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Abstract

One of the more challenging feats that multisensory systems must perform is to determine which 

sensory signals originate from the same external event, and thus should be integrated or “bound” 

into a singular perceptual object or event, and which signals should be segregated. Two important 

stimulus properties impacting this process are the timing and effectiveness of the paired stimuli. It 

has been well established that the more temporally aligned two stimuli are, the greater the degree 

to which they influence one another's processing. In addition, the less effective the individual 

unisensory stimuli are in eliciting a response, the greater the benefit when they are combined. 

However, the interaction between stimulus timing and stimulus effectiveness in driving 

multisensory-mediated behaviors has never been explored – which was the purpose of the current 

study. Participants were presented with either high- or low-intensity audiovisual stimuli in which 

stimulus onset asynchronies (SOAs) were parametrically varied, and were asked to report on the 

perceived synchrony/asynchrony of the paired stimuli. Our results revealed an interaction between 

the temporal relationship (SOA) and intensity of the stimuli. Specifically, individuals were more 

tolerant of larger temporal offsets (i.e., more likely to call them synchronous) when the paired 

stimuli were less effective. This interaction was also seen in response time (RT) distributions. 

Behavioral gains in RTs were seen with synchronous relative to asynchronous presentations, but 

this effect was more pronounced with high-intensity stimuli. These data suggest that stimulus 

effectiveness plays an underappreciated role in the perception of the timing of multisensory events, 

and reinforces the interdependency of the principles of multisensory integration in determining 

behavior and shaping perception.
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 1. Introduction

Our daily environment is filled with an abundance of information that our different sensory 

systems utilize in order to allow us to successfully navigate the world. Despite the fact that 

many of the objects and events in our world are specified by information carried by multiple 

senses, we perceive these as singular and unified. In order to create such a unified percept, 

the brain must be able to “bind” information that belongs together and segregate information 

that should be separate. The binding process by which multisensory cues are actively 

synthesized – a process that represents a component of multisensory integration - has been 

the subject of much study. Collectively, this work has revealed dramatic changes associated 

with combining information across multiple senses; changes that frequently result in 

substantial benefits to behavior (Amlot, Walker, Driver, & Spence, 2003; Frassinetti, 

Bolognini, & Ladavas, 2002; Lovelace, Stein, & Wallace, 2003) and striking alterations in 

perception (McGurk & MacDonald, 1976; The Neural Bases of Multisensory Processes, 

2012; Shams, Kamitani, & Shimojo, 2002).

To solve this “binding or causal source problem,” sensory systems rely upon the statistical 

properties of the different sensory signals, two of the most important of which are space and 

time. Multisensory (e.g., visual-auditory) stimuli that are spatially and temporally 

concordant tend to influence one another's processing, and may ultimately be integrated or 

bound, whereas those that are discordant in space and/or time tend to not influence the 

processing of one another (Conrey & Pisoni, 2006; Hairston, Burdette, Flowers, Wood, & 

Wallace, 2005a; Keetels & Vroomen, 2005; Kording, et al., 2007; Macaluso, George, Dolan, 

Spence, & Driver, 2004; Powers, Hillock, & Wallace, 2009; Sato, Toyoizumi, & Aihara, 

2007; Stevenson, Fister, Barnett, Nidiffer, & Wallace, 2012; Stevenson, Zemtsov, & Wallace, 

2012b; van Atteveldt, Formisano, Blomert, & Goebel, 2007; van Wassenhove, Grant, & 

Poeppel, 2007; Vroomen & de Gelder, 2004; Vroomen & Keetels, 2010; Wallace & 

Stevenson, 2014). Furthermore, it has also been shown that stimuli that are weakly effective 

on their own tend to give rise to the largest gains when combined (James, Kim, & Stevenson, 

2009; James & Stevenson, 2012b