’ conflict processing at the stage 

of response selection rather than perceptual conflict among different feature dimensions 

of the stimuli, thereby further providing evidence for supramodal characteristics of 

these electrophysiologically manifested stages of conflict processing.   On the other 

hand, in that auditory processing employs different sensory pathways and association 

areas, and the timing of cortical activation is different than for the visual system 

(Hillyard, Mangun, Woldorff, & Luck, 1995) we anticipated that ERP effects related to 

conflict processing in the auditory modality might have earlier latencies than their visual 

counterparts.  
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4.1 Materials and Methods 

4.1.1 Subjects  

Eleven healthy right-handed volunteers (age 18-48, M = 25.9; 3 males) 

participated in this study. Two additional participants were excluded due to excessive 

blink and muscle artifacts in their EEG recordings. All participants gave their informed 

consent in compliance with the Institutional Review Board of University of Texas Health 

Science Center at San Antonio. 

4.1.2 Stimuli and Task  

An auditory version of the Stroop task (Stroop, 1935; Shor 1975) was employed. 

Participants were seated with their eyes 50 cm away from a computer monitor, on which 

a central fixation cross was displayed for the duration of the experiment.  The auditory 

stimuli consisted of spoken words by a male native English speaker. Auditory 

thresholds were individually determined prior to the experiment, and speech sounds 

were delivered through headphones at 60dB above threshold (60 dB SL). The duration of 

each auditory word stimulus was ~300 ms, and the stimulus onset asynchronies were 

jittered randomly between 1700-2200 ms.  

Congruent and incongruent stimuli were randomly presented with equal 

probability. Congruent trials consisted of the word “high” spoken in high pitch, and the 

word “low” spoken in a low pitch. In contrast, incongruent trials were made of the word 

“high” in low pitch and the word “low” in high pitch. Participants’ task was to decide as 
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quickly as possible whether the pitch of the word was high or low, regardless of the 

meaning of the actual word.  

The above stimuli were presented in randomized order within three different 

types of task block s that varied in terms of the form of the behavioral response (Liotti et 

al., 2000). In the Overt Verbal response condition, participants said aloud whether the 

pitch of the word they just heard was high or low, and vocal onset time was measured 

from the signal obtained from a microphone placed in front of the subject (distance 30 

cm). In the Covert Verbal condition, participants were instructed to say the pitch silently 

in their mind (without moving their lips, tongue, or jaw).  In the Manual condition, 

participants responded by pressing one of two buttons on a gamepad corresponding to 

the high or low pitch. There were a total of 18 runs, with 6 blocks for each response 

modality, giving a total of 130 trials in each of the four trial types (e.g., “Low” spoken in 

a low pitch), yielding  260 congruent and 260 incongruent trials per response mode.   

The order of the Overt Verbal, Covert Verbal and Manual blocks was 

counterbalanced within and between participants. Accuracy was analyzed for the 

Manual condition, and reaction times (RTs) were measured for both the Manual and 

Overt Verbal conditions.  Accuracy could not be determined for the Overt Verbal 

condition because the verbal responses themselves were not recorded (only voice onset 

was measured).  For each subject, mean RT for the Manual and Overt Verbal conditions 

for the congruent and incongruent trial types was entered in a repeated measures 
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ANOVA, with factors being response modality (Manual vs. Overt) and Trial Type 

(congruent vs. incongruent).  

4.1.3 EEG recording and analysis 

Each participant’s brain electrical activity was continuously recorded via a 

customized, extended-coverage, 64-channel electrocap (Woldorff et al., 2002), referenced 

to the right mastoid (Electrocap Inc, Eaton, OH). Amplifier settings were: Bandpass 

filter: 0.01-100 Hz; Sampling rate: 500 Hz; Gain: 10K; Impedances < 5 kΩ. Blinks and eye 

movements were monitored from four electrodes placed at the external canthi and 

below the orbits. 

 Offline data processing included blink and eye-movement artifact rejection 

(implemented by means of an automated computer algorithm after the manual setting of 

artifact amplitude rejection levels), low-pass filtering (<57 Hz), and re-referencing to the 

algebraic average of the left and right mastoids. Selective ERP averages, time-locked to 

stimulus onset, were extracted for each trial type (congruent and incongruent) and 

response-mode condition (Overt, Covert and Manual) from each participant, relative to 

a 200 ms pre-stimulus baseline. Finally, grand averages across subjects were computed 

for each condition and trial type, as well as for the incongruent minus congruent 

difference waves for each condition. Topographical maps of each trial type and 

condition and difference wave were also generated. 
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  Inspection of the grand-average waveforms for incongruent and congruent 

trials and their difference waves revealed similar main effects to those previously 

reported in the previous, closely parallel, visual Stroop study from our group (Liotti et 

al., 2000). More specifically, the incongruent stimuli elicited an enhanced central 

negativity, followed by a sustained posterior positivity SP.  However, here in the 

auditory modality the conflict-related negativity started and peaked substantially earlier 

(around 150 ms earlier) than the analogous visual-conflict Stroop response (previously 

called the N450, due to its peak latency). Accordingly, for greater generality across the 

modalities, we will term this effect the Ninc, for “Incongruency Negativity”.   In order to 

compare the present auditory-conflict results with the visual ones, the Ninc effect was 

analyzed in a similar manner to what was done in the Liotti et al., (2000) study, 

employing 100-ms consecutive time windows for the three response conditions, and 

sampling from four adjacent midline electrodes (Fcz, Cz, Pzs and Pzi), as well as four 

immediately adjacent sites to the left and right of this midline.  Similarly, as in Liotti et 

al., (2000), the later SP effect (500-800 ms), was analyzed with consecutive 100 ms time 

windows for each response condition, sampling from three pairs of sensors over frontal 

(F3a-F4a), central (C5a-C6a) and parietal (P3i-P4i) scalp sites. 

Statistical analysis of the ERP data employed repeated-measures analyses of 

variance (ANOVAs) on mean amplitude values for each 100 ms time window. For the 

early Ninc analyses, the factors were Laterality (left, midline, right), Anterior-Posterior 
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Location (frontal, parietal), and Trial Type (congruent vs. incongruent), conducted 

separately for each behavioral response mode. For the late SP analysis, 3-way ANOVAs 

were conducted for each response modality in each time window, with Factors being 

Hemisphere (left vs. right), Anterior-Posterior Location (frontal, central, parietal) and 

Trial Type (congruent vs. incongruent).   

We also directly analyzed the incongruency effects to see if they differed as a 

function of response mode.   In particular, we conducted additional ANOVAs of the 

amplitudes of the Ninc and SP activity derived from the incongruency difference waves 

(Incongruent minus Congruent) with Response Mode as the factor.  These analyses were 

done for all the aforementioned time windows, focusing on the midline sites for the Ninc 

effect. 

Our final analysis sought to test a specific hypothesis concerning possible 

differences in distribution of the Ninc incongruency effect between the verbal (Overt and 

Covert) response-mode conditions compared to the Manual response mode, parallel to 

that seen in Liotti et al., (2000) for the N450 (which, as mentioned above, had observed a 

more posterior distribution for the Manual response mode). To do this, we took the 

incongruency effects from the incongruency difference waves (Incongruent minus 

Congruent) for the three response-mode conditions.  We then subjected these values to a 

2 by 2 ANOVA [(Response Mode: Manual vs. Verbal (Covert and Overt, collapsed) by 

Anterior-Posterior Location (two anterior channels vs. two posterior channels)] to 
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determine the presence of an interactions between these factors.  We also performed this 

analysis with the normalized amplitude values (McCarthy & Wood, 1985) to ensure that 

any effects we were observing were not being confounded by overall differences in 

main-effect amplitudes. We also conducted an analogous analysis for the maximal peak 

of the SP effect to determine if any such distributional by congruency effects were 

unique to the early Ninc effect or persisted throughout the entire trial.  

For all analyses, significance was set at p<0.05, and the degrees of freedom were 

appropriately adjusted with the Greenhouse-Geisser epsilon method, with epsilon 

values reported. 

4.1.4 Sequential Analyses 

4.1.4.1 Behavior   

For the conditions in which there were measurable behavioral responses (Manual 

and Overt), the data were additionally analyzed to examine any sequential behavioral 

effects of conflict monitoring or conflict adaptation (Gratton et al., 1992; Larson et al., 

2009).  In particular, behavioral differences amongst the conditions were examined for 

when an incongruent trial was preceded by a congruent vs. an incongruent trial (CI vs. II) 

and for when a congruent was preceded by a congruent vs. an incongruent trial (CC vs. 

iC). A repeated-measures ANOVA was conducted for these behavioral data in the 

Manual and Overt conditions using the two factors of Current Trial (congruent vs. 

incongruent) and Previous Trial (congruent vs. incongruent).  
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4.1.4.2 ERP analysis 

For the ERPs, analogous sequential analyses were performed on the two main 

incongruency-related ERP effects, separately for each of the three behavioral response 

conditions.  More specifically, incongruency-related sequence variations were calculated 

for both the early negative-polarity effect, Ninc (200-500 ms), and the longer-latency 

positive-polarity effect, SP (500-800 ms). These were obtained at a set of posterior sites 

(P3i-P4i) and at a set of frontal sites (F3a-F4a).  Repeated measures ANOVAs were 

conducted for each scalp region with factors being Trial position (current vs. previous 

trial) and trial type.    

4.2 Results 

4.2.1 Behavior  

The accuracy analysis (obtained in the Manual condition only), showed that 

participants were significantly more accurate for congruent than for incongruent trials 

(Error Rates: 0.9% versus 5.9%;   t(10) = 4.36, p = 0.001; Figure 10A). The RT analysis, 

which could be performed on both the Manual and Overt conditions, revealed a main 

effect of response modality (F(1,10) = 177.5, P < 0.001), with the Overt Verbal condition 

being slower than the Manual condition, and a main effect of Trial Type (F(1,10) = 68.4, P 

< 0.001),  with the expected response slowing for incongruent trials relative to congruent 
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trials (Figure 10B). However, no Condition-by-Trial-Type interaction was observed (P > 

0.05). 

 

Figure 10: Response times. A. Response times. A. Slower response times were 
observed in the Overt condition (i.e., verbal) compared to the Manual, and for both 

response-mode conditions participants were slower on incongruent than on 
congruent trials. Error bars represent standard error of the mean (SEM) values. 

4.2.2 EEG  

Analogous to the findings in Liotti et al. (2000) for the visual Stroop effect, the 

auditory EEG data here revealed both a significant early (200-500 ms) effect (Figure 11) 

and a later ( 500 to 800 ms) effect (Figure 12) of incongruency. As can be seen in both 

figures, for all conditions the early effect was a centrally distributed negativity (which 

we are terming “Ninc” here), with incongruent being more negative than congruent, and 

the later effect was a superior-posterior distribution (the SP), with incongruent being 

more positive than congruent. These effects are discussed in detail below.   
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4.2.2.1 Ninc (200-500 msec) 

Table 3 shows the main ANOVA results.  Paralleling the analyses of the 

analogous visual stroop study (Liotti), direct tests were done in the individual response-

mode conditions.   In each of these conditions, there was a significant effect of Trial Type 

in the 200-300 ms time window (Figure 11), with significantly greater central negativity 

for incongruent relative to the congruent trials for the Covert (F (1,10) = 14.89, P = 0.003; 

Ɛ = 1), Manual (F (1,10) = 4.95, P = 0.05; Ɛ = 1) and Overt conditions (F (1,10) = 7.94, P = 

0.02; Ɛ = 1). The incongruency effect persisted into the 300- 400 ms time window for the 

Overt and Covert conditions, Overt: (F (1,10) = 5.63, P = 0.04; Ɛ = 1); Covert: F (1,10) = 

4.95, P = 0.05; Ɛ = 1), while only the Covert condition yielded a significant incongruency 

effect into the 400-500 ms time window, (F (1,10) = 8.6, P = 0.02; Ɛ = 1).  Figure 11 shows 

the traces and topographic maps of this early effect across the three different Response 

Modes.  
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Table 3: Summary of results from ANOVAs conducted for Ninc effect from 200-
500 ms 

Overt Trial Type Trial Type x Site Trial Type x Laterality
Time (ms) F P F P F P 
200-300 8.59 0.015 <0.05 NS 2.15 NS
300-400 5.85 0.0361 0.11 NS 1.95 NS
400-500 3.08 0.11 1.52 NS 2.29 NS

Covert Trial Type Trial Type x Site Trial Type x Laterality
Time (ms) F P F P F P 
200-300 14.44 0.004 1.67 NS 0.8 NS
300-400 4.75 0.05 0.66 NS 0.57 NS
400-500 7.75 0.02 3.54 0.09 1.8 NS

Manual Trial Type Trial Type x Site Trial Type x Laterality
Time (ms) F P F P F P 
200-300 4.71 0.05 3.1 0.11 2.95 0.08
300-400 2.22 NS 1.82 NS <.0.05 NS
400-500 <0.05 NS 1.13 NS 1.07 NS  

To test whether the incongruency effects varied as a function of response mode, 

we took the difference waves (Incongruent minus Congruent) for each of the three 

response modes and analyzed these values in each time window with a one-way 

repeated-measures ANOVA with Response Mode (3 levels: Covert, Overt, and Manual) 

as a factor. The only significant effect that occurred during any time period was between 

300 – 400 ms (F (2,20) = 6.28, P = 0.02; Ɛ = 0.65), with the manual condition showing a 

diminished incongruency effect during this time period.  

Finally, to test our specific prediction of a differential response distribution as a 

function of modality (i.e., Manual more posterior than Verbal) based on the 

distributional differences observed in the earlier visual Stroop study (Liotti et al., 2000) 

study, we conducted a 2 x 2 ANOVA (Manual vs. Verbal (Covert and Overt collapsed) x 

Anterior vs. Posterior electrode location) on the difference waves (Incongruent minus 
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Congruent) for the early Ninc effect (200 to 300 ms, the window in which the Ninc was 

significantly present for all the response modes). This revealed a robust significant 

interaction (F(1,10) = 9.30, P = 0.01 ; Ɛ = 1.0), due to the presence of a more posterior 

distribution of this early incongruency effect for the Manual response-mode condition 

compared to the Verbal ones, similar to that observed in the parallel visual Stroop task. 

To eliminate any possible contribution due to overall amplitude differences, we also ran 

this analysis on the data after amplitude normalization (McCarthy and Wood, 1985), 

which still gave a highly significant interaction effect (F(1,10) = 11.17, P = 0.007 ; Ɛ = 1.0).   
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Figure 11: Early negative-polarity incongruency effect (Ninc). A. Time-locked 
ERP waveforms for the incongruent and congruent conditions (Overt congruent: 1644 

sums, Overt incongruent: 1751 sums; Covert congruent: 1754 sums, Covert 
incongruent: 1836 sums; Manual congruent: 1925 sums, Manual incongruent: 1991 

sums). The early negative-wave incongruency effects emerged starting at around 200 
ms in all conditions. (Each tick mark represents 100 ms for the traces.) B. Topographic 
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distributions for incongruent minus congruent trials for Overt, Covert, and Manual 
conditions from 200-300 ms and 400-500 ms. In the Covert and Overt conditions, by 

400-500 ms the negativity shifted to a more anterior (and somewhat right lateralized) 
location, while the effect was basically gone in the Manual condition by this time. In 
addition, the initial negative-polarity effect in the Manual condition was distributed 

more posteriorally than in the other conditions. 

4.2.2.2 Late SP (500-800 msec)   

From 500 to 800 ms there was a superior-posterior positivity that was greater for 

incongruent than congruent trials, corresponding to what has been referred to as a late 

sustained positivity (SP).  Concurrently, however, there was also an anterior (frontal) 

negativity that was greater for incongruent than congruent.  The maximum of both of 

these effects occurred around 600 to 700 ms (Figure 12).  In that it is not clear whether or 

not these effects possibly reflected opposite sides of a dipole (or of a set of dipoles), they 

were analyzed both together and separately.   To analyze both together, the 500-800 ms 

time period was divided into 100 ms bins, for each response mode, and these periods 

were analyzed for interactions of Trial Type (congruent vs. incongruent), Trial Type x 

Site interactions (Anterior, Central, Posterior), and Trial Type by Hemisphere (Left vs. 

Right).   
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Figure 12: Late posterior-positivity incongruency effect (SP). Traces showing 
the late parietal differences between incongruent and congruent trials over site POz 

for the Overt, Covert, and Manual conditions. (Sums shown here are the same as 
reported in Figure 2.) Topographic distributions show the difference of incongruent 

minus congruent trials from 600 to 700 ms.  

 

These analyses indicated that no time window for any of the conditions had a 

significant main effect of Trial Type, likely due to the reverse in polarity across the scalp 

(i.e., the frontal negativity with the posterior positivity); however, for all three response-

modality conditions, all three windows had a significant Trial Type x Site interaction 

(Table 4), presumably directly reflecting this frontal-parietal polarity inversion  Separate 
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analyses for the frontal and parietal sites were also performed.   For the frontal sites, 

these analyses indicated that in the 500-600 ms time window there was a significant 

difference between congruent and incongruent activity for the Covert condition (t (10) = 

2.67, p = 0.02, incongruent more negative than congruent). In the 600- 700 ms time 

window there were significant differences between congruent and incongruent activity 

for the Covert condition for frontal sites (t (10) = 2.89, p = 0.02, more negative for 

incongruent), as well as for parietal ones (t (10) = 2.26, p = 0.05, more positive for 

incongruent)  The Overt condition also revealed  similar patterns of significant effects of 

incongruency for the frontal (t (10) = 2.39, p = 0.04) and parietal sites (t (10) = 3.63, p = 

0.005), as did the Manual condition (frontal: t(10) = 2.25, p = 0.05; parietal: t (10) = 3.13, p = 

0.01). In the 700-800 ms time period the Covert condition still showed the same 

significant pattern of incongruency effects at frontal (t (10) = 2.99, p = 0.01) and parietal 

sites (t (10) = 2.45, p = 0.03). The significant difference between congruent and 

incongruent trial types persisted in the Overt condition at parietal sites during this late 

time period (t (10) = 4.73, p = 0.001). These effects reflect a sustained differential 

processing for the incongruent compared to the congruent conditions across all trial 

types that continues even after (in the case of the Overt and Manual) a response has been 

made.  
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Table 4: Summary of results from ANOVAs conducted for SP (sustained late 
positivity) effect from 500-800 ms 

Overt Trial Type Trial Type x Site Trial Type x Hem
Time (ms) F P F P F P 
500-600 0.07 NS 9.31 0.002 4.93 0.05
600-700 0.01 NS 15.29 0.001 0.05 NS
700-800 1.62 NS 9.36 0.01 0.05 NS

Covert Trial Type Trial Type x Site Trial Type x Hem
Time (ms) F P F P F P 
500-600 3.25 0.1 9.51 0.01 2.26 NS
600-700 2.43 NS 13.15 0.004 0.72 NS
700-800 2.21 NS 19.66 0.0008 0.07 NS

Manual Trial Type Trial Type x Site Trial Type x Hem
Time (ms) F P F P F P 
500-600 0.01 NS 6.91 0.02 5.92 0.04
600-700 0.21 NS 9.7 0.01 0.01 NS
700-800 2 NS 5.41 0.04 1.48 NS  

For the analyses that included Response Mode as a factor on the SP incongruency 

effect (incongruent minus congruent activity), there were no main effects of this factor 

across any of the 100 ms time windows for the SP, nor did it interact with the anterior-

posterior distribution factor.  

Finally, from 600 – 700 ms, analogous to our Ninc analyses, we collapsed across 

the verbal conditions (Covert and Overt) and ran a 2 (verbal vs. manual) by 3 (anterior, 

central, posterior) ANOVA on the difference waves, to determine if these two factors 

interacted significantly. For neither the unnormalized data, nor for the normalized set 

(McCarthy and Wood, 1985), were significant interactions.  
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4.2.3 Sequential Analysis 

4.2.3.1 Behavior 

 The ANOVA for the RT measures for both the Manual and Overt response-

mode conditions (the two conditions that RTs could be measured) revealed a significant 

interaction of Current trial x Previous trial [Manual, (F (1,10) = 42.3, P < 0.001); Overt (F 

(1,10) = 32.0, P < 0.001)] (Figure 13). Specific t-test contrasts revealed that participants 

were slower on an incongruent trial when it was preceded by a congruent than by an 

incongruent trial, for both the Manual (t(10) = 5.3, P < 0.001) and the Overt (t(10) = 6.50, P 

< 0.001) conditions. Additionally, participants were significantly faster to respond to a 

congruent trial when it was preceded by a congruent trial than when it was preceded by 

an incongruent trial (Manual: t(10) = 3.40, P < 0.01; Overt: t(10) = 2.88, P = 0.02). Together, 

these two findings both contributed to a reduced RT interference effect following an 

incongruent trial as compared to following a congruent trial.   

 

Figure 13:  Sequential behavioral effects. A. Response times in the Manual 
response condition for the incongruent (I) and congruent (C) trials as a function of the 
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previous trial type. Participants slowed their response times for incongruent trials 
when they followed a congruent trial as compared to following another incongruent 

trial.   B. A similar sequential slowing pattern was observed in the Overt response 
condition. Error bars represent SEM values.  

The above sequential analyses were for all trials, therefore including those in 

which the required response was repeated.  To rule out the possibility that the 

sequential effects were explained by repetition of the last response (e.g., two “high” 

responses in a row), rather than being accounted for, at least partially, by cognitive 

adjustment (Funes, Lupianez, & Humphreys, 2010; Hommel, Proctor, & Vu, 2004; Mayr 

et al., 2003), the sequential analyses were replicated after exclusion of trials with 

subsequent repeated responses.  In such further analyses the Current-Trial X Previous-

Trial interaction was still present for the Manual condition (F (1,10) = 6.70, P = 0.03); 

however, it was no longer significant for the Overt verbal condition (F (1,10) = 1.27, P = 0. 

29). 

4.2.3.2 ERPs  

During the time period of the Ninc (200-500 ms) there were no significant 

electrophysiological sequential interactions observed.   During the later SP period (500-

800 ms), however, there was a significant Current-Trial x Previous-Trial interaction at 

the posterior sites for the Manual condition (F(1,10) = 29.04, P < 0.001; Ɛ = 1), as well as 

for the Covert (F(1,10) = 33.19, P < 0.001; Ɛ = 1) and Overt  (F(1,10) = 7.15, P < 0.02; Ɛ = 1) 

conditions (see Figure 14).   In contrast, the interaction was not significant at the frontal 

sites for any response condition (all Ps>0.1).  Specific t-test contrasts revealed that in the 
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Manual condition the incongruent trials had a greater posterior positivity when they 

were preceded by a congruent than by an incongruent trial (t(10) = 5.12, P < 0.001), 

whereas the congruent trials showed a greater late posterior positivity when they were 

preceded by an incongruent trial versus by a congruent trial (t(10) = 2.61, P = 0.03). 

Likewise, in the Covert condition the incongruent trials had a greater positivity when 

they were preceded by a congruent than an incongruent trial (Covert: t(10) = 4.31, P < 

0.005) and a marginally greater positivity in the Overt condition (t(10) = 1.46, P < 0.17).   

For both the Covert and Overt conditions the congruent trials had a greater late 

posterior positivity when they were preceded by an incongruent than congruent trial 

(Covert: t(10) = 3.82, P < 0.005; Overt: (t(10) = 2.38 P = 0.04).  

In sum, over all the conditions, there was differential posterior positivity for an 

incongruent trial when it was preceded by a congruent vs. by another incongruent trial, 

suggesting that a form of conflict monitoring is occurring with this longer-latency effect. 

Further supporting this theory is the differential activity pattern observed across 

conditions for the current congruent trials as a function of the previous trial.  
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Figure 14: Sequential EEG effects. A. Differential responses to incongruent 
trials when they were preceded by an congruent versus an incongruent trial (CI versus 

II). A greater late (500 – 800 ms) posterior positivity was elicited for the former case, 
visible in both the main traces and the difference waves (2nd column).Topographic 
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distributions of the differences between CI minus II are shown for 600-700 ms for the 
Overt (1164 sums), Covert (1292 sums), and Manual (1376 sums) conditions. B. 
Differential responses to congruent trials (difference waves) when they were 

preceded by incongruent (IC) compared to congruent (CC) trials for the Overt (964 
sums), Covert (1142 sums), and Manual (1217 sums) conditions. A greater late (500 – 

800 ms) posterior positivity was seen for IC trials compared to CC trials, shown in the 
first column of traces and in the difference waves in the 2nd column. Topographic 

differences of IC minus CC are shown for 600 to 700 ms.  C. Bar graphs for the manual 
condition comparing differences in RT to differences in neural activity. The left graph 
shows the differences of the mean amplitude for IC minus CC and CI minus II from 600 
to 700 milliseconds averaged over sites POz and PO1 and PO2. The right graph shows 

the differences in response time for these conditions, respectively. Here, the neural 
activity and response times mirrored each other in the relative size of the differences. 

Error bars represent SEM values. 

4.2.3.4 ERP-Behavior Correlations 

As the brain activity on the current trial did appear to be affected by the nature 

of the previous trial type, particularly in the Manual condition, we examined if 

differences in brain activity on the previous trial could predict differences in behavior 

(in particular, response times) on a current trial in that condition. Specifically, we 

examined if any of the ERP sequential effects were significantly associated with the 

differences in RT for II trials (incongruent trials preceded by an incongruent trial) vs. CI 

trials (incongruent trials preceded by a congruent trial). The differential activity from 

500 to 800 ms for congruent compared to incongruent trials (when preceding an 

incongruent trial) was calculated for sites POz, PZ, and an adjacent channel on either 

side (left and right), creating an ROI that encompassed the center of the posterior effects 

noted above. This previous-trial neural response difference in the Manual condition did 

indeed significantly correlate across subjects with the current-trial RT (r=-0.72, p=0.01), 
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in that participants who had a greater difference in activity on the SP component of the 

previous trial had a greater RT difference for incongruent trails on the current trial (i.e., 

on the II trials versus CI trials (Figure 15)). In contrast, there was no analogous 

behavior/brain-activity correlation present for IC and CC trials.  Thus, the behavioral 

sequential effect observed for this latter contrast presumably comes by way of a 

differential neural mechanism.  

 

Figure 15: Brain-behavior correlation, Manual condition. X-axis shows the 
difference in neural activity II minus CI trials in microvolts averaged across sites POz, 
Oz, PO1 and PO2 for 500 to 800 ms. Y-axis shows the difference in response time for II 
trials minus CI trials in milliseconds.  Differential activity in previous trial correlates 
with differential response times across subjects in current trial when the current trial 

is incongruent.    

4.3 Discussion 

The present study aimed at exploring the temporal dynamics of cognitive control 

and conflict adaptation in an auditory version of the classic visual Stroop task. As in a 

previous ERP study from our group employing the visual Stroop task (Liotti et al., 2000), 
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behavioral performance and neural activation patterns during the task were measured 

using three different behavioral response modes (Covert, Overt, and Manual). 

Behaviorally, responses were less accurate and slower for incongruent compared to 

congruent trials for all response modes, reproducing the expected behavioral 

interference effects associated with stimulus conflict, here in the auditory modality. The 

event-related brain activity elicited by the incongruent trials relative to the congruent 

ones revealed two distinct effects, an early negative-polarity effect (Ninc) and a later 

positive-polarity effect (SP).   Consistent with our main hypothesis, these effects were 

similar in temporal order and scalp topography to those observed for the classic Stroop 

task in the visual modality, although the early negativity-polarity effect occurred earlier 

in the auditory version.  The parallels to the visual Stroop responses also included a 

similar influence of response modality (cf. Liotti et al., 2000) on the topographic 

distribution of the early negative-polarity effect, with the Ninc effect in the Manual 

response-mode condition being more posteriorly distributied than the verbal response-

mode ones. (See Supplemental Figure 1in Appendix A for the respective timing and 

distributions of the incongruency effects for the auditory modality from the current 

paper and analogous effects from the visual modality from Liotti et al., 2000.)  

Additionally, behavioral sequential trial effects (i.e., conflict adaptation effects) 

were found that were similar to those previously reported in the visual modality, with 

behavioral adjustments following high conflict and affecting differentially consecutive 
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congruent or incongruent trials (e.g., Botvinick et al., 2001; Egner, Delano, & Hirsch, 

2007; Kerns et al., 2004; Larson et al., 2009).  In addition, corresponding sequential ERP 

effects were observed here that paralleled what has been recently been reported in the 

visual modality (Larson et al., 2009). The similarity with conflict adaptation effects 

observed in the visual modality suggests that they likely reflect higher order, 

supramodal aspects of conflict processing and adjustment.  Finally, we found that 

differences across subjects in ERP activity on the previous trial predicted differences in 

RT on the current trial, further supporting that ongoing stimulus conflict processing and 

cognitive control are at play in a supramodal manner across stimulus modalities. 

4.3.1 The incongruency-related Ninc (200-500ms)  

The earliest ERP effect to differentiate incongruent from congruent auditory 

stimuli was a negative-polarity difference (Ninc) that showed a similar central 

topographic distribution as the “N450” reported in a number of visual Stroop studies 

(Liotti et al., 2000; Perlstein, Larson, Dotson, & Kelly, 2006; West & Alain, 1999), and 

previously associated using source modeling with the ACC (Liotti et al., 2000; West, 

2003; Szucs, Soltesz, & White, 2009).  Interestingly, however, its onset in the present 

study was about 150 ms earlier than that for the visual Stroop N450 (200 ms vs. 350 ms; 

e.g., Liotti et al., 2000). A potential explanation for the earlier latency for auditory 

conflict detection may be that the auditory system has a shorter latency from stimulus 

onset to processing in the primary sensory cortex than does the visual system (15-20 ms 
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in audition versus 40-50 ms in vision; see Hillyard, 1993 for review). Further, 

considering that the onset and peak of the auditory-conflict Ninc was a full 150 ms earlier 

than its counterpart in the visual modality, it is possible that subsequent processing of 

auditory stimuli beyond primary auditory cortex before reaching anterior control 

monitoring systems may be more rapid than the corresponding processing cascade that 

visual stimuli undergo in the extrastriate visual pathways beyond striate cortex.  

On the other hand, a shortening of the auditory Ninc by 150 ms relative to the 

visual N450 seems rather large to derive solely from the somewhat speedier sensory 

processing in the auditory modality.  Thus, there may be other modality-specific 

processing factors at play that contribute to this between-modality difference. Another 

possibility might be that the early negativity in the present study is, at least in part, a 

modulation of the earlier-latency, anterior N2 wave (or N2c, Gehring, Gratton, Coles, & 

Donchin, 1992), a component that has also been associated with conflict monitoring. For 

example, studies of the Eriksen flanker task and Go-Nogo tasks have observed this 

waveform, which has also been linked to the ACC through source modeling 

(Ridderinkhof, Ullsperger, Crone, & Nieuwenhuiss, 2004; van Veen & Carter, 2002).  

These negative-polarity effects have also been proposed to be related to the error-related 

negativity (ERN;  Gehring et al. 19xx) as reflecting different levels of conflict (Yeung and 

Cohen, 2006).    In the current study we were only able to analyze accuracy in the 

manual-response mode, and, given the very high level of accuracy in that conditions 
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(i.e., there were relatively few errors), we were not able to evaluate this possible 

relationship here.  

A related possibility to be considered, however, is that a two-choice RT task, 

such as used in both flanker and Go-Nogo tasks as well as the present auditory Stroop 

study, may entail faster conflict detection or/and selection than the four-choice RT task 

typically used in the visual Stroop task, resulting in an early modulation at the stage of 

the N2, rather than being reflected as an N450 effect.  Assuming that the speed of 

processing from sensory input to conflict-detection circuits is actually relatively similar 

in the auditory and visual modalities, this hypothesis would predict that the onset of the 

Ninc for an auditory Stroop task with a four-choice format would be substantially later, 

more like that of the visual-conflict N450, or that the incongruency effect in a two-choice 

visual Stroop task would be reflected at the earlier latencies reported here.  On the other 

hand, it is very possible that there are both modality-specific influences and response-

choice-number influences on the timing of incongruency-detection effects, as well as 

interactions between these two factors.  These are  possibilities that would be important 

to be explored in future studies.    

 Importantly, while the auditory Ninc effect occurred earlier than the 

corresponding N450 wave incongruent effect in the visual Stroop task, the scalp 

topographies appeared to be rather similar, including their variation as a function of 

behavioral response mode  (cf., Liotti et al., 2000).  In particular, in both sensory 
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modalities, the effect had a fronto-central distribution in the Covert and Overt response 

conditions but a more posterior, parietal distribution in the Manual condition (see 

Figure 3B and Supplementary Figure 1). This suggests that, while the processing speed 

characteristics of conflict detection and processing may be modulated by modality-

related factors in the two versions of the Stroop task, the neural activations of the 

response conflict/selection may operate similarly across modalities once it occurs. 

4.3.2 The late SP (500-800 ms)  

The later main ERP effect of auditory stimulus conflict in the present study 

presented as an enhanced sustained positive-polarity wave over posterior scalp 

spanning from 500 to 800 msec, with differential activity of opposite polarity over 

anterior frontal scalp during some of that time period?. This auditory conflict-related 

ERP effect appears highly similar in timing and scalp distribution to the analogous 

sustained potential conflict effect (SP, e.g., Larson et al., 2009; Liotti et al., 2000; West, 

2003; West & Alain, 1999) previously observed in visual Stroop tasks.  

Interestingly, the onset of the late SP did not appear to differ in timing for the 

auditory Stroop (present study) relative to visual Stroop tasks (Liotti et al., 2000; West & 

Alain, 1999), in clear contrast to the earlier latency of the auditory Ninc relative to the 

visual N450, suggesting the late SP effect may have a more fully supramodal character, a 

distinction that could be made here due to the high temporal resolution of the 

electrophysiological recordings. In addition, the auditory conflict SP tended to be similar 
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in both timing and distribution across all the behavioral-response modes (Manual, 

Covert, and Overt), further supporting its independence from the response mode, and 

again in contrast to the earlier-latency Ninc effect.  Moreover, its presence for the Covert 

condition rules out the possibility that it reflects the processing of an overt verbal or 

motor response. Furthermore, the SP onset was approximately the same for the Overt 

verbal and Manual conditions, in spite of significantly longer RTs (by more than 150 ms) 

for the former.  

Previous studies reporting the late SP have speculated, given its proximity to 

Wernicke’s area and its tendency to be left-lateralized (see also West & Alain, 1999), that 

it may reflect the need for further semantic processing of word meaning by posterior 

word processing areas  (Liotti et al., 2000). In contrast, West & Alain (1999) proposed 

that the late SP might index the processing of perceptual-level color information on trials 

when conceptual information cannot guide a response. In either case, extra processing of 

the incongruent word by posterior brain areas would facilitate conflict resolution. 

Therefore, the late SP might reflect controlled processes that adjust to the level of control 

necessary to accurately complete a trial and/or to better-direct attention in a subsequent 

trial (Larson et al., 2009), as it often lasts beyond the response window. West (2003) 

provided a three-dipole source localization with generators in bilateral middle/inferior 

frontal gyri and left extrastriate cortex, potentially suggesting that this component 

reflects an interaction between frontal and sensory regions as part of a 
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attentional/cognitive control process (e.g., Grent-'t-Jong & Woldorff, 2007; Wu, 

Weissman, Roberts, & Woldorff, 2007; Appelbaum et al., in press).   

A different functional interpretation and generator for the late conflict SP has 

been suggested by a recent fMRI study of the auditory Stroop task, which revealed 

incongruent-specific activity in the left inferior parietal region (Roberts & Hall, 2008). 

Similar activations in left inferior parietal lobule have been reported in earlier 

neuroimaging studies of the visual Stroop task (Bench et al., 1993; Carter, Mintun, & 

Cohen, 1995; Leung, Skudlarski, Gatenby, Peterson, & Gore, 2000), as well as by a recent 

comprehensive meta-analysis of Stroop task studies (Laird et al., 2005).  This combined 

evidence suggests that the late SP may represent activity in parts of a supramodal 

attentional control system, for example one for facilitating attention to relevant 

information while suppressing the influence of distracting information (Weissman, 

Warner, & Woldorff, 2004).  

4.3.3 Sequential Effects  

Many studies have previously reported sequential effects visual conflict tasks 

such as the Stroop (Egner & Hirsch, 2005; Kerns et al., 2004) and Eriksen Flanker tasks 

(Gratton et al., 1992), with slower RTs on incongruent trials preceded by a congruent 

than by an incongruent trial, and faster ones for congruent trials preceded by a 

congruent trial than by a congruent trial. To our knowledge the present study is the first 

to show similar conflict-adaptation behavioral effects for an auditory version of the 
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Stroop task. Thus, the present study provides evidence that conflict-related cognitive 

control processes operate similarly across modalities.  Notably, upon accounting for 

response repetition the significant current trial by previous trial interaction remained 

significant in the Manual-response condition, but not in the Overt one. As the Overt RTs 

were measured via a thresholding procedure with a microphone, it is possible that we 

did not have sufficient sensitivity in this condition to pick up on subtle differences in 

RTs, particularly given the lesser trial numbers available per bin when performing a 

sequential analyses  Further work should be carried out in the auditory domain to 

investigate the conflict-adaptation effects in Overt responses.  

Moreover, in the present study these conflict-related sequential effects were 

reflected in both behavioral measures and neural activity measures, with the caveat that 

trials with response repetitions were included in this analysis to provide sufficient 

signal-to-noise ratio. More specifically, the electrophysiological counterparts of the 

sequential effects for the present auditory Stroop task indicated that the late SP, but not 

the Ninc, showed sequential variations that were associated with the behavioral 

sequential effects. Increased amplitude of the parietal late SP was found for incongruent 

trials that were preceded by congruent trials as compared to incongruent trials preceded 

by incongruent. Larson and colleagues (2009) found a similar pattern of sequence-

related activity for the late SP in a visual Stroop task, with, also, no such sequential 

modulations of the N450.  It is important to note that in the present study the late 
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conflict-related negative-polarity effect over frontal scalp did not exhibit corresponding 

sequential effects, suggesting that the concurrent frontal negativity may arise from 

independent generators than those of the posterior positive-polarity effect, such as from 

frontal regions that have been implicated in other aspects of cognitive control (Aron, 

Behrens, Smith, Frank, & Poldrack, 2007; Botvinick et al., 2001; West, 2003).  Because of 

the quite early onset of the first conflict-related activity observed here (~200 ms), the Ninc 

may be occurring more automatically (just after the sensory-evoked components) and 

therefore may reflect slightly different processes than what other studies have 

previously attributed to the ACC in terms of conflict adaptation (e.g., Kerns et al., 2004).  

Finally, it is worth pointing out that the late SP modulation with conflict 

adaptation could be accounted for by the known role of regions of the inferior parietal 

lobule/sulcus in the implementation of attentional control, as reported in neuroimaging 

studies of the visual and auditory Stroop task (Laird et al., 2005; Roberts & Hall, 2008). 

The micro-level adjustments in attentional allocation to the relevant (pitch) information 

after encountering a difficult (incongruent) trial observed here support the supramodal 

nature of the attentional control system and its role in adaptive behavior.  

4.3.4 ERP-Behavior Correlations 

Further evidence in support of a global conflict-processing account that extends 

to auditory stimuli comes from the ERP-behavior correlations observed in the Manual 

condition for this study. More specifically, those participants who had a greater 
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difference in the late parietal SP amplitude for the incongruent versus congruent trials 

that preceded an incongruent trial also had a greater RT difference for the subsequent 

incongruent trial (i.e., iI versus cI). Such a pattern suggests that the larger SPs on 

incongruent (versus congruent) trials in these subjects reflected the  implementation of  

more cognitive control for the incongruent trial, which would in turn have led to 

enhanced selective attention to the relevant stimulus feature in the next trial. 

Conversely, if a congruent trial came before an incongruent trial, less cognitive control 

was implemented (as indicated by a relatively decreased positivity), leading to the 

subsequent incongruent trial having a relatively slow response time due to a lesser level 

of preparatory activity (Egner & Hirsch, 2005).  

While our analyses did not indicate a correlation between the current-trial neural 

activity and the current-trial behavior, more recent findings have suggested that 

performance can operate independent of the level of dACC activity under circumstances 

of high DLPFC activity (Silton et al., 2010). Indeed, those participants who likely had 

more attentional control through upregulation of DLPFC, also would likely have an 

upregulation of frontal-parietal attentional networks in general, potentially reflect 

electrophysiologically in the SP, and this would benefit them in situations of high 

conflict. Such an up-regulation of DLPFC would be in line with the cascade-of-control 

model (Banich, 2009), with our results showing how this varies across participants.    
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4.4 Conclusion  

In the present study, we found that a Stroop stimulus-conflict paradigm 

implemented in the auditory modality elicited similar incongruency-related 

neurophysiological responses to that of an analogous paradigm in the visual modality, 

including showing similar scalp distribution variations as a function of behavioral 

response mode. However, the early, negative-polarity, conflict-related ERP effect, here 

termed the Ninc, occurred substantially earlier in time (by about 150 ms) for the auditory 

Stroop task than the corresponding N450 in typical visual Stroop studies, suggesting 

that additional processing delays in secondary or association areas may be occurring for 

visual-conflict tasks relative to in auditory ones, or possibly as a result of the simple 2-

alternative-forced-choice nature of this particular task. In contrast the timing - and the 

distribution - of the longer-latency, conflict-related, parietally distributed, positivite-

polarity effects (SP) was much more similar between the visual and auditory modalities, 

suggesting that this effect may reflect a more fully supramodal mechanism regulating 

more controlled aspects of conflict resolution for incongruent stimuli, or perhaps a 

supramodal mechanism to deploy additional selective attentional resources. 

Additionally, the present study provides further evidence for the cognitive-control 

hypothesis, showing both behavioral and neural evidence of conflict adaptation for 

sequential trials in the auditory modality, while also providing correlations of the 

behavioral and neural measures across subjects.   
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5. Cross-modal stimulus conflict: The effects of stimulus 
input timing in a visual-auditory Stroop task1

Events in the world often stimulate more than one sensory system. Under 

normal circumstances, an event will produce corresponding information that, although 

it enters through different sensory organs, is seamlessly integrated into a multisensory 

object when appropriate, while events that arise from differing sources in space and 

time are appropriately segregated.  Multisensory perception, however, can be altered by 

variation in the relative compatibility between the different sensory inputs, the relative 

timing of their arrival, and how attention is allocated to the scene. Manipulations to 

these three basic multisensory relationships can provide powerful techniques by which 

to tease apart the mechanisms underlying human information processing and effective 

cognitive control.   

 

Stimulus compatibility effects arise when different sensory stimuli that occur 

nearby in time (either within the same modality or between different modalities) would 

tend to lead to different behavioral outcomes. Specifically, costs and benefits in 

performance can occur whenever differing dimensions of stimulus input have a 

sufficiently high degree of perceptual or semantic overlap such that they rely on 

common processing mechanisms.  The color-naming Stroop task (Stroop, 1935), in 

particular, has a long history of use in the visual domain for investigating information 

                                                      

1 The contents of this chapter are currently under review, listed as Donohue, S.E., Appelbaum, L.G., Park, 
C.P., Roberts, K.C., & Woldorff, M.G. 
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processing under situations of differing stimulus compatibility, or relative levels of 

conflict. In its traditional version, this task has participants name the color of the ink that 

a word is written in, while ignoring the meaning of the word. The relevant dimension 

(the ink color) and the irrelevant one (the word meaning) can be congruent and match 

(“Blue” written in blue ink), or can be incongruent and signal different responses 

(“Blue” written in red ink), the latter leading to behavioral costs, including slower 

response times (RTs) and reduced accuracy (see Macleod, 1991 for review). Many 

studies of the Stroop task (e.g., MacLeod, 1998) often also include a neutral condition of 

some sort, wherein the meaning of the word does not match up with any of the potential 

responses (“Blue” written in green ink, where the color green was not one of the 

response options). Comparisons between the responses to these various conditions can 

provide useful measures of both facilitation (improved processing for congruent relative 

to neutral) and interference (impaired processing for incongruent relative to neutral), as 

well as yielding measures of the ‘Total Stroop Effect’ (differences between incongruent 

and congruent; Brown, Gore, & Pearson, 1998).  

The degree to which crossmodal conflict patterns are similar to unimodal conflict 

remains a much less explored question. Evidence from behavioral (Roelofs, 2005; 

Shimada, 1990) and neural studies (Donohue, Todisco, & Woldorff, under review; 

Molholm, Ritter, Javitt, & Foxe, 2004; Yuval-Greenberg & Deouell, 2009) of crossmodal 

conflict have shown that stimulus incompatibility across the different modalities can 
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produce conflict effects in a similar manner to those observed in unimodal visual-

conflict tasks (e.g., West & Alain, 1999; but see Fiebelkorn, Foxe, & Molholm, 2010). Two 

common patterns have emerged from this literature: first, in the cases where complex 

stimuli are involved (e.g., letters or pictures and words), visual processing tends to be 

overall faster than auditory processing as reflected by RTs (Molholm, et al., 2004; Yuval-

Greenberg & Deouell, 2009).  Secondly, there is a general pattern of asymmetry between 

the magnitudes of conflict effects observed crossmodally, in that task-irrelevant 

incongruent visual stimuli generally produce more interference to behaviorally relevant 

auditory stimuli, than vice versa (Molholm et al., 2004; Stuart & Carrasco, 1993; Yuval-

Greenberg and Doeuell, 2009; but see Roelofs 2005).  Such crossmodal asymmetries are 

often found in instances of uncertainty wherein the more reliable modality ‘wins’ (e.g., a 

shift in the auditory percept toward a more spatially reliable visual stimulus, as in the 

ventriloquist illusion; Bertelson & Radeau, 1981). Indeed, when Yuval-Greenberg and 

Doeuell degraded their visual stimuli making them more difficult to identify, the visual 

conflict effect on auditory processing diminished substantially, suggesting that the 

visual information was not being weighted as heavily (2009).  These previous findings, 

however, concerning the relative speeds of processing for auditory and visual stimuli, as 

well as the asymmetric levels of interference between the two modalities (visual larger 

than auditory), have only been reported for when auditory and visual stimuli were 

presented simultaneously and have not been mapped out as a function of the relative 
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onsets of the audio-visual stimuli. The variation of such onsets seem likely to ramify in 

both speed and strength-of-processing effects of these cross-modal interactions, which 

could help provide insight into the underlying mechanisms of multisensory processing. 

Indeed, in the visual modality one approach that has yielded insight into the 

facilitation and interference effects resulting from stimulus incompatibility has been to 

vary the timing between the relevant and irrelevant stimulus features (e.g., Dyer, 1971; 

M. O. Glaser & Glaser, 1982; W. R. Glaser & Dungelhoff, 1984; Lu & Proctor, 2001; Sugg 

& McDonald, 1994; Taylor, 1977). Such stimulus onset asynchrony (SOA) manipulations 

make it possible to map the full time course of incongruency effects, thereby helping to 

inform cognitive models as to the underlying processes that enable the executive 

function processes that are invoked to address such conflict.  Using this technique, 

previous within-vision work from our group (Appelbaum, Meyerhoff, & Woldorff, 2009; 

Appelbaum, Boehler, Ron, Davis & Woldorff, in press) and others (Coderre, Conklin, & 

van Heuven, 2011) have found that the occurrence of task irrelevant distracters prior to 

the relevant target has the capacity to enhance the magnitude of incongruency effects.  

Similarly, this work has also shown that the post-exposure of irrelevant distracters is still 

able to influence the behavioral responses to the relevant target even when it presented 

up to 200 ms after the target stimulus. Using this SOA manipulation crossmodally can 

provide valuable information about the strength and timing of interactions that arise 

through multisensory stimulation.  
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The current study sought to fully characterize the effects, interactions, and time 

course of crossmodal incongruency as revealed in the RT data of an auditory-visual 

SOA-varying Stroop task. To this end, we had participants attend to either the auditory 

modality or the visual modality while being presented with congruent, incongruent, or 

neutral stimuli in the other (irrelevant) modality. The relative onsets of the 

relevant/irrelevant stimuli were varied from +400 ms to –400 ms in increments of 100 ms 

to map the time course of behavioral incongruency interactions, with additional 

unimodal trial types being included as controls to provide a baseline reference. In that 

previous work in our lab using visual Stroop stimuli (Appelbaum et al., in press) has 

found different patterns of incongruency effects when the SOAs were presented 

randomly versus being blocked together in the same experimental run, this factor 

(‘SOA-arrangement’) was also included in our design. This multifactor design thus 

allowed us to delineate the relative strengths and timing of processing interactions as 

they relate to congruent and incongruency multisensory input. Moreover, we employed 

psychometric modeling techniques to derive the time course of the interference effects 

and more fully estimate the relative speed of crossmodal stimulus interactions. 

5.1 Methods 

5.1.1 Participants 

Fifteen healthy, right-handed volunteers are included in the final analysis for this 

two-session study (mean age = 22.9 years, 6 female). Three additional participants were 
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excluded due to failure to return for the second session of testing, and five additional 

participants were excluded due to a poor percentage of total responses (i.e., having at 

least one session for which, on over half the trial types, their proportion of target-

discrimination responses was less than 2 standard deviations from the mean proportion 

of responses across subjects). All participants were native English speakers with normal 

visual acuity and normal color vision. Volunteers were paid $15/hour for their time, and 

all methods were approved by the Institutional Review Board at Duke University.  

5.1.2 Experimental Design and Procedure  

Experimental stimuli consisted of auditory spoken words and visual typeset 

words (see Figure 16 for task design). Auditory stimuli were the spoken words “Red”, 

“Blue”, “Green”, “Yellow”, “Pink”, “Brown”, and “Orange”.  These words were 

recorded from a male, native-English speaker and had an average duration of 385 ms 

with 20 ms rise time and a 20 ms fall time. The auditory stimuli were presented at 50 dB 

(SPL) centrally through two speakers positioned to the left and right of the CRT monitor. 

Visual stimuli were the corresponding written words “RED”, “BLUE”, “GREEN”, 

“YELLOW”, “PINK”, “BROWN”, and “ORANGE” printed in black Arial font on a gray 

background. The center of the words was 3.75° below fixation, and participants were 

seated 57 cm from a CRT monitor. The visual stimuli were presented for 385 ms.  A 

central white fixation cross remained on the screen for the duration of the experiment. 

The experimental design consisted of four independent variables that were varied 
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within subject -- namely ‘Congruency’, Stimulus Onset Asynchrony (SOA), ‘SOA-

arrangement’, and ‘Attended Modality’ -- along with a fifth variable ‘Response Button 

Mapping’ that was varied between subjects.  

 

Figure 16:  Schematic of Experimental Design. Example shown is that of an 
incongruent trial for the auditory attention condition wherein participants were 

instructed to report the auditory stimulus component (spoken-word “BLUE”) while 
ignoring the visual stimulus component (in this case the word “RED”, presented 

visually below fixation). The irrelevant visual information could come before or after 
the target in increments of 100 ms out to -400 and +400 ms. 

The first independent variable ‘Congruency’ was defined by the correspondence 

between the color of the spoken and written words on each trial. In all experimental 

sessions the auditory and visual stimulus components were arranged in three equally 
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frequent configurations that comprised congruent, incongruent, and neutral pairings, 

presented in randomized order. In a congruent trial type, the auditory and visual stimuli 

matched (e.g., the spoken word “Red” was paired with the visual word “RED” printed 

on the screen). The incongruent trial types consisted of auditory and visual stimuli that 

did not match, but for which there was a specific assigned response mapping for the 

non-corresponding incongruent stimulus component (e.g., the spoken word “Red” 

paired with the visual word “BLUE”). The neutral trials consisted of auditory and visual 

stimuli that did not match, but for which the irrelevant stimulus component was not 

mapped to one of the 4 response buttons (e.g., the spoken word “Red” paired with the 

visual word “BROWN,” where BROWN was not a response option).  Additionally, 

unimodal-auditory and unimodal-visual stimulus trials in which the target, spoken-

word or written-word was not accompanied by any crossmodal distracter were also 

presented within the randomized sequence.  

The second independent variable ‘SOA’ reflected the asynchrony between the 

presentation of the task-irrelevant distracter word and the target word.  There were nine 

levels of SOA; -400, -300, -200, -100, 0, +100, +200, +300, and +400 ms, so that the task-

irrelevant stimulus component could precede the target, occur simultaneously with it, or 

follow it. A total of 36 trials were presented for each SOA and congruency condition 

(e.g., -400 ms SOA, congruent pairing). The trial onset asynchrony (i.e., the time from the 

start of one trial to the start of the next) was jittered randomly between 1600-1800 ms.  
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The third independent variable was the ‘Attended Modality’.  During half of 

each experimental session participants were instructed to attend to the auditory 

modality and report the identity of the auditory word with a button press while 

ignoring the visual stimuli.  On the other half of the trials participants were instructed to 

attend to the visual modality, report the written word with a button press, and to ignore 

the auditory stimuli. The order of the attended modality was randomized and 

counterbalanced across participants. Across both attended modalities, the relevant 

stimuli (i.e., those to which a response was mapped) were the words “Red”, “Green”, 

“Blue”, and “Yellow.” 

The fourth independent variable was ‘SOA-Arrangement’. Previous work from 

our lab (Appelbaum et al., in press) has found that within the visual modality the 

arrangement of the SOAs within a run can affect the temporal patterns of facilitation and 

interference (see Discussion for details). To determine if this also occurs with crossmodal 

stimuli, we manipulated the arrangement of the different SOA conditions across 

experimental blocks. In two separate experimental sessions, collected on separate days, 

participants were either presented with a ‘random-SOA’ arrangement in which all nine 

SOA conditions were intermixed and appeared randomly within each experimental 

block, or they were presented with a ‘constant-SOA’ arrangement in which the same 

SOA was presented on every trial in an experimental block. The order of the constant-

SOA and random-SOA session were counterbalanced over subjects. For the constant-
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SOA-arrangement session, the order of the specific SOA blocks was also randomized 

across participants.  

The fifth independent variable was the ‘Response Button Mapping’. To control 

for any confounds with the specific target colors being mapped to specific buttons, we 

used two different response mappings in these experiments. For half of the participants 

the target words “Red”, “Green”, “Blue” and “Yellow” were mapped to the “D”,”F”, 

“J”, and “K” keys respectively. For the other half of the participants this mapping was 

flipped (left-to-right hand and index-to-middle finger) such that the mappings were to 

the “J”, “K”, “D”, and “F” key respectively. Participants always utilized both hands to 

respond, with their index and middle fingers positioned on the keyboard as if they were 

typing.  Planned analyses revealed that behavioral performance did not differ as a 

function of these two button-assignment mappings (there was no main effect of 

response button mapping on accuracy (F < 1) or on response time (F < 1), and the 

response button mapping did not significantly interact with any of the other factors in 

the accuracy (all p’s > 0.05) and in response-time analysis (all p’s > 0.05).  Subsequent 

analyses reported below were therefore collapsed over the factor of Response Button 

Mapping.  

For all tasks, participants were instructed to maintain central fixation and were 

monitored through a closed-loop video camera to assure that they were consistently 

looking at the fixation and maintaining the proper distance from the screen. Each run 
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consisted of 108 trials and lasted approximately 3 minutes. A total of 20 runs were 

collected for each participant (10 in each experimental session), and participants were 

given the opportunity to rest between the runs. Prior to the start of each experimental 

session, participants were given a short block where they practiced the response 

mappings to unimodal stimuli in that modality, followed by a second practice block 

wherein the distracters from the other modality were present. Performance was 

monitored during these blocks to ensure that the task was being performed correctly.  

5.1.3 Behavioral Analysis and Modeling  

Trials were counted as correct if the responses occurred between 200 and 1200 

ms following the presentation of the target (attended) stimulus component. Data were 

collapsed over the different colors and response mappings to arrive at within-participant 

mean response times (RTs; correct trials only) and accuracy measures for the various 

levels of the other factors. RT and accuracy data were submitted to separate 4-way 

repeated-measures analyses of variance (rANOVA), with factors SOA-Arrangement (2-

levels; blocked and random), Attended Modality (2-levels; visual and auditory), SOA (9 

levels), and Congruency (3 levels; congruent, neutral, incongruent). Additional two-

tailed, paired t-tests were performed on specific comparisons to more precisely delineate 

effects are described in more detail in the appropriate Results sections below. The 

significance thresholds were set to a p-value of 0.05 and, when applicable, adjusted 

using the Greenhouse-Geisser correction for non-sphericity. While accuracy and RT data 
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produced qualitatively similar results, the primary focus of this study concerned the 

relative speed of crossmodal processing.  Accordingly, the present results focus on RT 

effects of the various experimental factors.  Accuracy data can be found in the associated 

supplementary materials. 

A primary interest in this study was how these various conflict-related RT effects 

would change as a function of SOA. That is, how do the cross-modal interference effects 

decay over time as a function of attended modality? In order to try to characterize this 

relationship beyond what the ANOVAs could quantitatively describe, an incongruency 

by SOA psychometric function analysis was also performed. For this purpose, we 

adapted a curve fitting procedure (modeled after Moore, Egeth, Berglan, & Luck, 1996) 

that allowed the horizontal position of the incongruency by SOA function to be 

represented by a single horizontal-shift number and to be tested empirically. 

Specifically, we fit sigmoidal curves to each participant’s incongruency (I-C) by SOA 

reaction time function separately in the auditory and visual conditions. The sigmoidal 

function used had three free parameters that were optimized using a non-linear least-

squares fitting algorithm in MATLAB (MATLAB Optimization Toolbox, Mathworks, 

Natick, MA, USA).  

  

In the applied fitting function (see Eq 1), α represents a vertical scaling of the 

sigmoid curve, β represents the steepness of the sigmoid curve, and δ indicates the 
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translation of the curve along the x-axis. In order to constrain the fits within the vertical 

dimension, α was limited to be no greater than the maximum interference effect for a 

given subject in their visual and auditory conditions. From these fits we obtained the 

SOA at which the interference effect dropped by half (also represented by the point of 

inflection in the sigmoidal function), and then submitted these values to a paired t-test 

contrasting the attend-auditory and attend-visual conditions. As no differences were 

observed in the AVOVA as a function of the SOA-arrangement and response-order 

mapping (see Results below), the data were collapsed across these factors for each 

subject prior to implementation of the curve fitting procedure. 

5.2 Results 

5.2.1 Response Times  

The primary focus of this study was to determine how the response times to 

multisensory Stroop stimuli were modulated by the various design factors. (For 

accuracy results see Supplementary Materials in Appendix B). To assess this, we first 

conducted repeated-measures ANOVA with the factors of SOA-Arrangement, 

Attended Modality, SOA, and Congruency, with subjects as a repeated measure. This 

revealed a main effect of modality (F(1,14) = 19.43, p = 0.001; ηp
2 = .58) , a main effect of 

SOA (F(8,112) = 30.78, p < 0.001; ηp
2 = .69), a main effect of congruency (F(2,28) = 144.54, p 

< 0.001; ηp
2 = .91), an interaction of modality and congruency (F(2,28) = 25.63, p < 0.001; ηp

2 

= .65), and an interaction of SOA and congruency (F(16,224) = 16.75, p < 0.001; ηp
2 = .55). 
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There were no main effects of SOA-arrangement (F < 0.1) and no significant interactions 

of this factor with any of the other factors (all p’s > 0.1).  Accordingly, all subsequent 

analyses were collapsed across the mixed-SOA and blocked-SOA trials. Figure 17 shows 

the response times plotted as a function of modality, SOA, and incongruency (top 

panel).  

 

Figure 17: Top. Mean response times across participants (N = 15) plotted for the 
attend-auditory condition (A), and the attend-visual condition (B) by SOA, and 
congruency conditions. RTs were modulated by modality of attention (slower for 
auditory), SOA, and incongruency. Xs denote the mean RT for the unimodal auditory 
(left) and unimodal visual (right) stimuli, respectively.  Bottom. The bottom panels 
show the RT differences between the congruency conditions as a function of SOA for 
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the attend-auditory (C) and attend visual (D) conditions. For the SOAs wherein the 
irrelevant information from the other modality came first there was a great amount of 
facilitation (neutral minus congruent) and full incongruency (incongruent minus 
congruent), with minimal interference (incongruent minus neutral). All of these 
effects tapered off as the irrelevant stimulus was presented later in time. 

The main effect of modality was due to overall faster RTs in the attend-visual 

condition (M = 580.5 ms) compared to the attend-auditory condition (M = 632.4 ms). 

More importantly, however, was the interaction between modality and incongruency. 

To further assess what was driving this interaction, we took the differences shown above 

in Figure 17C and 17D between incongruent versus congruent (full incongruency), 

neutral versus congruent (facilitation) and neutral versus incongruent (interference), and 

then collapsed across SOA and compared as a function of attended modality. This 

revealed a significant difference for the full incongruency effect, wherein there was a 

greater incongruency RT difference when participants were attending to the auditory 

modality (M = 55.5 ms) as compared to when they were attending to the visual modality 

(M = 24.4 ms; t(14) = 5.24, p < 0.001 ). Further, there was significantly greater facilitation 

in the auditory attention condition (M = 45.2 ms) than in the visual attention condition 

(M = 17.6 ms; t(14) = 6.83, p < 0.001).  On the other hand, the relatively smaller 

interference effect did not differ across modalities (attend auditory M = 10.4 ms, attend 

visual M =6.8 ms, p > 0.05).  

Exploration of the main effect of SOA revealed that there was a significant linear 

trend across SOAs such that RTs increased as the irrelevant stimulus came later in time, 
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regardless of its congruency relationship (F (1,14) = 56.29; p < 0.001), suggesting a 

possible general alerting effect of the irrelevant stimulus when it occurred first. This 

effect can be seen in Figure 17 (Top) where for both the auditory and visual attention 

conditions there is an overall positive slope in the RTs plots.  In addition, to examine 

more specifically for the presence of such a general alerting effect that was a function of 

SOA and not due to congruency per se, we conducted an ANOVA on the neutral 

condition, collapsed across modality, across the SOAs. This indeed revealed a significant 

linear trend (F(1,14) = 25.02, p < 0.001; ηp
2 = .64), with RTs increasing as the irrelevant 

neutral stimuli were presented later in time.  

The main effect of incongruency was driven by significant differences between 

congruent (M =583.5 ms) and incongruent (M = 623.5 ms, t(14) = 14.2, p < 0.001), 

congruent and neutral (M = 615.0 ms, t(14) = 11.3, p < 0.001) and incongruent and neutral 

( t(14) = 6.88, p < 0.001), as assessed with specific contrasts between these conditions. 

Therefore, the neutral condition was indeed different from both congruent and 

incongruent trial types, with the neutral response times falling between those of the 

other two trial types. Although these three conditions did differ from each other, the 

magnitude of the differences varied as a function of SOA, with larger differences 

observed between neutral and congruent (facilitation) and incongruent and congruent 

(interference) when the irrelevant information came first (Figure 17, bottom). These 

qualitative differences emerged statistically in the significant interaction between SOA 
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and incongruency, which were further explored by performing a series of post-hoc t-

tests on the facilitation, interference, and full incongruency effects, collapsed across 

modality at each of the SOAs. Table 5 shows the results of these t-tests, revealing the 

presence of significant effects (light and dark grey) at both negative SOAs and at 

positive SOAs.  Finally, to determine how the RTs to the unimodal control stimuli 

compared to the RTs to the other trial types, we conducted planned comparisons 

between the RT of the unimodal control and the congruent, incongruent, and neutral 

RTs at the 0 ms SOA for both the attend auditory (auditory alone RT = 631.9 ms) and 

attend visual (visual alone RT = 570.5 ms) conditions (see Figure 1, top). The mean 

auditory alone RT was significantly slower than the congruent RTs (M = 609.6 ms; t(14) = 

2.26, p = 0.04), but significantly faster than both the neutral (M = 663.2 ms; t(14) =3.00, p 

=0.01) and incongruent conditions (M = 677.5 ms; t(14) = 3.96, p = 0.001). The visual alone 

RT trended toward being faster than the congruent RT (M = 586.8 ms; t(14) = 1.93, p 

=0.07), but was significantly faster than the incongruent (M =  598.4 ms; t(14) = 3.09, p = 

0.008) and neutral RTs (M = 599.8 ms; t(14) = 3.20, p =0.006). Additionally, a comparison 

between the two unimodal stimuli (auditory vs. visual) further confirmed that responses 

to the visual stimuli were significantly faster than responses to the auditory (M visual = 

573.9 ms; M auditory = 633.8 ms; t(14) = 4.61, p <0.001). 

Table 5: T-tests examining the congruency by SOA interaction, collapsed across 
attended modality and SOA-arrangement. Significant facilitation and full 
interference effects were found even when the irrelevant stimulus came 200 ms after 
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the relevant one. The interference effects were generally smaller and lasted for 
substantially less time, only being significant up to -100 ms.  

 

Table 2 -400 -300 -200 -100 0 100 200 300 400

Facilitation 
(Cong vs. Neut)

t  = 7.58,     
p  < 0.001

t  = 9.04,     
p  < 0.001

t  = 10.25,     
p  < 0.001

t  = 4.97,     
p  < 0.001

t  = 6.36,     
p  < 0.001

t  = 5.38,     
p  < 0.001

t  = 4.12,     
p  = 0.001

t  = 1.24,     
p  = 0.23

t  = 0.23,     
p  = .82

Interference 
(Incong vs. Neut)

t  = 2.70,     
p  = 0.02

t  = 2.39,     
p  = 0.03

t  = 4.66,     
p  < 0.001

t  = 3.38,     
p  = 0.004

t  = 1.64,     
p  < 0.123

t  = 1.81,     
p  = 0.09

t  = 0.43,     
p  = 0.68

t  =0 .49,     
p  = 0.63

t  = 1.02,     
p  = 0.32

Full Interference 
(Incong vs. Cong)

t  = 8.05,     
p  < 0.001

t  = 9.09,     
p  < 0.001

t  = 11.47,     
p  < 0.001

t  = 11.13,     
p  < 0.001

t  = 7.72,     
p  < 0.001

t  = 7.47,     
p  < 0.001

t  = 5.02,     
p  < 0.001

t  = 1.00,     
p  = 0.33

t  = 1.15,     
p  = 0.27

Legend p  < 0.001
p  = 0.001 
to 0.004

p  = 0.005 
to 0.009

p  = 0.01 to 
0.05

p  > 0.05  

5.2.2 Psychometric Modeling 

The best fitting sigmoidal functions were derived for each participant’s SOA by 

incongruency RT data, after collapsing over the random- and blocked-SOA 

arrangements in the attend auditory and attend visual conditions, as noted above.  

Across all subjects, the mean point-of-inflection was -45.8 ms for the visual fits, and 77.4 

ms for the auditory fits.  These values differed significantly [t(14) = 2.11, p=0.05], 

indicating that visual distracters are processed faster and produce longer lasting 

interference, relative to auditory distracters on visual targets. The difference between the 

curve fitting estimates for the two modalities however, was not significantly different 

than the difference between the unimodal auditory and unimodal visual stimuli (curves 

= 123.2 ms, unimodal = 59.5 ms; t(14) = 0.99, p = .34). This lack of interaction between 

incongruency and the attended modality suggests that the observed difference in 
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conflict processing for the two modalities here did not significantly exceed the basic 

processing asymmetry for either stimulus type alone.  

5.3 Discussion 

A rapidly expanding body of empirical research has been directed toward 

addressing how information presented to different senses is integrated and how 

incompatibilities between multisensory stimuli are resolved to enable successful goal 

oriented behavior (for reviews see De Gelder & Bertelson, 2004; Doehrmann & Naumer, 

2008). The current study sought to determine the time course of crossmodal interference 

in an audio-visual Stroop conflict paradigm. To this end, participants performed a 

modified version of the Stroop task wherein they were instructed to either attend to the 

auditory or visual modality, and to ignore the irrelevant information in the other 

modality. The irrelevant information could be congruent, incongruent, or neutral with 

the attended-modality target and was presented across nine SOAs from -400 to + 400 ms 

(compared to the relevant component) in random and blocked SOA arrangements 

(separate sessions). Several major patterns of results emerged in the data obtained from 

this paradigm. First, visual distracters produced larger incongruency effects on auditory 

targets than vice versa at SOAs beyond just the simultaneous effects that had been 

previously reported (e.g., Yuval-Greenberg & Deouell, 2009). Second, the processing of 

the visual information was faster than the auditory across multiple SOAs, and when it 

was in irrelevant modality it also produced stronger and longer lasting incongruency 
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effects on the auditory processing than the auditory information did on the visual. This 

is evident in the overall faster RTs for visual than auditory targets, as well as through 

the shift in the psychometric interference functions where visual distractors interacted 

with auditory targets earlier and at a broader range of SOAs than vice versa.  Third, as 

has been previously shown within the visual modality (e.g. Appelbaum, et al., 2009; 

Coderre, et al., 2011), the cross-modal stimulus congruency relationship interacted with 

SOA, producing the larger behavioral effects when the irrelevant-modality distracter 

was presented earlier in time relative to the attended target. Fourth, and in contrast to 

intramodal visual conflict paradigms, these multisensory stimuli resulted in 

substantially more behavioral facilitation than incongruency led to behavioral 

interference (both in relation to neutral stimuli). Finally, there were no main effects or 

interactions due to the arrangement of SOAs over trials, in contrast to what our group 

had previously shown for the visual modality.  These findings are discussed in more 

detail below. 

5.3.1 Asymmetric magnitude of interference effects between 
modalities  

By using physically identical stimuli and manipulating attention to be directed 

toward either one modality or the other, we observed larger incongruency effects from 

the visual distracters on the auditory processing, as compared to vice versa. In general, 

this pattern of interference, which occurred across the varied SOAs employed here, is in 

agreement with other studies, wherein the incongruency was in the form of 
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multisensory objects using simultaneous audio and visual presentation (e.g., a dog 

saying “meow”, (Yuval-Greenberg & Deouell, 2007, 2009). However, an inference that 

can be made across these studies is that this modality dominance is not rigid.  Rather, in 

terms of guiding behavior, the relative contribution of each modality seems to be 

influenced by the quality of the information that tends to be available from that 

modality, which may in turn make it more or less difficult to attend to and act upon that 

which is task-relevant  (e.g., Beierholm, Quartz, & Shams, 2009).  For spatial localization 

purposes, for example, when the naturally higher spatial resolution of visual stimulation 

is particularly informative, visual input affects auditory perception of location more 

than auditory stimulation affects that of the visual perception (e.g. as in the 

ventriloquism effect, where the perceived spatial location of an auditory stimulus is 

shifted toward that of a simultaneous visual input (e.g.,  Bertelson & Radeau, 1981).  In 

contrast, when the auditory information is particularly informative, such as for timing 

purposes, the relative importance of the modalities can switch (e.g., the sound-induced 

extra flash illusion wherein brief illusory flashes are perceived in response to the 

simultaneous occurrence of brief auditory tones (Shams, Kamitani, & Shimojo, 2000)).  

Our data therefore suggest that, in the specific case of written and spoken words, 

the brain accepts visual input as being more reliable than the auditory input and thus 

more heavily weights the visual input such that it exerts more of an influence on 

processing. This is somewhat surprising given that the visual stimuli were presented 
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slightly parafoveally (3.75° below fixation) and that the auditory stimuli were presented 

at a relatively high volume, making them fairly hard to ignore. Nevertheless, under the 

current experimental context it appears that visual information was more heavily 

weighted in the preparation and execution of the behavioral responses. It is also likely 

that had we substantially degraded the visual input as was done by Yuval-Greenberg 

and Deouell (2009), the greater reliance on the visual input would likely have been 

diminished. Future work could involve parametrically degrading the visual and 

auditory inputs to determine the relative degradation needed before one modality 

becomes more reliable than the other.  

5.3.2 The Asymmetric Timing of Modality-Specific Processing 

A fundamental question addressed in the present experiments concerns the 

relative timing of visual and auditory information processing, and how potential 

modality differences may interact with the crossmodal compatibility of the stimuli.  For 

this purpose, we exploited the SOA-varying technique to investigate how temporal 

processing properties determine the time course of crossmodal behavioral incongruency 

effects. In line with previous reports using simultaneous audiovisual presentation (e.g. 

Beauchamp, Lee, Argall, & Martin, 2004; Molholm, et al., 2004; Mondor & Amirault, 

1998) we observed that visual targets produced significantly faster RTs than auditory 

targets. In addition however, we also observed in the present study a rightward shift in 

the interference psychometric functions, indicating that visual distractors interacted over 
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a greater range of SOAs on the auditory targets, as compared to the converse. These data 

thus suggest that, because the visual distractors were more rapidly processed than the 

auditory distracters, they were able to interfere significantly even when they were 

presented up to several hundred milliseconds after the auditory stimuli.  

By fitting these interference functions, we were able to delineate the temporal 

pattern of audio-visual interference, highlighting the relative discrepancies between the 

temporal processing of stimuli across modalities and how this ramifies into crossmodal 

processing interactions. While the difference in latencies of the sigmoidal psychometric 

functions (the rightward shift) did not statistically exceed that of the unimodal RT 

differences, they were in absolute terms roughly 60 ms larger (123 ms versus 60 ms), 

suggesting that there may be additional processing costs associated with crossmodal 

stimuli that we were unable to fully assess here.  Given that reaction times represent the 

end point of a cascade of modal and amodal conflict interaction and resolution 

processes, it remains an open question as to exactly how these stimuli progress through 

the underlying neuro-cognitive architecture. By using neural measures with high 

temporal resolution, such EEG or MEG, future studies may be able to tease apart the 

temporal dynamics of, and thereby further inform us about, the relative speed versus 

relative strength of processing that underlies conflict processing interaction across the 

different modalities.  



 

160 

It is also worth noting here that some aspects of the temporal patterns observed 

here likely resulted from the specific types of relatively complex, linguistic stimuli used. 

Indeed, when simple auditory tones and visual flashes are presented, a different pattern 

of effects tends to be observed, with generally faster RTs for auditory targets than visual 

ones (Gielen, Schmidt, & Vandenheuvel, 1983). This difference however, is likely to be 

due at least in part, to the fact that the entire visual stimulus for word stimuli, such as 

we used here, is disclosed instantly at the start of the trial, whereas the corresponding 

auditory stimuli necessarily unfold over some time as the words are articulated. Such 

differences in the exposure of the stimuli are particularly important to consider in the 

context of the present design because the SOA approach offers a specific means by 

which to assess the relative timing of modal stimulus processing. Accordingly, in order 

to fully assess what the relative unimodal processing differences were, we obtained data 

with each of these stimuli presented alone, without any other distracting information. 

The faster RTs for the visual unimodal control stimuli than for the auditory ones 

confirmed that in our case visual stimuli were indeed processed more rapidly than 

auditory.   

5.3.3 Interactions between Congruency and SOA: Priming, Backward 
Influences, and General Alerting 

Based on previous literature, it is well appreciated that the temporal relationship 

between the occurrences of near-synchronous stimuli greatly influences the processing 

and perception of those stimuli. One modulatory effect that has been well-characterized 
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is priming, wherein a previously-presented stimulus can influence the perceptual 

processing of a subsequent target stimulus, leading to changes in response time or 

accuracy (Tulving & Schacter, 1990). Priming generally manifests as a benefit in response 

time, with faster response times to targets that have been ‘primed’; however, priming 

can also serve to distract, having negative or inhibitory influences on the target (e.g., 

Tipper, 1985). It is also the case, however, that when irrelevant stimulus input follows a 

target in fairly close temporal proximity, it can have “backward” influences on the 

processing of the target (see Appelbaum et al., 2009). That is, facilitation and interference 

can still be induced on the processing of the target due to the mere occurrence of a 

subsequent stimulus and its particular properties relative to the target (see Enns & Di 

Lollo, 2000).  

Results from the present study demonstrate that crossmodal stimuli evoke 

characteristics of both priming and backward influences.  As observed in our previous 

unimodal visual studies (Appelbaum et al 2009; Appelbaum et al., in press), we found 

here that incongruency interacted with SOA, with the largest incongruency effects 

(incongruent versus congruent conditions) occurring when the irrelevant dimension was 

presented first, and reduced but detectable effects when it was presented after. Here, 

however, this priming was predominantly driven by a significant speeding of RTs for 

the congruent stimuli (relative to neutral) when they occurred successively earlier, an 

effect that likely resulted from the redundancy of the congruent representation between 
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the two modalities. Overall, these effects showed a monotonically reducing impact with 

later SOAs that was observed for both attended modalities (see Figures 2C and 2D) and 

therefore reveals a consistent pattern of interactions between SOA and the relative cross-

modal stimulus congruency. It is likely, however, that priming is not the only process 

that has a facilitating influence on the negative SOA conditions. Across all trial types, 

having the irrelevant information appear first may have also served to alert the 

participants of an upcoming target, regardless of whether this information was 

congruent or incongruent with the target stimulus. Thus, the presentation of another 

stimulus prior to the target may have facilitated processing of the target in all of the 

negative SOA conditions, thereby speeding the RTs, which in turn may have resulted in 

slightly reduced interference effects observed during this time period.  

Results from the neutral condition, are in fact, consistent with this possibility. 

Specifically a main effect of SOA was present, with the slope of this function indicating a 

general facilitation (lower RTs) at earlier SOAs. This result thus supports the inference 

that pre-exposure of task-irrelevant stimuli is to some degree serving to exert a general 

alerting influencing that affects performance on all negative-SOA trials, irrespective of 

the relative congruency with the attended target. While these behavioral results help 

disentangle the contribution of general alerting influences from facilitation and 

interference, the data pattern indicate that there is also greater congruency-related 
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priming at the pretarget SOAs, as noted above, that is superposed on the general 

alerting effect. 

5.3.4 Facilitation, Interference and the varying forms of stimulus 
Neutrality  

Another pattern of results that emerged from these data is that multisensory 

incongruency evoked substantially more behavioral facilitation than interference. This is 

particularly evident in the irrelevant-first SOAs where the congruent condition differed 

markedly from the neutral condition, while the incongruent condition only differed 

slightly. This observation, however, brings up an important question about the nature of 

“neutrality” in a multisensory conflict task. Here, if we compare our congruent and 

incongruent RTs to the unimodal stimuli (“x” in Figures 2A and 2B), it is evident that 

this would give a vastly different pattern of results than comparisons with the neutral 

stimulus (lightest grey lines in Figures 2A and 2B). RTs to the unimodal stimuli fell far 

closer to the congruent stimuli, suggesting that there would be far more interference 

than facilitation present if these unimodal stimuli were taken as the neutral point of 

reference. In fact, a recent empirical and theoretical paper has shed important light on 

the types of interrelations that may be driving such RT differences (Brown, 2011). As 

described by Brown, the interpretation of the Stroop task must distinguish between 

nonspecific lexicality-based effects and specific color-word congruency effects. That is, a 

word that is known (i.e., here, every one of the color words, including the “neutral” 

ones) has a meaning, and this meaning (or lexicality) has an influence on the processing 
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of these stimuli apart from whether the meaning is directly congruent or incongruent 

with the desired response. In particular, when compared to regularly-spelled but 

meaningless non-words, meaningful words require greater processing times due to the 

activation of lexical representation of these stimuli.  It is this “lexicality cost” that Brown 

argues has confounded much of the existing interpretation of the Stroop behavioral 

literature.  

 In the current design the neutral stimuli have just this type of lexical 

relationship, and therefore such lexicality effects may have indeed interacted with the 

overall dynamics captured in the present findings.   In fact, the unimodal stimuli in this 

design offer a principled reference point that supports the notion of a lexical cost for the 

neutral stimuli (albeit necessarily just for the 0 ms SOA condition).  Whereas the neutral 

stimuli differ from congruent and incongruent stimuli, both in terms of lexicality and 

congruency, the unimodal stimuli have no other sensory competition. Therefore, the 

difference between the unimodal stimuli and the neutral stimuli (with the neutral 

stimuli producing somewhat slower RTs) can be viewed as the extra lexical cost 

associated with the processing of these meaningful stimuli arising from a different 

modality.  Potential distraction by this lexicality for both the neural and incongruent 

stimuli could thus explain why the alerting effect for these stimuli on the eventual RTs 

was relatively less than for the congruent stimuli. In addition, while incongruency adds 

additional behavioral slowing, the substantial difference between the neutral condition 
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and the congruent and unimodal controls suggests that the lexical processing of these 

neutral stimuli was the dominant factor diverting attention away from the relevant 

modality. It is worth nothing however, that this pattern differs somewhat from our 

previous visual Stroop-SOA task (Appelbaum, et al., 2009), where we observed that RTs 

to the neutral stimuli fell rather evenly between the congruent and incongruent RTs, 

leading to proportionally less facilitation in contrast to what we observed here. As the 

putative degree of lexicality should be the same for the stimuli in the two experiments, 

yet additional factors may be influencing the perception of temporally separated 

crossmodal stimulation. Future research will be needed to disentangle how these factors 

are differentially expressed in unimodal and crossmodal situations. 

Although our results indicate the presence of substantial amounts of facilitation, 

one previous multisensory Stroop SOA conflict study (Roelofs, 2005) did not observe 

such a pattern, reporting instead more interference than facilitation when participants 

were instructed to name visual color patches, or visual words, while ignoring spoken 

words. This discrepancy is likely based, at least in part, by the fact that the reference 

point that Roelofs used for computing facilitation and interference was in relation to a 

unimodal stimulus, rather than a visual color stimulus that was not mapped to any 

response, as was the case with our neutral stimuli. When taking this difference into 

consideration, Roelofs’ unimodal stimuli and ours generally fell close to the congruent 

RTs, which would thereby produce more interference if this was the relative 
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comparison.  It is also worth noting, however, that our pattern of results differed in 

another, perhaps more substantial, way from those of Roelfs.  Namely, we observed 

greater interference from irrelevant-visual stimuli on relevant auditory stimuli, where as 

he found the opposite pattern. One possible explanation for this difference could be that 

the present study required subject to respond manually, while the Roelofs’ study 

required verbal responses. As noted by others (e.g., Sugg & McDonald, 1994) the 

manifestation of stimulus-response conflict depends on the degree to which the stimulus 

representation needs to be translated in order to map onto the various response options. 

Accordingly, this difference in response mode may account for the overall difference in 

the pattern of congruency effects for these two tasks. 

5.3.5 Timing Context 

The final, and perhaps somewhat surprising, finding from the present study was 

the lack of a main effect or interaction as a function of the SOA arrangements. Previous 

work from our lab using variants of the visual Stroop task (Appelbaum et al., in press) 

found that when the SOAs were blocked, such that the same SOA appears across all 

trials in an experimental run, the pattern of behavioral and neural incongruency effects 

appeared as an inverted U function. That is, the greatest incongruency effects occurred 

with simultaneous presentations (0 ms SOAs) and decreased monotonically in either 

direction, as the relative SOAs got larger. In contrast, when the SOAs were presented in 

a random order, a strong pattern of incongruency-related priming was evident, with the 
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greatest effects coming at the earliest pre-exposure SOAs and decreasing as the 

incongruent distractor occurred later. These results thus suggested that participants are 

able to set up a temporally-based attentional filter in order to mitigate the influence of 

incongruency when the temporal arrangement of the stimulation is predictable.   

The present crossmodal results, showing the priming pattern for both SOA 

configurations, indicate that this differential pattern as a function of SOA arrangement 

present within the visual modality does not extend to crossmodal stimuli. As shown in 

previous temporal judgment experiments (e.g., Correa, Sanabria, Spence, Tudela, & 

Lupianez, 2006), it is relatively easy to distinguish the relative separation of two visual 

stimulus components once they differ by more than 50 ms. In the case of multisensory 

processing, temporal-order judgments are not so precise and there is much more room 

for temporally discrepant auditory and visual stimuli to be perceived as simultaneous. 

In fact, in most crossmodal simultaneity judgment tasks, the stimuli need to be more 

than 150 ms apart for participants to begin to reliably distinguish them and up to 300-

400 ms before participants fully distinguish them in time (Donohue, Woldorff, & Mitroff, 

2010; Schneider & Bavelier, 2003; Zampini, Guest, & Shore, 2005). We infer, therefore, 

that in the current cross-modal experiment the stimuli were simply too close in time for 

participants to be able to detect a reliable temporal pattern and modulate their behavior 

accordingly.   
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On the other hand, it is possible that there simply was not a wide enough range 

of SOAs tested to obtain such a main effect of SOA arrangement. To examine for this 

possibility post-hoc, we took the -400 condition alone and conducted an ANOVA to 

determine if this SOA, which should be well outside the temporal window of 

integration, would show differential congruency effects as a function of the SOA 

arrangement. Although there were no main effects of SOA arrangement, or interactions 

between SOA arrangement and congruency when the auditory stimuli were attended, 

when the visual stimuli were attended, there was indeed a main effect of SOA 

arrangement F(1,14) = 15.03, p = 0.002), as well as an interaction between SOA 

arrangement and congruency (F(2,28) = 27.68, p < 0.001). More specifically, when the 

SOA arrangement was mixed (i.e., unpredictable) there was a bigger difference between 

the congruent and incongruent stimuli (77 vs 63 ms), which implies that when the 

stimuli were blocked participants may have been better able to filter out the irrelevant 

stimuli. This suggests that extending the audio-visual SOAs to great asynchronies could 

possibly reveal a similar pattern to that we found previously with the visual stimuli; on 

the other hand, such a manipulation may not be practical because at such extreme 

separations congruency interactions may not occur. Nevertheless, this pattern of results 

is in line with previous work highlighting the broad temporal window of integration 

observed for multisensory stimulus processing (Stein & Meredith, 1993). 
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5.4 Conclusions   

   In sum, the present data demonstrate that irrelevant visual information affects 

the processing of relevant auditory information more than vice versa, and it does so over 

a broad time-occurrence scale. These patterns of behavioral effects are largely dominated 

by RT facilitation, although differences between performance for unimodal and neutral 

control stimuli suggest that lexicality effects may be influencing these interactions. 

Finally, unlike in our previous visual Stroop tasks, there was no influence of the SOA 

arrangement, possibly due to the broad temporal window over which multisensory 

stimuli tend to interact and be perceived as occurring simultaneously. Overall, the 

pattern of effects reported here highlight key differences between multisensory and 

within-modality conflict processing. Indeed, these differences are thus critical to 

consider when studying cross-modal information processing.   
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6. The rapid distraction of attentional resources toward 
the source of incongruent stimulus input during 
multisensory conflict1

In our complex multisensory world, we are continually deluged by diverse sets 

of sensory input, only portions of which we can process very well at any given moment. 

Fortunately, in many cases, there is redundancy between the input from the different 

sensory modalities (e.g., seeing and hearing a person speak), facilitating the linking of 

the multisensory stimuli into discrete objects (reviewed in Stein & Stanford, 2008). There 

are some instances, however, where spatially and/or temporally coincident multisensory 

stimuli do not contain the same information (e.g., hearing audio from a phone while 

driving) or where they even more directly conflict. Such conflicting input can lead to 

impaired behavioral outcomes, (e.g., slowed response times [RTs]), thereby potentially 

creating dangerous situations (Strayer & Johnston, 2001). One way to examine how 

multisensory conflict is influencing behavior is to study the dynamic modulation of the 

relative levels of attentional allocation to the relevant and irrelevant stimulus-input 

modalities in the face of such conflict.  

 

Attention can be modulated under a wide variety of circumstances, and such 

modulations have been characterized by specific neural hallmarks.  Specifically, the 

allocation of attention to specific sensory input can be observed through increased firing 

                                                      

1 The contents of this chapter have been accepted pending minor revisions at the Journal of Cognitive 
Neuroscience. The authors are Donohue, S.E., Todisco, A., & Woldorff, M.G.  
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rates of sensory neurons (Moran & Desimone, 1985; Spitzer, Desimone, & Moran, 1988), 

enhanced sensory-evoked potentials (Rugg, Milner, Lines, & Phalp, 1987; Vanvoorhis & 

Hillyard, 1977), and increased activity in sensory cortices as measured with 

neuroimaging scans (e.g Heinze, et al., 1994; Mangun, Hopfinger, Kussmaul, Fletcher, & 

Heinze, 1997). Importantly, in all of these cases, the enhanced stimulus processing as a 

function of attention is manifest in increased neural activity in the sensory cortices, or 

conversely, when increased neural activity is observed in those cortices during 

attentional manipulation, it can typically be inferred that more attention is allocated to 

the processing of a given stimulus.    

One major example where the allocation of attention seems to be important is 

when two stimulus inputs conflict, thereby necessitating the selection of that which is 

relevant for a behavioral goal. In traditional unimodal conflict tasks, such as the color-

naming Stroop task (Stroop, 1935) or Flanker task (Erikson & Erikson, 1974), the relevant 

dimension (e.g., the word font color in the Stroop task or the middle stimulus 

surrounded by distracters in the flanker task) must be selected for processing and 

response, while the irrelevant, distracting information must be ignored. The neural 

underpinnings of conflict processing is thought to involve a conflict-detection process on 

incongruent trials, occurring at least in part in the anterior cingulate cortex (ACC; 

Carter, Mintun, & Cohen, 1995; Fan, Hof, Guise, Fossella, & Posner, 2008; MacDonald, 

Cohen, Stenger, & Carter, 2000), the timing of which tends to occur between around 250 
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and 500 ms post-stimulus onset  (e.g., Liotti, Woldorff, Perez, & Mayberg, 2000; West & 

Alain, 1999).  Importantly, besides indicating a role of the ACC or the nearby pre-

supplementary-motor-area (preSMA) in the processing of stimulus conflict, many 

functional magnetic resonance imaging (fMRI) studies of conflict have also observed the 

engagement of lateral frontal regions and/or parietal regions (e.g., Brass, Derrfuss, & von 

Cramon, 2005; Egner & Hirsch, 2005b; Erickson, et al., 2009; Roberts & Hall, 2008; Silton, 

et al., 2010) under instances of incongruency, implicating a role of the frontoparietal 

attentional control network (Corbetta & Shulman, 2002) during instances of conflict. 

Moreover, trial-to-trial variations in the modulations of attention during various types of 

conflict have also been previously observed (e.g., Weissman, Roberts, Visscher, & 

Woldorff, 2006; Weissman, Warner, & Woldorff, 2009) by examining variations of neural 

activity as a function of RT.  

While the aforementioned studies indicate that attentional control processes are 

being implemented during instances of stimulus conflict, other neuroimaging 

investigations have taken advantage of the selectivity of visual areas for specific 

processing modules (faces: Egner & Hirsch, 2005a), colors and words: (Erickson, et al., 

2009; Polk, Drake, Jonides, Smith, & Smith, 2008) to determine if, in response to 

conflicting stimulus input, selective attention served to enhance the relevant aspects of 

the stimulus  or to suppress that which is irrelevant, although with somewhat mixed 

results.  Egner and Hirsh (2005) found enhancement in face specific regions following 
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conflicting multifeatureal stimuli in which faces were the relevant (target) dimension.   

Their design, however, focused on sequential conflict-adaptation effects (a modulation 

on a trial as a function of whether the previous stimulus was incongruent versus 

congruent ; see Botvinick, Braver, Barch, Carter, & Cohen, 2001 for review), rather that 

modulation of attentional allocation during the current trial. Using a traditional Stroop 

task in which participants attended to the font color and ignored the word meaning, 

Polk and colleagues (2008) and Erickson and colleagues (2009) found increased event-

related fMRI responses in a color sensitive region for the incongruent condition relative 

to neutral and/or congruent trial types (e.g., neutral: Polk, et al., 2008; or congruent: 

Erickson, et al., 2009). Polk and colleagues (2008) also found evidence for suppression of 

word-processing areas in incongruent vs. neutral trials in visual word-form areas.   In 

contrast, however, Erickson and colleagues (2009) found that participants with greater 

fMRI activity in the visual word form area had faster RTs, suggesting an opposite 

pattern.  Moreover, and in addition to these seemingly conflicting results, none of these 

studies were able to look at the timing of the attentional modulations in the brain due to 

the sluggish response of the fMRI BOLD signals being measured (Logothetis & Wandell, 

2004), leaving the temporal cascade of these within-vision attentional allocation effects 

during conflict as an open question.  

The study of conflict across modalities has been examined to a much lesser 

degree.   However, such study can provide a unique opportunity to selectively assess the 
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relative allocation of attentional resources to both the relevant and irrelevant modalities, 

in that the major facets of the sensory processing of the stimuli take place in distinct 

cortical locations with separate temporal profiles (but see Kayser, Petkov, & Logothetis, 

2008; Smiley, et al., 2007 for evidence of responses to visual [Kayser, et al., 2008] and 

somatosensory [Smiley, et al., 2008] stimuli in primary auditory cortex). Weissman and 

colleagues (2004) found that the occurrence of incongruent audiovisual stimuli led to 

enhanced fMRI activity in the sensory cortices of the relevant (attended) modality. 

Further, in a later study with a similar audiovisual conflict paradigm (Weissman, et al., 

2009),  increased activity in the sensory cortices of the irrelevant modality was also 

observed, regardless of the congruency of the stimuli, on trials to which participants 

were slow to respond (which were interpreted as trials with a relative waning or lapse of 

attention).  While these intriguing findings suggest that attention may both serve to 

enhance processing in the relevant modality in the face of conflict and also enhance 

processing in the irrelevant modality during momentary lapses, they do not speak to the 

timing of this variation in attentional allocation during a given trial, nor whether there is 

differential attentional allocation to the irrelevant modality as a function of congruency. 

In the current multisensory-conflict study we sought to bridge this gap with the higher 

temporal resolution of EEG applied to a novel probe-stimulus approach that could 

directly gauge the amount of neural resources allocated to the irrelevant modality under 

conditions of high and low conflict.  
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Previous studies have successfully used a visual probe stimulus to characterize 

attentional distributions, such as the spatial profile of the attentional spotlight during 

focused visual attention  (e.g., Hopf, et al., 2006).  Here, we used EEG and visual probes 

to examine the activity in the sensory cortex of the irrelevant modality (vision) shortly 

following the presentation of multisensory (audiovisual) stimuli with different conflict 

characteristics. Participants attended auditorily to discriminate between two spoken 

letters. Bilateral visual letter stimuli were simultaneously presented with the auditory 

stimulus that could be fully congruent with it (both sides congruent with the spoken 

letter), fully incongruent (both sides incongruent), or partially incongruent (incongruent 

on one side and congruent on the other). On half of the trials, 500-700 ms after the 

multisensory stimulus, a bilateral visual probe stimulus was presented in the same 

location as the visual component of the multisensory stimulus to assess the allocation of 

attention to the visual modality. We examined time-locked averages to both the probes 

and the multisensory stimuli, looking for differential modulations in the sensory 

processing of the probes (i.e., the amount of attention present) when they were 

presented after multisensory trials with the different levels of congruency. 

There were several key predictions. First, in accordance with previous studies of 

stimulus conflict, we expected an increased fronto-central negative-polarity ERP at ~350 

ms that was greater for incongruent versus congruent trials (e.g., Atkinson, Drysdale, & 

Fulham, 2003; Liotti, et al., 2000; West & Alain, 1999), with the response to the partially 
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incongruent trials falling between the two. Second, we expected that the sensory-evoked 

visual sensory activity to the probe stimulus would be modulated by the nature of the 

previous multisensory stimulus (incongruent versus congruent) and the attentional 

processes that it triggered. If, in order to facilitate task performance, attention were 

rapidly directed toward the relevant modality and away from the irrelevant one when it 

conflicted, then the sensory response to the irrelevant-modality visual probe should 

decrease. Alternatively, it is possible that attention could be drawn to the irrelevant 

visual modality when its content conflicted, resulting in enhanced sensory processing of 

the visual probe. This prediction would be in line with findings showing enhanced 

within-trial processing of incongruent flanker stimuli in a visual-flanker-task recently 

shown by our group (Appelbaum, Smith, Boehler, Chen, & Woldorff, 2011). 

Additionally, the inclusion of partially incongruent trials (incongruent on only one side) 

was aimed at taking advantage of the contralaterality of the visual system. In these 

instances, we hypothesized that the sensory response to the probe might be modulated 

in a lateralized manner (e.g., enhanced mainly on one side or the other), thereby adding 

further insight into the rapid responses of the brain to multisensory conflict. 

6.1 Methods 

6.1.1 Participants 

Twenty-seven healthy participants from the Duke University community and 

surrounding areas were included in this study (10 female, 2 left-handed, mean age = 22.3 



 

177 

+/- 4.4 years). Six additional participants were excluded due to excess physiological 

noise in their data. All participants gave informed consent and were financially 

compensated for their time. All procedures were approved by the Duke University 

Health System Internal Review Board.  

6.1.2 Stimuli and Task  

Participants were seated 57 cm from a CRT monitor on which a central fixation 

cross was presented for the duration of the experiment. Auditory stimuli, the spoken 

letter “X” or the spoken letter “O”, with durations of ~335 ms were centrally presented 

at 20 dBSL through speakers.   These were presented a relatively low volume in order 

make them somewhat more vulnerable to distraction from other input. Bilateral visual 

stimuli were presented 5 degrees below and 5 degrees to the right and left of the central 

fixation cross (see Figure 18), each for a duration of 50 ms.  
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Figure 18: Task Depiction. Two example trials are shown. A centrally 
presented, task-relevant, auditory spoken letter (depicted in quotation marks) was 
presented while task-irrelevant visual letter stimuli were simultaneously presented 
bilaterally below fixation.  For all trials, the task was to respond to the auditory letter 
stimulus and to ignore the visual, which was randomly either congruent or 
incongruent with the auditory input on both sides or congruent on one side and 
incongruent on the other (“partially incongruent”).  On half of the trials, a visual 
probe stimulus (see the incongruent trial example in the figure) was presented shortly 
following (jittered onset from 500 – 700 ms post-trial onset) consisting of the letter H, 
bilaterally presented for 50 ms. For the other half of the trials, no probe stimulus was 
presented.  In all cases, the central fixation cross remained on the screen for the entire 
duration of the trial.    

 Each trial began with a spoken letter (“X” or “O”) and a simultaneously 

presented, bilateral, visual stimulus that could be either fully congruent with the spoken 

letter (spoken “X” with visual X X, or spoken “O” with visual O O), fully incongruent 

with the spoken letter (spoken “X” with visual O O, or spoken “O” with visual X X), or 

partially incongruent (left incongruent: spoken “X” with visual O X or spoken “O” with 
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visual X O; right incongruent: spoken “X” with visual X O or spoken “O” with visual O 

X). Subjects were instructed to attend to the auditory stimuli and to ignore the visual, as 

well as to press one button as rapidly as possible if they heard the letter “X” and another 

if they heard the letter “O”. Response buttons were counterbalanced across participants.  

Additionally, on half of the above trials, a neutral bilateral visual probe stimulus 

(H H) was presented (duration 50 ms) that onset between 500 to 700 ms following the 

onset of the multisensory stimulus.  On the other half of the trials, no probe was 

presented, providing a trial-type contrast for extracting the visual-probe response.  The 

The trial-onset asynchrony (TOA) was jittered between 950 and 1550 ms.  Fifteen blocks 

of trials were presented, each consisting of 160 trials and lasting 3.3 minutes, yielding 

300 total trials in each condition (e.g., fully incongruent multisensory followed by a 

probe). 

6.2.3 Behavioral Analysis 

 For each participant and each condition, trials that had RTs on the letter-

discrimination task greater than or less than two standard deviations from the mean of 

that condition were excluded from analysis. Each of the proportion correct values in the 

four main multisensory incongruency conditions (congruent, incongruent, incongruent 

left and incongruent right) were entered into a 4 (incongruency) by 2 (probe vs. no 

probe) two-factor ANOVA 
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6.2.4 EEG Recording and Analysis 

Using an ANT (Advanced Neuro Technology, The Netherlands) acquisition 

system, continuous 128-channel EEG data were acquired during the experimental runs, 

using an on-line average-channel reference.  All impedances were maintained below 5 

kohms, and the data were sampled at 512 Hz.  Horizontal and vertical electro-ocular 

recordings (HEOG and VEOG) were obtained using additional external electrodes 

placed above and below the right orbit and on the left and right canthi, respectively. 

Offline, the data were bandpass filtered from 0.01 Hz to 30 Hz and re-referenced to the 

average of the left and right mastoids. Trials with eye blinks and movements were 

rejected, along with trials containing excess muscle activity and/or slow drift. Time-

locked averages were obtained for the onset of each trail and sorted by the various 

conditions (multisensory congruency condition, probe versus no probe, etc.), with the 

analyses collapsed across X and O stimuli. Additional time-locked averages were 

obtained for the onset of the visual probe stimuli. Subsequently, difference waves 

between the conditions were calculated, with specific subtractions described in the 

results below. For all plots and statistics, the stimuli were baselined from 200 ms to 0 ms 

prior to relevant stimulus, and all statistical results were Greenhouse-Geisser corrected, 

where applicable.   
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6.2 Results 

6.2.1 Behavior   

Participants had a high proportion correct across all conditions (Figure 2A), 

averaging 96.3 percent correct.   More importantly here, however, there was an effect of 

multisensory incongruency on accuracy (F(3,78) = 4.48, p = 0.006). Neither a main effect 

of probe presence on accuracy nor an interaction of probe presence and incongruency 

were observed (all Ps > 0.1). Planned comparisons revealed that the effect of 

multisensory incongruency was driven by participants being significantly more accurate 

on the congruent condition than incongruent, incongruent right and incongruent left 

(congruent vs. incongruent, M = 0.969 vs. 0.959, t(26) = 3.17, p = 0.004; congruent vs. 

incongruent right, M = 0.969 vs. 0.961 t(26) = 2.80, p = 0.01; congruent vs. incongruent 

left, M = 0.969 vs. 0.963, t(26) = 2.49, p = 0.02). No other differences in accuracy across the 

conditions were observed (all p’s > 0.1).   
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Figure 19: Behavioral Data.  (A). Accuracy. The proportion correct for the 
auditory spoken letter discrimination is plotted as a function of trial type. For each 

condition, proportion correct responses are collapsed across probe and no probe trials. 
Participants were highly accurate across all conditions, with the congruent condition 
being the most accurate. (B). Reaction times. Participants were slowest to respond to 

the incongruent trials and fastest to respond to congruent trials. For both figures, 
asterisks denote the level of significance: * = p < 0.05;  ** = p < 0.01; *** = p < 0.005; **** 

= p < 0.001.  

 

The incongruency of the multisensory stimuli also had an effect on reaction time 

(RTs) (Figure 19). As was done with the accuracy, the RT data were analyzed using a 4x2 

two-way ANOVA, with the factors of incongruency and probe presence. A main effect 

of incongruency on RT was found (F(3,78) = 10.33, p < 0.001), but, again, neither a main 

effect of probe presence nor an interaction between probe presence and incongruency 

were observed (Ps > 0.1).  Follow-up t-tests found that incongruent RTs were 

significantly slower than congruent (incongruent M = 430.1 ms vs. congruent M = 417.6 

ms; t (26) = 6.40; p < 0.001), as were incongruent right (incongruent right M = 423.1 t (26) 
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= 2.79; p = 0.01). Additionally, incongruent response times were significantly slower than 

incongruent right (t(26) = 3.30, p = 0.003) and slower than incongruent left (M = 420.1; 

t(26) = 3.86,  p = 0.001). No other significant differences between conditions were 

observed. Together, these data suggest that the manipulation of incongruency had a 

clear effect on the participants’ accuracy and reaction times, with the fully incongruent 

trials causing the greatest behavioral decrement.  

6.2.2 ERPs 

6.2.2.1 Main Effects of Incongruency  

Time-locked averages to the multisensory stimulus onset were obtained for congruent, 

incongruent, incongruent left and incongruent right trial types (collapsed across both 

probe and no-probe conditions). A fronto-central negative-polarity ERP effect of 

incongruency was observed starting around 250 ms and ending around 500 ms post-trial 

onset (Figure 20). Specifically, there was a greater negativity for the incongruent 

condition compared to the congruent condition, with the incongruent left and 

incongruent right conditions eliciting levels of this activity that fell between these two. A 

repeated measures ANOVA to examine this effect was conducted using incongruency 

(fully congruent, fully incongruent, incongruent left, and incongruent right) as a factor 

on the midline site Cz2

                                                      

2 The electrodes over which these and subsequent analyses were conducted are reported with the 10-20 
system naming convention. Although the 10-20 sites and our 128-channel sites do not overlap perfectly, the 
10-20 sites most proximal to our electrodes are reported.   

 , and the four immediately adjacent sites in all directions [see 
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Figure 20]), for the time period of 250 to 500 ms, which showed a robust main effect of 

incongruency (F(3,78) = 7.07, p = 0.001). The effect of incongruency was driven by the 

incongruent (t(26) = 3.29, p = 0.003) and incongruent left (t(26) = 2.58, p < 0.02) trials 

eliciting a greater negativity than did the congruent ones, and incongruent right eliciting 

less of a negativity than incongruent left (t(26) = 2.42, p = 0.02) and incongruent (t(26) = 

3.73, p = 0.001) trials. There was a trend toward a difference between incongruent left 

and fully incongruent (t(26) = 1.76, p = 0.09), with the fully incongruent being more 

negative.  Thus, the general pattern was that from 250 to 500 ms a greater central 

negativity was elicited for incongruent trials relative to congruent trials, with the 

partially congruent trails falling between the fully congruent and fully incongruent 

trials, paralleling the behavioral results.  
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Figure 20: Incongruency Neural Effects. (A). ERP traces at site Cz showing the 
incongruent and congruent waveforms. An increased negative-polarity ERP waves is 
present for the incongruent compared to the congruent condition starting at around 
250ms. (B). Traces at Cz for incongruent right versus fully congruent trial types. The 

activity for the incongruent right was slightly more negative from 250-500 ms than the 
congruent; however this difference was not significant. (C). Traces at Cz for 

incongruent left versus fully congruent trial types. The incongruent left trials had a 
greater negative deflection compared to the congruent trial types from ~250-500 ms. 

(D). Differences waves for incongruent, incongruent right and incongruent left minus 
congruent, respectively plotted from 350 to 400 ms across the scalp. The greatest ERP 
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negativity is observed for the incongruent minus congruent, while the partially 
congruent conditions show less negativity for this difference. 

6.2.2.2 Effects on the sensory response to the probe stimulus  

To assess the responses in visual cortex to simple stimuli as a function of whether 

or not the visual component of the preceding multisensory stimulus had been 

congruent, incongruent, or partially incongruent with the task-relevant auditory 

component, we collected time-locked averages to the onset of the visual probe.  On trials 

for which no probe occurred, time-locked averages were also obtained to the times at 

which a probe could have occurred (i.e., at similarly random points jittered between 500 

-700 ms post-trial onset). By then subtracting the ERP responses to the trials with no 

probe from those with a probe, separately for the different preceding multisensory 

congruency trial types, the event-related responses to the visual probes could be 

extracted for each of the different post-multisensory-conflict context conditions.  This 

subtraction removes the overlapping activity of the processing of the preceding 

multisensory stimulus in the trials, along with any motor or categorization-related 

activity associated with the letter-discrimination task, leaving the ERP responses to the 

probe stimuli under the different multisensory context conditions. The magnitude of 

these sensory responses (Figure 21) could be evaluated to assess the amount of attention 

allocated to the task-irrelevant visual modality under these different conditions.  

Specifically, because the visual probe stimulus was the same physical stimulus across all 

conditions, any differences in the sensory response to it would presumably be the result 
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of the amount of attentional allocation to the visual modality as a function of the 

previous multisensory trial type (e.g., fully incongruent versus fully congruent). These 

analyses revealed two differential effects on early sensory components to the probe 

(Figure 21). The first was a small effect on the frontal N1 component, and the second was 

a larger, posterior (parietal) effect on the P2.  
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Figure 21: Sensory responses to the visual probes. (A). The three traces from 
left to right show the anterior responses to the visual probes following the 

multisensory stimuli that were fully incongruent versus fully congruent, incongruent 
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right versus fully congruent, and incongruent left versus fully congruent at site FCz.  
An effect on the early anterior N1 component was found to be enhanced for probes 

following an incongruent versus a congruent multisensory stimulus, with the probes 
following incongruent left and incongruent right stimuli falling in between these 

two. Topographic distributions depict the difference waves of this effect from 130 to 
160 msec and to have an anterior focus. (B). The three traces from left to right show 
the posterior responses to the visual probes following multisensory stimulus that 

were fully incongruent versus fully congruent, incongruent right versus fully 
congruent, and incongruent left versus fully congruent at site POz. Here, a large P2 

response can be found for the probe in the incongruent, incongruent right and 
incongruent left conditions. This response is located over occipito-parietal regions, as 

can be seen in the topographic distributions, plotted from 225 to 275 msec.   

The mean amplitude from the frontal N1 component (Figure 4A) was first 

analyzed using a repeated-measure ANOVA with the factor of incongruency 

(congruent, incongruent, incongruent left, and incongruent right), conducted on five 

midline sites between ~Cz  and ~FpFz  (and the five channels immediately to the left and 

right of the midline) from 110 to 190 ms following probe onset. This analysis revealed a 

main effect of preceding multisensory incongruency (F(3,78) = 3.04, p = 0.03) on the N1 

component. Subsequent specific comparisons showed that a visual probe following an 

incongruent multisensory stimulus had a marginally greater ERP negativity in the N1 

latency range than following a congruent one (t(26) = 1.86, p = 0.07). The differences 

between incongruent right and incongruent left followed a similar pattern to that of 

fully incongruent stimuli, with both showing a greater N1 than the congruent condition 

(incongruent right vs. congruent: t(26) = 2.89, p  = 0.008; incongruent left vs. congruent: t 

(26) = 2.29, p = 0.03). No other significant differences on the frontal N1 to the probe as a 
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function of the incongruency characteristics of the preceding multisensory stimulus 

were observed.  

The effect on the P2 sensory-evoked response (Figure 21B) was also analyzed 

(from 175 to 325 ms post-probe onset) to determine if this component was also 

modulated as a function of the incongruency in the multisensory target stimulus within 

the trial. A repeated-measures ANOVA with the 4 levels of congruency was run on 

POZ, OZ and the two immediately adjacent lateral sites (see Figure 4). This analysis also 

revealed a particularly large and robust main effect of incongruency (F(3,78) = 10.29, p < 

0.001). Subsequent analyses showed that the probe P2 for all conditions with any 

incongruency (incongruent, incongruent right, and incongruent left) in the preceding 

target stimulus were significantly larger than for the fully congruent conditions 

(incongruent vs. congruent: t(26) = 4.95, p < 0.001; incongruent right vs. congruent: t(26) = 

3.13, p = 0.004; incongruent left vs. congruent t(26) = 3.50, p = 0.002). There was also a 

marginal difference between incongruent and incongruent right (t(26) = 1.98, p = 0.06), 

with the P2 activity in response to the probe being more positive when it followed an 

incongruent compared to an incongruent right multisensory stimulus. Taken together, 

the sensory response to the probe stimuli clearly varied as a function of the 

incongruency-character of the preceding multisensory stimulus, with the greatest probe 

response following a fully incongruent multisensory stimulus.  
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6.2.2.3 Brain activity as a function of reaction time 

 In an additional analysis, we sought to determine if the enhanced probe activity 

that was observed in the N1 and P2 responses following an incongruent versus a 

congruent multisensory stimulus also varied within the incongruency condition as a 

function of response time. Accordingly, for each condition and for each subject, trials 

were divided into thirds according to the response time. As such, the top third (i.e., the 

fastest trials in a given condition) and the bottom third (i.e., the slowest trials in a given 

condition) were obtained. Within the sets of fastest and slowest trials, respectively, the 

ERP response on trials without a probe (time-locked to when a probe would have 

occurred) were subtracted from the probe-locked response on trials with a probe, 

leaving the sensory responses to the probe separated as a function of response speed 

with that incongruency trial type. Figure 22 shows the fastest vs. slowest trials for the 

incongruent condition, highlighting the N1 and P2 responses to the probe stimuli 

following the incongruent multisensory stimuli. As can be seen, the trials with the 

slower RTs (i.e., presumably those for which the incongruency of the preceding 

multisensory stimuli had the greatest effect) showed a greater negativity for the N1 and 

a greater positivity for the P2 than the faster trials. Specifically, the N1 effect was tested 

on the same channels as above and was found to be  significantly larger for the slow 

versus the fast trials (t(26) = 2.05, p = 0.05) from 100 to 130 ms. The P2 effect, on channels 

POZ, OZ and the two immediately adjacent lateral electrodes from 175 to 325 ms, also 
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showed a significant difference for fast vs. slow incongruent trials (t(26) = 2.28, p = 0.03; 

see Figure 22 for channel locations), with a larger probe P2 following the incongruent 

stimuli with the slowest RTs.    

 

Figure 22: Brain Activity as a Function of Response Time. (A). The trials 
ofincongruent condition were binned into thirds for each subject as a function of the 

reaction times. The responses to the visual probes are plotted for the third slowest 
and third fastest trials in each incongruency condition. The trials in which 

participants were slow to make their response (i.e., those for which they had the 
biggest slowing effect of incongruency) also had the biggest visual responses to the 

probe as indicated by the differential N1 and P2 responses to the same physical 
stimulus. (B). The plots show the probe responses for the incongruent left and 
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incongruent right trials for which the reaction times fell in either the slowest third or 
the fastest third of trials in those conditions. Here, the data are collapsed across 

conditions such that the contralateral activity was averaged as was the ipsilateral 
activity for these parietal-occipital sites. A differential response pattern of enhanced 
activity to the P2 response is observed for the slow trials compared to the fast trials 

over the hemisphere contralateral to the preceding incongruency, while no difference 
was observed over the hemisphere ipsilateral to the incongruency. Specifically, an 

enhanced P2 response to the probes was observed for the slow trials compared to the 
fast trials on the side contralateral to the side of the incongruent part of the 

multisensory target stimulus. (C). Schematic of the location of the electrodes shown 
above in A and B. 

Another interesting pattern of findings emerged when looking at the fastest vs. 

slowest trials for the incongruent right and incongruent left conditions. Here, the 

slowest trials showed a greater P2 response, with this enhancement in both cases being 

contralateral to the side of the incongruent visual stimulus. That is, for partially 

incongruent slow-RT trials in which the multisensory target stimulus was incongruent 

on the right, the greater P2 positivity emerged over the left occipital-parietal sites, and 

for the incongruent left trials, the greater positivity emerged over the right occipital-

parietal sites (Figure 22B). In order to increase the signal-to-noise ratio for this analysis, 

the data for the incongruent left condition were flipped so that the activity that normally 

appeared on the left was on the right. These flipped data were then averaged with the 

incongruent right data so that the contralateral data now appeared on the left for both 

conditions and the ipsilateral data appeared on the right for both conditions (Figure 

22C). These data were the entered into a 2 factor (Response Time: Fast vs. Slow by 

Hemisphere: Contralateral vs. Ipsilateral) repeated-measures ANOVA at the adjacent 
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sites ~P4i, TO2, T46i (right hemisphere), and P3i, TO1, T35i (left hemisphere) for 175 to 

325 ms. This analysis revealed a significant interaction of Response Time by Hemisphere 

(F(1,26) = 4.76, p = 0.04), reflecting this contralaterally larger P2 enhancement for slow 

partially incongruent trials.  

6.3 Discussion 

The current study used an auditory-attention multisensory-conflict probe 

paradigm to test for modulations of processing in the task-irrelevant modality (vision) as 

a function of between-modality stimulus incongruency.  In terms of overall 

incongruency effects, behavioral decrements in stimulus discrimination performance 

were found when the task-relevant auditory stimulus occurred with a simultaneous 

incongruent visual stimulus, reflected by slower RTs and decreased accuracy, as 

compared to when the multisensory stimulation was congruent. The RTs for the 

partially incongruent trials (incongruent on one side, congruent on the other) fell 

between those of the fully incongruent and fully congruent trials. The 

electrophysiological activity elicited by the multisensory stimuli paralleled the behavior, 

showing an increased fronto-central negativity starting around ~250 ms and lasting until 

~500 ms post-multisensory-stimulus onset for the incongruent relative to the congruent 

trials, with the response to the partially incongruent trials again falling between that to 

the fully incongruent and fully congruent trial types. Thus, in line with previous 

multisensory studies (e.g., Molholm, Ritter, Javitt, & Foxe, 2004), we show that the 
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current paradigm elicited a negative-polarity neural response to cross-modal conflict, 

similar to the evoked negative-polarity ERP which been modeled as arising from the 

ACC in cases of unimodal conflict (e.g., Liotti, et al., 2000).  

Our main goal here, however, was to use a sensory probe technique to assess for 

differential allocation of attention to the task-irrelevant visual modality following the 

multisensory target stimulus as a function of its intermodal incongruency characteristics.  

To do this, we extracted the ERP responses to visual probe stimuli occurring 500-700 ms 

after the different multisenosory target stimulus types. The pattern of neural responses 

to the visual probes, as indexed by larger N1 and P2 sensory-evoked visual ERP 

responses, strongly suggests that more attention was drawn toward the irrelevant 

modality when the visual component of the preceding multisensory stimulus was 

incongruent versus congruent with the task-relevant auditory component.  Further, a 

comparison of the responses to probes following incongruent trials with slower versus 

faster RTs showed particularly increased N1 and P2 responses for the slower trials. 

Finally, on slower, relative to faster, partially incongruent trials, the probes elicited a 

greater P2 sensory component contralateral to the side of the preceding incongruent 

stimulus. Thus, multiple facets of the results converge to support the view that when 

input from a task-irrelevant stimulus modality conflicts with task-relevant stimulus 

input within another modality, the initial response of the brain is for attention to be 

rapidly drawn toward the irrelevant modality, which then appears to serve as a key 
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mechanism underlying the associated decrement in behavioral task performance.  

Moreover, the current results strongly suggest that this rapid attentional capture by the 

source of the incongruent stimulus in the task-irrelevant modality results in a rapid and 

distracting attention enhancement of the processing of that irrelevant-modality input, 

rather than a rapid performance-enhancing attentional suppression of the incongruent 

stimulus input.  

Although participants were instructed to attend selectively to the auditory 

modality and to ignore the visual one, we still found behavioral and neural interference 

effects induced by the task-irrelevant visual input on incongruent trials.  On the one 

hand, this is a bit surprising given that selective attention could potentially act to heavily 

filter out the irrelevant information in one modality (something which might harder to 

do in a unimodal Stroop task, for example, due to the typical spatial overlap of the 

stimuli). However, our evidence is not the only evidence that selective attention is often 

unable to completely operate unimodally by filtering out distracting information from a 

different modality, in that other studies, including from our group, have found 

incongruency effects (behavioral and neural) for conflicting multisensory stimuli (e.g., 

Bendixen, et al., 2010; Molholm, et al., 2004; Weissman, et al., 2004, 2009; Zimmer, 

Itthipanyanan, Grent-'T-Jong, & Woldorff, 2010; Zimmer, Roberts, Harshbarger, & 

Woldorff, 2010). One of the more novel aspects of the present study is that the degree for 

such interference effects was specifically modulated by the amount of interference 
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present, with the effects for the partially incongruent stimuli falling -- behaviorally and 

neurally -- between the full congruent and fully incongruent stimuli. This evidence 

suggests that the conflict-related decrement in behavioral performance (along with the 

corresponding neural hallmarks of conflict) are directly related to the proportion of the 

irrelevant stimulus input the interfering information occupies, with more interference 

present leading to greater conflict (see also Appelbaum, et al., 2011).  

In terms of overall incongruency effects, a separate notable aspect of the current 

results is the timing of the first component of detection of conflict in the multisensory 

stimuli (the enhanced central negativity at ~250 ms for incongruent relative to congruent 

stimuli). Most studies of this sort of incongruency effect have been carried out 

unimodally within vision (e.g., the classic Stroop) and have typically found this 

incongurency-related ERP component to start at a substantially longer latency (e.g., ~350 

ms;  Liotti, et al., 2000; Markela-Lerenc, et al., 2004; West & Alain, 1999).  Our 

observation of this effect starting at ~250 ms post stimulus onset, suggests that the 

incongruent stimulus input is detected more quickly when the incongruency is between 

modalities, at least when the relevant modality is auditory and the irrelevant one visual. 

The timing of this incongruency-related effects is more similar to what we have 

previously observed with a within-auditory Stroop task (Donohue, Liotti, Perez, & 

Woldorff, in press), suggesting that the rapidity of conflict detection may be related to 

the relevant attended stimuli being auditory. It is also possible that the simple nature of 
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the visual stimuli used here could have aided in the rapidity of the multisensory conflict 

detection. The only letters used here were the letter “X” and the letter “O” and, given 

that these have very unique physical forms, it is possible that information gathered in 

early visual areas would be very fast, facilitating the detection of a match vs. non-match 

to the rapidly processed auditory stimuli (in contrast to an entire color word in the 

classic color-naming Stroop task). Another possibility for the early onset of these effects 

could be due to the fact that there were only two response options here (as compared to 

the four choices typically used in a Stroop task). Appelbaum and colleagues also found 

an earlier onset (~200 ms) of this component in a 2-response-choice Flanker task (2011). 

While the simplicity of the multisensory stimuli and/or there being only two response 

options may be related to the early onset of this component, further work needs to be 

done using EEG to examine the temporal characteristics of multisensory conflict 

processing more generally, including determining whether the timing of this conflict 

detection is consistently earlier than with unimodal visual conflict.  

The novel use of a visual probe stimulus in the current study provided us a 

gauge of the processing of stimuli in the task-irrelevant modality 500 to 700 ms post 

multisensory stimulus onset. The finding of greater sensory responses to the probe when 

it followed an incongruent multisensory stimulus as compared to a congruent one 

suggests that, at least at that point in the trial, attention resources had been pulled more 

toward the irrelevant modality when it had contained an incongruent, and therefore 
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presumably more distracting, stimulus component with respect to the target stimulus in 

the relevant modality.  Moreover, this increased visual-probe response following an 

incongruent stimulus was particularly large for the most slowed incongruent trials, 

further supporting that this effect is reflecting performance-impairing distraction.  This 

result is thus in line with a recent within-vision finding from our group (Appelbaum et 

al, 2011) of the presence of increased activity contralateral to the side of a distracting 

flanker stimulus which was greatest for subjects with the greatest incongruency-related 

task performance impairment.  Importantly, however, the present study was able to 

directly gauge the sensory processing with the task-irrelevant modality through the 

sensory-probe technique, thus going beyond the somewhat more indirect approach of 

correlations across subjects used in our previous study. 

While the high temporal resolution of the ERPs allowed us to determine that this 

relative enhancement of visual processing occurred at 500 to 700 ms post-stimulus onset, 

we did not probe at various other time points.  Thus, we were unable to determine 

whether attention was pulled more toward the irrelevant modality throughout the 

duration of the trial, or whether there was a shift toward suppression of distracting 

input later on in the cascade of temporal processes. Because probing around and before 

the response time can interfere with the RTs (as indicated in some initial piloting for this 

study) we decided against probing earlier to look at the attentional modulation in the 

visual modality, and using a probe for this may not be the most ideal technique for 
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studies along these lines. Nevertheless, follow-up studies probing later time periods in 

the trial to more fully determine the time course of the attraction of attention to the 

irrelevant modality could be very worthwhile. Indeed, two fMRI studies have found 

enhanced processing in the superior temporal sulcus (N. van Atteveldt, Formisano, 

Goebel, & Blomert, 2004; N. M. van Atteveldt, Blau, Blomert, & Goebel, 2010) for 

congruent relative to incongruent trials. As their results would suggest, at some later 

point in the trial there may be some relative suppression of processing of the 

incongruent stimuli relative to congruent ones, following the rapid enhanced processing 

observed here. Further, it is possible that this could indeed happen for a longer duration 

of time during the latter part of the trial, thereby giving rising to the effects sees with the 

slower temporal resolution and more temporally integrating measures of fMRI.   

The probe modulations were evidenced in both the N1 and P2 sensory 

components of the probe. A bit surprisingly, there was no difference in the P1 for the 

probe following the congruent or incongruent multisensory stimuli. The P1 has often 

been a hallmark of visual attentional modulations, with classic studies of attention 

finding enhancements at this time period (e.g., Heinze, et al., 1994; Vanvoorhis & 

Hillyard, 1977; Woldorff, et al., 1997). However, a study of visual attention observed that 

components such as the P1 and N1 are affected by the spatial gradients of attention with 

decreasing modulations of the P1 and N1 as a function of spatial distance from the focus 

of attention (Mangun & Hillyard, 1988).  It is possible that since the visual stimuli in the 
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current paradigm were not directly in the center of the screen (i.e., the spatial location of 

the auditory stimuli), we may have been less likely to find effects on these components. 

Further, given that attention was directed toward the auditory system on every trial, 

these visual modulations come in the form of intermodal attention, and may not show 

the same type of significant modulation of the P1 that attentionally-demanding 

unimodal visual tasks can elicit (O'Donnell, Swearer, Smith, Hokama, & McCarley, 

1997).   

The N1 modulation of the probe observed here was only found in the anterior 

N1 with no differential effects for the posterior N1. Specifically, the anterior N1 response 

was greater to probe stimuli when they followed incongruent multisensory stimuli, and 

within the incongruent condition, the anterior N1 response was greatest on trials for 

which participants were slowest to respond. Interestingly, a similar anterior N1 effect 

was found by Tollner and colleagues (Tollner, Gramann, Muller, & Eimer, 2009) in a task 

that entailed switching attention between modalities. Participants were asked to detect 

the modality (visual or tactile) in which a stimulus was presented, and on visual trials 

where the previous stimulus had been tactile, the amplitude of the anterior N1 was 

greater than when the stimuli remained in the same modality, even if presented at a 

different location within that modality. Our results appear to fall in line with these 

previous findings, with the anterior N1 effect reported here perhaps indicating the 
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switch of attention toward the irrelevant modality (vision) as a reaction to the preceding 

incongruent multisensory stimulus, manifesting in distraction.   

The P2 component, which showed the largest modulation due to preceding 

incongruency, also showed a telling interaction with the speed of behavioral task 

response to the multisensory stimulus. In particular, for the incongruent trials that were 

slower and presumably involved more distraction for the participants (see Weissman, et 

al., 2006; Weissman, et al., 2009), the P2 to the visual probe was particularly large, 

further suggesting that attention was being pulled particularly strongly toward the 

visual modality. The partially incongruent trials shed yet more light on the attentional 

modulations in that on the slowest trials the increase in the probe P2 component was 

particularly strong on the side contralateral to the side of the preceding incongruent 

visual stimulus that preceded it within the trial. That is, in those cases where people 

were slowest to respond, more visual attention would appear to have been captured to 

the visual-field location of the incongruent stimulus, thereby presumably creating a yet 

even more salient representation of the conflicting stimulus to compete with the relevant 

information, and thus thereby inducing the largest behavioral performance impairment.  

In sum, the present results suggests that, in the face of conflicting multisensory 

stimulus input, attentional resources appear to be drawn toward the irrelevant modality 

when it contains an incongruent multisensory stimulus. Specifically, when task-

irrelevant stimulus input conflicts with that input which is relevant, it triggers a rapid 
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increase of attentional resources to be drawn to that irrelevant input, resulting in 

enhanced processing of that irrelevant input.  This result is thus in sharp contrast to the 

alternative possibility, which would have been that of rapid task-performance-

enhancing suppression of the processing of the distracting incongruent input, as this 

would have been evidenced by reduced sensory responses to the visual probes.  While 

further work needs to be done to lay out the entire temporal cascade of attentional 

modulation in response to conflict processing, including later processes in the cascade, 

the current findings provide strong evidence concerning the initial part of the brain’s 

response to intermodal incongruent stimulus input.  In particular, this early response is 

dominated by the rapid distraction or capture of attentional resources toward the source 

of the incongruent stimulus input, with this attentional distraction then likely serving as 

a key underlying mechanism for the behavioral performance decrements that are 

observed under these circumstances.  
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7. Cognitive Pitfall!: Video game players are not immune 
from dual-task costs1

To be more productive we often rely on technological advances that enable us to 

do multiple tasks at one time. People will engage in such multitasking even in 

potentially dangerous situations. For example, many drive while talking on a cell-phone 

despite this being as detrimental as drunk driving (Strayer, Drews, & Crouch, 2006) and 

a general source of performance costs (e.g., Caird, Willness, Steel, & Scialfa, 2008; 

Farmer, Braitman, & Lund, 2010; Strayer, Drews, & Johnston, 2003).  

 

Why do people drive while talking on the phone given the dangers (e.g., 

Hendrick & Switzer, 2007; Strayer & Johnston, 2001)? One possibility is that they are not 

aware of the dangers, especially with misconceptions over hands-free vs. hand-held; 

laws that require the use of hands-free technology suggest the problem is primarily 

manual rather than attentional. Another possibility is that since most people multitask in 

many aspects of their lives with no (noticeable) costs, they may believe they are immune. 

And in fact, some people might actually be immune: In a recent study, five of the 200 

participants were found to be ‘supertaskers’ – they were not affected by dual-task costs 

when performing a simulated driving task (Watson & Strayer, 2010). There may be a 

lucky few who can successfully drive while distracted, but what about the rest of us? 

                                                      

1 The contents of this chapter are currently under review (requested revision) with the authors: Donohue, 
S.E., James, B., Eslick, A., & Mitroff S.R.  
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What does this mean for the estimated ~65 % (Braitman & McCartt, 2010) of Americans 

who regularly engage in phone conversations while on the road? 

A candidate group that might demonstrate blanket dual-task immunity is avid 

action video game players (VGPs). Compared to non-players (NVGPs), VGPs have 

greater visual acuity (Green & Bavelier, 2007) and contrast sensitivity (Li, Polat, Makous, 

& Bavelier, 2009), and more accurate multisensory discriminatory capabilities (Donohue, 

Woldorff, & Mitroff, 2010). Further, VGPs are better able to track multiple moving 

objects (Green & Bavelier, 2006) and divide their attention (e.g., Greenfield, 

DeWinstanley, Kilpatrick, & Kaye, 1994; Maclin et al., 2011). Moreover, some VGP 

benefits may stem from improved top-down cognitive control (Chisholm, Hickey, 

Theeuwes, & Kingstone, 2010) and strategy choices (Clark et al., 2011). Given these and 

other benefits appear to manifest as generalized learning effects from merely playing 

games (e.g., Green & Bavelier, 2003), might VGPs have boosted abilities and be immune 

to dual-task costs? 

The current goal is to determine if VGPs’ benefits translate into a reduced cost of 

multitasking. This is an open question because while prior work suggests VGPs have 

attentional advantages, they also can be more susceptible to distraction (e.g., Green & 

Bavelier, 2003). To test this, participants completed three paradigms (a video-game-

based driving paradigm, multiple-object tracking, and a non-computer-based image 

search), with and without a concurrent distracting task. 
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7.1 Method 

7.1.1 Participants 

Sixty participants from the Duke University community (M=20.2 years, SD=3.5; 

52 males) completed all three paradigms. Data from six additional participants were 

excluded because they were less than 30% accurate on the baseline trivia. Participants 

completed a video-game experience questionnaire after the experiment. VGPs2

7.1.2 Single and Dual-Task Component  

 (N=19; 0 

females) were those who played a minimum of hours/week of first-person shooter  

games within the past 6 months (M =3 hrs/week), who rated their first-person shooter 

expertise as average or above average, and who had played 5+ hours/week of these 

games at another point in their lifetime. NVGPs (N=26; 7 females) were those who did 

not play first-person shooter games within the past 6 months and who had never played 

5+ hours/week of these games, and who rated their expertise at these games as below 

average. The remaining participants (N=15) had gaming experience between these 

extreme criteria. 

Each paradigm was conducted in a single- and dual-task phase. The dual-task 

required participants to answer trivia questions over a speakerphone (asked by an 

experimenter in another room), and the single-task consisted of the same paradigms 

                                                      

2 Most participants were recruited based on prior access to their gaming experience (e.g., through a survey 
for a psychology course). They were not told that they were recruited due to gaming experience, and their 
VGP status was based on the post-experiment questionnaire. 



 

207 

without the questions. Trivia questions from Trivial Pursuit (Genus II and Pop Culture 

Versions) were pre-screened with an additional 10 participants, and 196 questions 

answered with 50-90% accuracy were used. Questions were randomly selected for the 

paradigms and a baseline accuracy assessment: At the start of the experiment, 

participants answered 20 trivia questions over a speakerphone. 

If a question was not answered within five seconds it was counted as incorrect. 

Participants were told to guess if they did not know the answer. Responses were audio-

recorded for accuracy verification, and no feedback was provided. Across paradigms, 

each participant always completed the single-task component first or second (order 

counterbalanced across participants).  

7.1.3 Driving Paradigm  

Nine tracks (eight test, one practice) created with TrackMania Nations3

                                                      

3 TrackMania Nations can be freely downloaded from 

 were 

presented on a 21-inch LCD monitor at a distance of ~57-cm (Figure 23). Participants 

used a Logitech Moma Racing Wheel with accelerator and brake pedals. Each track 

contained four obstacle areas with poles in the road or protruding walls. Participants 

were instructed to complete each track as quickly as possible while avoiding walls and 

obstacles (as if actually driving). The practice track provided five minutes of 

http://www.trackmanianations.com/indexUk.php. The editor function was used to create tracks 
of approximate equal length, each containing 4 obstacle areas (e.g., posts in the road, narrowing 
of road).  
 

http://www.trackmanianations.com/indexUk.php�
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familiarization, and then the eight test tracks were randomly assigned as four single- 

and dual-task trials. For the dual-task, participants answered questions for the duration 

of each trial. Each trial was digitally recorded and coders who were blind to both 

condition and gaming status later scored them for driving speed, number of wall hits, 

obstacle hits, and obstacle incidents (e.g., hitting a wall or obstacle in an obstacle area). 

7.1.4 Multiple-Object-Tracking Paradigm  

Stimuli (eight identical white dots; diameter=0.5°) were presented with 

Psychophysics Toolbox using Matlab, on a Dell Dimension E250 with participants seated 

~57cm away. In each trial, four target dots flickered (disappeared and reappeared three 

times) and then all dots moved around the screen. Participants tracked the motion of the 

target dots and used the mouse to click on each of them at the end of 12 seconds of 

motion (Figure 23). The dots changed color (green: correct; red: incorrect) after each 

response to indicate accuracy. Because prior evidence has shown that VGPs have 

heightened capacity in this paradigm (Green & Bavelier, 2006), we equated initial 

performance to best assess dual-task costs. Participants completed 20 initial trials in a 

staircase design for which the speed of the dots’ motion was titrated to achieve 80% 

accuracy. The average speed of the final three trials of each participant’s titration block 

was used as the speed for the subsequent blocks. After the titration, participants 

completed single-task and dual-task blocks of 20 trials each. For the dual-task trials, 

participants answered two trivia questions during each 12-second motion period. 
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7.1.5 Image-Search Paradigm  

This paradigm was done on paper to test VGPs in a non-computer-based setting. 

Ten black-and-white images obtained from Highlights for Children magazine (Figure 

23) consisted of to-be-found items hidden among a scene. For each scene, participants 

were given 30 seconds to familiarize with the items and then one minute to search the 

scene with the to-be-searched items still visible. For the dual-task component, trivia 

questions were asked during the one-minute search period. Participants completed two 

practice images and then four single-task and four dual task images (randomly selected 

from the pool of eight images for each participant).    
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Figure 23: Paradigms. A. Driving paradigm depiction. Participants navigated 
tracks created with Trackmania Nations, and they did four with and four without 

answering trivia questions over a speakerphone. B. Schematic depiction of a multiple-
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object tracking trial. At the start of each trial, four target dots flashed three times and 
then all eight dots moved for 12 seconds. After the motion the participants were to 

click on the four target dots. For the dual-task component, trivia questions were asked 
during the motion. C. Sample image-search trial (reproduced with permission from 

Highlights for Children, Inc.). Participants viewed the to-be-found items (bottom) for 
30 seconds and then had one minute to find the items within the scene. For the dual-
task component, trivia questions were asked during the one-minute search period. 

7.2 Results  

7.2.1 All Participants (N=60)  

Data from all participants (VGPs, NVGPs, and others who fell between the two 

extremes) are presented here first, with the VGP and NVGP comparisons presented 

below in section 7.2.2.  

7.2.1.1 Trivia 

Baseline trivia accuracy was compared to accuracy in each paradigm (see Table 

6). With a multiple comparisons correction α of 0.017, there were marginal differences 

for the driving (t(59)=2.32, p=0.02) and the image-search (t(59)=2.46,  p=0.017) paradigms, 

and not for the multiple-object tracking task (t(59)=1.62, p=0.11). 

Table 6: Mean (and standard deviation) data for trivia accuracy for all 
participants, VGPs, and NVGPs for the baseline, driving, image search and multiple-

object tracking tasks. 

Accuracy on 
Trivia Task 

All Participants  
(N = 60) 

Video game 
players (N = 19) 

Non-video game 
players (N = 26) 

Baseline 56.74% 
(16.25%) 

53.73% 
(16.70%) 

57.71% 
(15.58%) 

Driving 52.58% 
(16.03%) 

52.55% 
(16.53%) 

51.37% 
(17.25%) 

Multiple-object 
Tracking 

53.66% 
(17.31%) 

52.32% 
(14.03%) 

52.22% 
(20.14%) 

Image Search 52.48% 
(16.96%) 

48.53% 
(17.00%) 

52.92% 
(17.27%) 
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7.2.1.2 Single- vs. Dual-task comparisons 

All three paradigms revealed dual-task costs across the 60 participants (Figure 

24A). In the driving paradigm, driving time significantly increased for the dual-task 

tracks compared to the single-task tracks, and the dual-task tracks had fewer wall hits, 

obstacle hits, and obstacle incidents (see Table 7 for means and statistics). Tracking 

accuracy was significantly worse in the dual-task condition (M=79.58%, SD=8.58%) than 

the single-task condition (M=82.773%, SD=7.25%; t(59)=3.54, p=0.001) for multiple-object 

tracking. Fewer images were found in the dual-task condition (M=5.37, SD=1.64) than 

the single-task condition (M=6.96, SD=1.69; t(59)=7.18, p<0.001) in the image search.  

 

Figure 24: Dual-task effects. A. Data for all 60 participants for the driving, 
multiple-object tracking and image search paradigms.  Each paradigm revealed a 

significant performance decrement (see text for statistics) in the dual-task condition as 
compared to the single-task condition. B. VGPs (N=19) vs. NVGPs (N=26) performance 
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as a function of single task and dual task. In the multiple-object tracking and image 
search paradigms all participants performed significantly worse in the dual task 

condition.  Error bars represent S.E.M. 

Table 7: Mean (and standard deviation) data for driving time, wall hits, 
obstacle hits and obstacle incidents for all participants, NVGPs, and VGPs across the 

single and dual tasks in the driving paradigm. 

 
 

 

 
 
 
 
 

 All Participants (N=60) 
Video game players 

(N=19) 
Non-video game 

players (N=26) 
Single 
Task Dual Task Sig. Test Single 

Task Dual Task Single 
Task Dual Task 

Driving 
Time 

105.75s 
(22.13s) 

111.81s 
(16.70s) 

t(59) = 2.38 
(p=0.02) 

101.70s 
(21.89s) 

103.03s 
(19.52s) 

112.93s 
(22.27s) 

122.48s 
(29.10s) 

Wall 
Hits 

2.65 
(2.62) 

2.19 
(2.63) 

t(59) = 2.28 
(p=0.03) 

2.36 
(2.84) 

1.86 
(2.41) 

2.98 
(2.98) 

2.77 
(3.30) 

Obstacle 
Hits 

0.70 
(0.65) 

0.33 
(0.37) 

t(59) = 4.69 
(p<0.001) 

0.70 
(0.45) 

0.40 
(0.47) 

0.71 
(0.82) 

0.28 
(0.32) 

Obstacle 
Incidents 

0.73 
(0.65) 

0.42 
(0.50) 

t(59) = 4.85 
(p<0.001) 

0.86 
(0.59) 

0.55 
(0.60) 

0.64 
(0.77) 

0.34 
(0.47) 

 

7.2.2 Video Game Player (N=19) vs. Non-Video Game Player (N=26) 
Analyses 

7.2.2.1 Trivia 

Our primary focus is on task performance and the trivia questions served as our 

means of inducing a dual-task. Nonetheless, it is important to determine the impact of 

the dual-task activities on the trivia performance per se (see Table 6). There was no 

difference in baseline trivia accuracy between VGPs and NVGPs (t(43)=0.82, p=0.42). For 

each task an ANOVA was run with gaming status as a between-subjects factor (VGP, 

NVGP) and trivia condition as a within-subject factor (baseline, concurrent with task). 

There were no significant differences between groups (F <1), no interaction (p>0.05), and 

only a trend toward a decrease in accuracy for the driving trivia compared to the 
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baseline trivia (F(1,43)=3.206, p=0.08, ƞp2 =0.034).  The multiple-object-tracking trivia 

performance revealed no main effects or interactions (p’s>0.05); however, there was a 

significant decline in image-search performance compared to baseline (F(1,43)=5.240, 

p=0.027, ƞp2 =0.109) but no significant main effects of gaming or interactions (all p’s>0.05).  

Subsequent directed t-tests between single and dual-task trivia performance 

were run separately for VGPs and NVGPs for all three tasks. Save one (a small dual-task 

cost for NVGPs in their trivia accuracy for the driving task; t(25)=2.28, p=0.03), there 

were no significant differences (all p’s>0.1). 

7.2.2.2 Single- vs. dual-task comparisons 

For each of the below comparisons, separate ANOVAs with gaming status as a 

between-subjects factor (VGP, NVGP) and task as a within-subject factor (single, dual) 

were conducted for each measure of interest. We were specifically focused on 

interactions between gaming status and task type to determine if VGPs and NVGPs 

were differently affected by dual-task demands. For each task, we also performed 

additional directed t-tests on single vs. dual-task performance separately for the VGPs 

and NVGPs to further assess dual-task costs.  

Driving Paradigm. Separate ANOVAs for driving speed, wall hits, obstacle hits, 

and obstacle incidents (see Table 7; Figure 24B) revealed marginally slower driving 

speed in the dual-task condition (F(1,43)=2.96, p=0.093, ƞ2=0.064), and that VGPs 

completed the tracks in less time than NVGPs (F(1,22)=5.61, p=0.022, ƞ2=0.12), but 
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gaming and task for driving speed did not interact (p>0.05). VGPs had no significant 

increase in their time to complete a track from single- to dual-task conditions (t(18)=0.31, 

p=0.76), while NVGPs did indeed show a significant increase in time (t(25)=2.16, p=0.04). 

There were main effects of task for obstacle hits (F(1,43)=14.56, p<0.001, ƞ2=0.25) and 

obstacle instances (F(1,43)=14.41, p<0.001, ƞ2=0.25), with fewer occurrences happening in 

the dual-task condition compared to the single-task, but no other main effects or 

interactions (p’s<0.1; see Table 7).  

Multiple-Object Tracking. There was a main effect of task with lower accuracy 

in the dual task (F(1,43)=8.39, p=0.006, ƞp2=0.163), but no main effect of gaming status nor 

an interaction (F’s<1). Planned comparisons confirmed that both VGPs (t(18)=2.07, 

p=0.05) and NVGPs (t(26)=2.21, p=0.04) saw a decline in accuracy under the dual-task 

condition.  

Image Search. There was a main effect of task with participants finding fewer 

images in the dual-task condition (F(1,43)=32.67, p<0.001, ƞ2=0.43), but no main effect of 

gaming status nor an interaction (F’s<1). Planned comparisons confirmed that both 

groups were hurt by the dual task finding fewer images; VGPs (t(18)=4.17, p=0.001) and 

NVGPs (t(25)=3.91, p=0.001).  

7.3 Discussion  

The current study examined whether VGPs would be less susceptible to dual-

task costs than NVGPs. Participants completed three attentionally demanding 
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paradigms, each with and without an added distracting dual-task component. VGPs 

were not hurt by dual-task demands when they were playing a driving video game, yet 

they were just as affected as NVGPs in the other two tasks (multiple-object tracking and 

image search). These findings suggest that while some cognitive skills obtained from 

extensive gaming may be transferrable (see Bavelier et al., 2011), under cases of high 

attentional demand across modalities, VGPs can be just as hurt as NVGPs.  

These results both complement and challenge previous findings, making it 

necessary to address possible concerns: 

First, the trivia questions were designed to keep participants engaged in the dual 

task and not to mimic a phone conversation. That said, the costs were similar to those 

reported elsewhere (Drews, Pasupathi, & Strayer, 2008).  

Second, although the dual-task costs were significant across all participants, 

VGPs were not affected during their performance on the driving video game. While our 

VGPs had not been trained on this task per se, it appears that their extensive experience 

transferred across games, thereby enabling them to perform the dual-task without 

measurable cost. This is in line with previous reports of extensive training showing 

diminished dual-task effects (e.g., Ruthruff, Johnston & Van Selst, 2001). 

Third, while the driving paradigm might appear to reveal a speed/accuracy 

trade-off with participants hitting fewer obstacles but going slower in the dual-task 
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condition, this did not hold for the VGPs, suggesting that they were better able to 

control their performance in a video game. 

Fourth, several factors suggest our participant groups were properly classified as 

VGPs and NVGPs and run without possible biases: (1) our inclusion criteria were 

conservative and relied on factors including play time during the semester, expertise, 

and previous experience; (2) the VGPs completed the tracks in the driving paradigm (a 

video game) significantly faster than NVGPs; (3) we administered the video game 

questionnaire after the study to avoid highlighting video game experience to reduce 

concerns over motivational differences. 

Fifth, it is intriguing that VGPs were hurt just as much as NVGPs in the dual-task 

conditions in the image search and multiple-object tracking paradigms given previous 

findings of enhanced attention for VGPs (Green & Bavelier, 2006). One possible 

explanation lies in the modalities tested. While recent work indicates that VGPs have 

more rapid discrimination capabilities within (Green, Pouget, & Bavelier, 2010) and 

across (Donohue, et al., 2010) visual and auditory modalities, it is not know how this 

ramifies when attention is divided over modalities. VGPs’ heightened visual attention 

may come at the expense of attentional resources available to other modalities (e.g., 

audition), and such costs may only emerge in paradigms with which the VGPs have not 

had previous experience. 
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The extent to which video games affect cognition is under debate (see Boot, 

Blakely, & Simons 2011; Bavelier et al., 2011), and the current results reveal that VGPs’ 

do not exhibit a blanket attentional benefit; they were only immune to dual-task costs on 

a video game. While research has shown generalized learning benefits from video game 

exposure (e.g., Green & Bavelier 2003), these results show that there are indeed limits to 

this, particularly when it comes to processing stimuli from different modalities.  

Finally, it is interesting to consider the current results in light of ‘supertaskers’ – 

individuals immune to dual-task costs (Watson & Strayer, 2010). While none of our 

participants met the supertaskers criteria (see Watson & Strayer, 2010), VGPs are 

intuitive candidates. Yet, we found they were affected by dual-tasks. The means of 

defining VGPs and supertaskers may offer insight: VGPs are categorized based upon 

video-game exposure over an extended time, and supertaskers are defined based upon 

superior performance in one testing session (Watson & Strayer, 2010). Moreover, NVGPs 

who undergo action video-game training can show VGP-like benefits (e.g., Green & 

Bavelier, 2003; but see Boot, Kramer, Simons, Fabiani, & Gratton, 2008), suggesting a 

causal effect of video game exposure. Much remains unknown about supertasking (e.g., 

is it a long-term trait?) so further work will be needed for clarification. 

 The current results inform both the nature of cognition and society more broadly. 

Within the field of visual cognition, there are general consensuses on the existence of 

dual-task costs and that VGPs can possess performance benefits. In the current study, 
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however, we demonstrate clear multitasking costs for both VGPs and NVGPs. This 

result demonstrates just how detrimental a concurrent distracting task can be. Combined 

with other recent evidence (Caird, et al., 2008), this highlights how important it is for 

society to understand the limits of attentional processing. 
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8. General Discussion 
The studies in this dissertation employed neural and behavioral measures to 

examine the interactions of attention and conflict on multisensory processing. Two main 

patterns of results emerged from these studies, as reviewed below in detail. First, 

attentional allocation can significantly influence the temporal and spatial linking of 

sensory information in cases where multisensory integration may be appropriate, as 

well as the segregation of stimuli into discrete objects where appropriate (Chapters 2 

and 3). Second, many aspects of conflict processing appear to be supramodal in nature; 

however, the amount and direction of attentional allocation during such processing is 

variable over modalities, trials, and individuals (Chapters 4, 5, 6 and 7).  

8.1 Attention and multisensory processing 

As discussed in the introductory chapter (Chapter 1), two key determinants of 

multisensory integration are the temporal and spatial proximity of the component 

unimodal stimuli (Stein & Meredith, 1993). Chapter 2 examined how the spread of 

attention interacts with these two factors of multisensory linking. Participants attended 

to one of two lateral visual streams while task-irrelevant central auditory stimuli were 

presented either simultaneously, delayed by 100 ms, or delayed by 300 ms, relative to 

the visual stimuli.  Attention spread from the laterally presented attended visual stimuli 

to the centrally presented irrelevant auditory stimuli when the auditory and visual 

stimuli were presented simultaneously or when the auditory was delayed by 100 ms, 
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but not when delayed by 300 ms, a time period that is outside the temporal window of 

integration (Stone et al., 2001).  That is, auditory stimuli that occurred within close 

temporal proximity to an attended visual stimulus, even when it occurred at a different 

spatial location, received enhanced processing in the form of a late, frontocentral 

negativity, as compared to the same auditory stimuli when the occurred in close 

temporal proximity to an unattended visual stimulus.  These data suggest that attention 

will spread quite robustly within the temporal window of integration, but not beyond it. 

Moreover, the spatial linking of the auditory and visual stimuli (a shift in the extracted 

auditory response contralateral to the side of the attended visual stimulus) only 

occurred when the auditory and visual stimuli were presented simultaneously, and not 

when the sound was delayed by only 100 ms. Importantly, this spatial linking was 

engendered by the attentional manipulation, underscoring the role of attention in 

multisensory integration.  

Given these findings, attention would appear to be acting in an object-based 

manner (Egly, Driver & Rafal, 1994; Martinez et al., 2007), wherein the various parts of a 

multisensory object receive enhanced processing when one of these parts is attended. 

Further evidence of the object-based nature of this attentional spread comes from a 

recent study by Fiebelkorn and colleagues (2010b). They observed attentional spread 

activity only in cases where visual stimuli were configured to trigger their being 

perceived as an object (i.e., Kaniza-type stimuli configured to produce an illusory 
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square), but not when the same stimuli were presented as four disparate stimuli, 

arranged so that no illusory square was produced. The unique design of the current 

study of Chapter 2 (as well as that of Busse and colleagues (2005) upon which the 

present study was based), however, allowed the distinction to be made between this 

form of object-based attention and supramodal attention. More specifically, the physical 

separation between the centrally presented sounds and the laterally presented visual 

stimuli ruled out the possibility that the enhanced processing was due to some form of 

supramodal attention whereby auditory and visual stimuli within close spatial 

proximity in an attended location both receive enhanced attentional processing (e.g., 

Eimer & Schroger, 1998). In contrast, other studies examining the spread of attention 

have placed the auditory and visual stimuli in the same spatial location, resulting in an 

inability to disentangle whether any enhanced processing observed was object-based or 

due to supramodal attention (Molholm et al., 2007; Fiebelkorn et al., 2010a;2010b). 

Accordingly, here, the enhanced activity could be unequivocally attributed to 

multisensory-object-based attentional linking.  

Interestingly, within the EEG task of the study in Chapter 2, the participants 

were not asked to make judgments about the temporal arrangement of the auditory-

visual stimuli o r about the spatial location of the auditory stimuli, and yet, the neural 

data suggest that these linking processes to the attended visual stimulus were occurring 

regardless of the presence of this explicit task. Indeed, the contralateral shift in the 
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auditory response observed here was very similar to that previous observed in an 

explicit localization task (Bonath et al., 2007), suggesting that similar mechanisms may 

have been occurring. On the trials here on which the stimuli were likely to be temporally 

linked (when the auditory stimulus was simultaneous with the visual or delayed by 100 

ms), given that they were judged to be simultaneous in a separate behavioral task, the 

enhanced processing via the spread of attention did indicate such temporal linking of 

the multisensory inputs. The current data, however, cannot determine the directionality 

of this effect, however – that is, if attention spread across the modalities because the 

stimuli were temporally linked or if the stimuli were temporally linked due to the 

spreading-of attention.  

Finally, it is important to note that temporal and spatial linking of multisensory 

stimuli, although fundamental in nature, are just individual pieces of the integration 

process. In studies where multisensory objects are integrated in the presence of 

semantically congruent audio-visual information, there have been reports of activity in 

the STS (among other regions)  from fMRI and single unit studies (Barraclough, Xiao, 

Baker, Oram, & Perrett, 2005; Beauchamp, Lee, Argall, & Martin, 2004; van Atteveldt, 

Blau, Blomert, & Goebel, 2010; van Atteveldt, Formisano, Blomert, & Goebel, 2007). The 

STS, however, may play more of a semantic role in integration, rather than serving a role 

in the integration of simple multisensory stimuli more generally.  For example, a study 

of multisensory integration using the audiovisual bounce/stream illusion suggested the 
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involvement of other regions in this integration processes, such as the DLPFC, insula, 

and superior colliculus (Bushara, et al., 2003). In the bounce/stream illusion two visual 

objects (in this case lines) move toward each other, meet, then move apart again. When a  

sound occurs at the point in time that they meet, the objects are more often perceived as 

bouncing off of each other while without sound they are more often perceived as 

streaming through each other, with the bouncing percept reflecting multisensory 

integration of a collision. This example, using less complex, audio-visual stimuli is more 

similar to the stimuli used in the current study in that they lack complex semantic 

content.   

Although the high temporal resolution of the EEG measures used in the study  in 

Chapter 2 enabled the spreading-of-attention and spatial-linking activity to be 

disentangled, and for the timing of these effects to be delineated, without the spatial 

resolution of fMRI the origin of the activity observed in the EEG recordings is not clear.  

In the study by Busse and colleagues (2005), from which the current paradigm was 

based, both EEG and fMRI data were obtained for the same paradigm, although for the 

simultaneous and visual-alone conditions only. In that study, enhanced fRMI activity 

was found in auditory cortex in cases when the auditory stimulus occurred with the 

attended visual stimulus, further evidencing the spreading of attention from the visual 

modality explicitly to the auditory. In their fMRI contrasts, however, no other frontal or 

temporal activity of integration and spreading of attention were reported. It is possible 
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that there was differential activity in a more ‘traditional’ integration area (see Driver & 

Noesselt, 2008), such as the STS (or the insula as the stimuli used were not semantically 

related), but that it did not reach statistical threshold. Thus, it is not clear what the roles 

of multisensory regions like the STS or insula were in these tasks, including in the one 

used in Chapter 2.  Regardless, the present data show that both the temporal and the 

spatial linking of the audiovisual integration process were induced by attention, as the 

only difference between the conditions were whether the accompanying laterally 

presented visual stimulus was attended versus unattended. 

Chapter 3 provides another example of temporal linking for multisensory 

stimuli, wherein individual differences amongst subjects modulated the perception of 

relative temporal synchrony (and therefore appropriate linking). Here, gamers and non-

gamers performed simultaneity and temporal-order judgment tasks. The gamers were 

found to be more precise in both of these temporal judgment tasks, linking the audio-

visual stimuli as temporally occurring together over a more narrow (i.e., closer to 

physical precision) time period, at least when the visual stimuli occurred before the 

auditory (see below). Gamers have previously been reported to have enhanced 

attentional capabilities (see Green and Bavelier, 2003; 2006; Greenfield et al., 1994). In the 

current case, these enhanced attentional processes may have helped participants link the 

multisensory stimulus components together under cases where it was most appropriate 

and to separate the stimuli under cases where they should be perceptually separated. 
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Although it is likely that attention is not the only factor at play here, these data provide 

an interesting and fruitful way to explore differences in attentional abilities and the 

subsequent ramifications on perception. 

Of note, in the case of the simultaneity judgment task, the gamers were only 

more precise in their judgments on conditions in which the visual stimulus came before 

the auditory, and not the other way around. Interestingly, in a previous study (Powers, 

Hillock & Wallace, 2009), when participants were trained specifically on this task, they 

showed improvement only under these same conditions in which the visual stimulus 

came before the auditory. Together with the present findings, this asymmetry in 

processing suggests that there may be greater malleability due to training of the 

response to visual stimuli when they come before auditory. That is, for the differences to 

emerge in this specific pattern, it is likely that the visual stimuli would have had to have 

been processed more rapidly in order for participants to distinguish them as separate 

from the auditory. It is possible that the temporal resolution of the auditory system, 

already being more precise than that of the visual (see Alais, Newell, & Mamassian, 

2010), is at its limit even without extra training or experience, but more attentional and 

perceptual training can modulate the rapidity with which visual stimuli are processed 

within the visual system. One such mechanism for increasing the rapidity of visual 

processing would be via increased attentional allocation. That is, if cells in visual cortices 

had attention pre-allocated such that it took less time to reach threshold, and/or greater 
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numbers of them reached threshold more rapidly (Vibell, Klinge, Zampini, Spence, & 

Nobre, 2007), this could enable completion of the initial perceptual processing of the 

visual stimuli sooner.  In turn, a more rapid completion of such processing might help 

make the visual stimulus more temporally distinct from the later auditory stimulus.   

8.2 Conflict and multisensory processing.  

The second set of studies in this dissertation (Chapters 4-7) examined the various 

facets of the processing of conflicting stimulus inputs, specifically characterizing its 

supramodality, its temporal properties, the associated attentional allocation, and 

individual differences in susceptibility to distraction. With the constant streams of 

auditory and visual input that we receive in our complex multisensory environments, it 

is important to understand the neural underpinnings and behavioral ramifications that 

occur during these various forms of conflict.  

Chapter 4 presented an auditory version Stroop task using EEG measures of 

brain activity, finding that the general neural effects of due to stimulus conflict were 

similar to those that were previously observed only in the visual modality. Specifically, 

both the early fronto-central negativity (Ninc) and later posterior positivity previously 

observed for the visual modality were also present in auditory conflict, with the Ninc 

onsetting slightly earlier in the auditory than visual modality. While it is not surprising 

that conflict processing may have supramodal facets/components, how this occurs 

neurally is a more complex question.  
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As discussed in Chapters 1 and 4, the early Ninc activity observed is likely 

originating from the ACC (e.g., Liotti et al., 2000); however, how exactly does 

supramodal conflict processing occur within this region? That is, are there subregions of 

the ACC with cells that receive input from both auditory and visual pathways, or, are 

there distinct but spatially close patches of cells that receive input from either auditory 

or visual conflict? Roberts and Hall (2008) investigated this question using fMRI, and 

did indeed find spatial overlap for both auditory and visual conflict processing within 

the ACC; however, if the distinction within these patches were less than the size of a 

voxel, as is likely to be the case, they may not have had the spatial resolution to detect 

smaller patches of cells that only responded to auditory or only responded to visual 

conflict. Their study was also a block-design fMRI experiment, and as such, a number of 

other differences could have influenced their findings (e.g., arousal differences between 

the modalities; block strategy effects washing out the differential patterns for auditory 

versus visual conflict). More generally, it would be of considerable interest to determine 

how processes that have been found to be ‘amodal’ as a function of fMRI (e.g., the role of 

the anterior temporal lobes in semantic processing – see Visser, Jefferies, & Ralph, 2010 

for review), are actually mapped at the single unit or local circuit level, particularly if 

differences between cells exist at a spatial resolution far smaller than could be measured 

within fMRI. While advanced imaging methods using multi-voxel pattern analysis or 

cellular-level optical imaging may help inform some of these questions, animal studies 
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will likely be quite fruitful in exploring this topic in the future with the high spatial 

resolution possible with direct cellular recordings. 

Chapter 5 contains a study that examined the processing of conflicting stimulus 

input from across the sensory modalities using a cross-modal Stroop paradigm. This 

paradigm manipulated the timing of the relative stimulus components, the congruency 

of the cross-modal input (congruent, incongruent or neutral) and the attended modality 

(auditory or visual) under conditions of the same physical stimuli. Specific patterns of 

interference emerged. Task-irrelevant but conflicting visual input interfered far more 

with processing when the auditory stimuli were relevant (attended), than vice-versa. 

Mapping the timing of the processing of the irrelevant input, that generated the conflict 

effect allowed us to see that not only the magnitude of interference was greater for 

visual information on auditory, but it also occurred over a longer time period. It is not 

known what may account for this asymmetry. One possibility is that, given that 

participants were asked to maintain fixation during the experiment, they were never 

able to fully disengage their visual processing, thereby possibly contributing to the 

asymmetric outcome. Another possibility is that written visual information is just more 

salient and processed more automatically than spoken words. In other studies not 

presented here (see Appelbaum, Donohue, Park & Woldorff, in prep), we manipulated 

the level of the visual distractor salience, by presenting it as either a color patch, a word, 

or a colored word (always congruent within the visual modality [i.e., “Blue” written in 
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blue ink], and most salient as it carried both color and semantic information). 

Surprisingly, this did not modulate the pattern of interference, suggesting that the visual 

content is highly salient, regardless of presentation. Although these results do not match 

those of Yuval-Greenburg and Deouell (2009), who suggested that the salience of the 

stimuli do affect the degree of interference, further work needs to be done to 

parametrically modulate the audio and visual salience to see at what point the 

interference patterns change.  

In Chapter 5 the congruent multisensory stimuli (e.g., the spoken word “Blue” 

and the written word “Blue”) may have been considered multisensory objects, and 

therefore it is possible that attention spread to the irrelevant modality (likely causing the 

facilitation effects observed). In contrast, in Chapter 6, the task-irrelevant visual stimuli 

that were presented concurrently with task-relevant auditory stimuli were bilateral, 

making it somewhat unclear if they could be considered multisensory objects in the 

same way. In the task in Chapter 6 participants attended to the auditory modality 

discriminating between a spoken “X” or “O,” while bilateral visual stimuli were 

simultaneously presented, which could be either fully congruent, fully incongruent, or 

partially incongruent (e.g., one “X” and one “O”) with the auditory stimulus. 

Accordingly, this design does not seem likely to have engendered multisensory objects 

to be built in the same way as they may have been in the crossmodal Stroop task 

(Chapter 5) – that is, if 2 “X”s were presented on the screen, which of them, if any, 
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would the auditory “X” correspond to? Although the neural data from this paradigm 

cannot speak to any sort of attentional spread under conflict (as was explicitly 

investigated in a study by Zimmer and colleagues [2010a]), given that there were 

multiple visual objects present, it is unlikely that attention would have consistently 

spread to one. Moreover, given the findings of Fiebelkorn and colleagues (2010b) 

wherein attention only spread in the presence of one visual object, rather than multiple, 

it is possible that attention in the current study was not acting in an object-based 

manner, but rather trying to arbitrate or maintain selection between the modalities.  

In Chapter 6, conflict processing in the multisensory domain was unique in that 

the stimuli (spoken and visually presented letter stimuli) did not comprise different 

features of the same object (e.g., “Blue” written in green ink), but were represented 

within completely different sensory modalities, and in slightly different spatial locations 

(the visual stimuli being presented a few degrees away from the center). Accordingly, 

for successful conflict resolution to occur it would appear that one could simply enhance 

processing in the relevant modality while suppressing processing in the irrelevant 

modality in the face of incongruency. Using a visual probe stimulus, however, we 

observed the opposite pattern of results: An enhanced response to the probe when it 

followed an incongruent compared to a congruent multisensory stimulus. As such, the 

data provided here suggest that attention was actually drawn toward the irrelevant 

modality in the face of incongruency, indicating that, particularly on slow trials, 
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successful suppression was not occurring. Indeed, it might be advantageous from an 

ecological perspective to have attention drawn to another modality in spite of attempts 

to ignore its input. For example, it might be useful to hear the sound of an approaching 

predator from behind while visually attending to the scene in the foreground for finding 

food. In modern society these distractions come in many forms, and instead of 

selectively attending to one modality, we often find ourselves switching attention across 

multiple modalities, moving our attentional focus around toward the various 

distractions. That is, our attentional system may now even be more flexible and more 

used to getting input from an irrelevant modality. It is highly important, therefore, to 

consider the effect that this lack of focus may have on processing of information in our 

modern, often very complex, multisensory environments, and, as Chapter 7 mentions, 

this can ramify into detrimental behavior, such as impaired driving while on the phone. 

Indeed, such cross-modal distraction was directly examined in Chapter 7 

wherein participants completed three visual tasks (a driving video game, a multiple-

object tracking paradigm, and an image search paradigm) with and without talking on 

the phone. This added dual-task impaired the performance of both gamer and non-

gamer participants equally during the multiple-object tracking paradigm and the image 

search paradigm (although gamers were not impaired during the driving video game).  

Importantly, it appears that when attentional capacity is stretched to its limit, even those 

with high attentional capabilities (e.g., gamers) are not immune from dual-task costs 
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(i.e., conflicting input from a different modality). How can the lack of benefits here 

observed for gamers (aside from their dual-task performance during the actual video 

game) be reconciled with the finding of benefits of gaming in Chapter 3? One possibility 

is that attentional capacity in general has a finite limit for a given individual. However, 

this limit stretches across modalities, and perhaps training (with something such as a 

video game) allows an individual to allocate more attention to the visual modality, and 

to better divide attention across modalities in circumstances with which they have had 

vast experience. However, because this limit is finite, the gaming experience only goes 

so far, and any attention allocated to the visual modality may come at the cost of 

attentional allocation to the auditory modality. It would be of great interest to examine 

the potential trade-off between modalities of attentional allocation with EEG, in 

paradigms that could probe attention allocation (similar to what was done in the probe 

study of Chapter 6) across gamers and non-gamers to see if this differed between the 

groups.   

8.3 What is unique about multisensory processing with respect 
to attention and conflict?  

One clear distinction between crossmodal conflict and intramodal stimulus 

conflict processing is the presence (or lack thereof) of the late sustained positivity (SP) 

ERP component. In auditory and visual intramodal Stroop tasks from our group 

(Chapter 4; Liotti et al., 2000) and others (e.g., West and Alain, 1999), this late posterior 

positive component, which is greater for incongruent than congruent trials, clearly and 
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robustly emerges. Interestingly, in the multisensory conflict study (presented in Chapter 

6) this component was not present, while the earlier frontal-central negativity, a 

‘hallmark’ of conflict processing as observed with EEG, was clearly elicited. The results 

from the sequential analyses in Chapter 4 (and those of Larson et al., 2009) suggest that 

this component may be involved in some sort of conflict monitoring and attentional 

adjustment from trial-to-trial. As it was not found under multisensory circumstances, it 

is possible that this modulation may be specific to attentional adjustments that ramify 

within a single modality, with adjustments across modalities involving different 

underlying mechanisms. Indeed, a previous EEG study by Talsma et al. (Talsma, Doty, 

Strowd, & Woldorff, 2006) showed electrophysiological evidence that  there is increased 

attentional capacity across modalities compared to within a modality, indicating that 

these two forms of attentional allocation may operate differently. 

More generally, however, a number of aspects of attentional and conflict 

processing across the modalities appear to share similar characteristics to unimodal 

attention and conflict. Attention can be object-based in both unimodal (Egly et al., 1994) 

and multimodal (Busse et al., 2005; Chapter 2 here) instances. While this may seem both 

logical, and perhaps not surprising, the dynamics of a unimodal versus multimodal 

object are fundamentally different. Unimodal objects contain parts that, because of their 

physical spatial proximity, are represented in proximal portions of cortex. In contrast, a 

multimodal object requires the integration of sensory inputs from multiple modalities 
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that are not only coded differently in the periphery, but that also are initially processed 

in different sensory cortices, and therefore must be linked together from across more 

disparate locations in the brain. As such, for attention to act in a coordinated, object-

based manner, it would appear to need to spread between the sensory cortices (Chapter 

2, supported by fMRI evidence from Busse et al. 2005), an attribute that highlights the 

flexibility of the attentional system. 

8.4 Future directions 

From the experiments presented here, several potentially very fruitful follow-up 

studies could be performed. Although the behavioral results presented in both Chapters 

3 (better simultaneity judgment for multisensory stimuli by video gamers) and Chapter 

5 (the cross-modal behavioral Stroop study) are intriguing, in order to understand the 

underlying mechanisms of these differences, follow-up neural studies should be 

conducted. I am in the process of collecting data in an EEG version of the crossmodal 

Stroop task (using fewer SOAs than in the behavioral study of Chapter 5) in a within-

subjects design and 2 separate recording sessions. While the behavioral data appear to 

show differences in the timing and magnitude of interference effects for when 

participants were attending to the auditory as compared to the visual modality, the EEG 

activity will be able to reveal at what point in the neural cascade of processing these 

differences may be emerging. Further, we will be able to examine the auditory and 

visual evoked (sensory) responses to determine how much attention is allocated to the 
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relevant and irrelevant modality on a given trial, and determine if this correlates with 

subsequent behavioral measures, such as response time. 

To date, there have only been a few studies examining the neural correlates of 

task performance in gamers and non-gamers (Maclin et al., 2011; Mishra, Zinni, Bavelier, 

& Hillyard, 2011). Mishra and colleagues (2011) observed evidence for better distractor 

suppression in gamers as compared to non-gamers, as well as enhanced target 

processing and faster RTs. The finding of such neural differences between gamers and 

non-gamers suggests that recording EEG during tasks such as the simultaneity 

judgment task may offer insight in the underlying mechanisms of the differences 

observed between gamers and non-gamers.  Such differences, for example, could ramify 

into the onsets or amplitudes of the sensory-evoked potentials and their interactions. 

Although extracting onsets from ERPs can often be problematic (see Luck, 2005), 

systematic differences in such onsets observed between groups may prove to be reliable 

and informative. 

Instead of (or in addition to) looking at differences across participants, a 

potentially very informative future direction I would like to pursue is to perform a 

within-subjects study of the simultaneity judgment task using EEG.  In particular, 

participants would be presented with physically simultaneous audio-visual stimuli, 

physically separate audio-visual stimuli (~300 ms), and audio-visual stimuli at an SOA 

titrated for each participant to be where 50% of the time they judge it as ‘simultaneous’ 
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and 50% of the time they judge it as ‘non-simultaneous.’  Miller and D’Esposito (2005) 

examined part of such a question using fMRI and speech stimuli, finding that 

perceptually fused (simultaneous) stimuli evoked greater activity than unfused stimuli 

in regions such as the STS and Heschl’s gyrus. One of the most interesting facets in this 

perceptual binding entails the question of why some of these trials are perceived as 

temporally linked and some are not. Evidence from Schroeder and colleagues shows 

(Lakatos, Chen, O'Connell, Mills, & Schroeder, 2007) that there may be a phase reset of 

specific oscillatory frequencies (e.g., gamma) that occurs during integration of auditory 

and somatosensory stimuli. Specifically, the somatosensory stimuli may reset the phase 

of oscillations such that if concurrent auditory stimuli arrive at an appropriate time, 

their responses are amplified. This suggests that there may be differences in oscillations 

prior to the stimulus onset, and it is possible that these may influence whether or not 

integration occurs.  Accordingly, I would look at the phase and amplitude of various 

frequencies, including gamma and alpha (based on its involvement with attentional 

processing), before the onset of a trial to see if this will predict a future judgment of the 

temporal simultaneity of temporally ambiguous multisensory stimuli.   

A difference revealed here for conflict processing in the different modalities was 

the differential temporal onset of the early incongruency effect (the early fronto-central 

negativity for incongruent relative to congruent trial types “Ninc”).  More specifically, it 

was shown here that it onset at ~200 ms for the auditory Stroop paradigm (Chapter 4), 
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whereas it occurred later in time (~350 ms) for the visual Stroop paradigm on which that 

experiment was modeled (Liotti et al., 2000). Generally, findings from visual Stroop 

studies have found later onsets of this conflict-related component to be at this later point 

in time; studies of visual Flanker tasks, on the other hand, have reported earlier onsets of 

this negative-polarity incongruency effect. One possibility for this is that the amount of 

possible responses (e.g., 4 possible buttons versus 2) may have an impact on the latency, 

with most Stroop paradigms (e.g., West & Alain, 1999, 2000; Badzakova-Trajkov, et al., 

2009; except the auditory one in the present study) having more responses options than 

Flanker tasks (e.g., Appelbaum, Smith, Boehler, Chen, & Woldorff, 2011; Fruhholz, 

Godde, Finke, & Herrmann, 2011). To determine if the timing of the onset of the Ninc can 

be modulated by this, I am planning a visual Stroop study where the number of 

response options is manipulated (two versus four), within-subjects, in separate blocks. 

If, indeed, this component is influenced by this, it would suggest that rather than conflict 

detection as some people have assumed (Carter & van Veen, 2007), the Ninc may be more 

heavily reflecting response selection.  

Finally, it would be of great interest to examine the cases in which we are 

unsuccessful at suppressing distracting (or conflicting) information from another 

modality (as can occur when talking on the phone while driving), and if there are 

techniques that can be used to train the attentional control system to better-handle 

distraction. Although video game playing would seem to have some promise in this 
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regard, results from the experiment presented in Chapter 7 suggest that the attentional 

benefits may not transfer beyond video games to improve performance in situations of 

high cross-modal demand. Finding effective ways to improve attentional performance 

would be of great benefit to everyone in this world of constant distraction. While this 

may prove challenging, it is possible that reward may be a particularly motivating factor 

that can capture and hold attention on a target. Future work, therefore, might 

incorporate training tasks that, like video games, can be highly rewarding, to determine 

ways to improve general performance. 

8.5 Conclusion 

In sum, the studies in this dissertation provide novel insight into the interactions 

of attention and conflict with multisensory processing. With the aid of selective 

attention, audio-visual stimuli from various objects in our multisensory environment 

can be integrated together when appropriate and can be segregated out when they 

conflict or are not corresponding and should not be integrated. Although conflicting 

stimuli do appear to initially draw attention away from that which is relevant, there may 

be types of attentional training that could be developed to mitigate such performance 

impairing effects.  
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Appendix A 
Supplemental data for Chapter 4.  
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Figure 25: Supplemental Figure 1. Qualitative comparison between the major 
incongruency effects from the current auditory-Stroop study and those from a closely 

parallel visual-Stroop study (Liotti et al., 2000) after which the current one was 
modeled.  In particular, the figure shows the early negative-polarity incongruency 
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effect (termed Ninc in the current study, called N450 in Liotti et al.[2000]) and the later 
posterior positive-polarity effect, displayed separately  for the three different 

behavioral response modes that were used in both studies. The scale of the current 
auditory Stroop data has been adjusted to attempt to match the level of activity 
displayed in the figures from the visual Stroop study. As can be seen, the early 

negativity is similar in distribution between the auditory and visual modalities and in 
both cases it also shifts posteriorally for the manual response mode. Further, it onsets 
substantially earlier for the auditory modalitiy than for the visual, while the SP effect 

appears to occur at approximately the same time for both modalities. 
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Appendix B 
Supplemental data for Chapter 5. 

Accuracy  

While accuracy was generally high across all tasks and conditions, a repeated-

measures ANOVA was conducted on the accuracy data with the factors of SOA-

Arrangement, Attended Modality, SOA arrangement, and Incongruency to determine if 

performance was modulated by any of these experimental manipulations.  Accuracy 

was significantly modulated by congruency (F(2,28) = 7.19, p = 0.007) and marginally so 

by SOA (F(8,112) = 2.60, p = 0.08), with none of the other factors showing any significant 

modulations or interactions (all p’s > 0.05).  Table 1 shows the means and for the 

accuracy data across all conditions. Planned comparisons showed that participants were 

more accurate in the congruent and neutral conditions than in the incongruent condition 

(congruent vs. incongruent: t(14) = 2.87, p = 0.01; neutral vs. incongruent: t(14) = 3.99, p = 

0.001), with accuracy between the congruent and neutral conditions not significantly 

differing (t(14) = 0.58, p = 0.57).    

Table 8: Mean percentage correct across conditions and SOAs. Participants 
were highly accurate across all conditions; however accuracy was significantly 

decreased for incongruent compared to congruent and neutral conditions across both 
attended modalities.  
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Attend Auditory SOA
Condition -400 -300 -200 -100 0 100 200 300 400 Auditory Alone
Congruent 95.74 93.59 93.83 93.17 92.14 92.40 92.57 91.79 91.86 92.11
Incongruent 94.57 93.64 91.25 92.38 88.91 91.27 89.77 91.39 91.72
Neutral 95.78 93.67 94.36 93.26 90.70 92.26 93.18 91.67 90.79

Attend Visual SOA
Condition -400 -300 -200 -100 0 100 200 300 400 Visual Alone
Congruent 94.18 94.58 93.56 93.25 91.97 93.53 93.51 93.64 93.09 93.76
Incongruent 91.57 93.64 91.81 91.65 91.90 93.84 92.95 93.47 92.18
Neutral 94.69 93.61 94.04 93.24 92.73 92.52 92.70 92.39 93.59
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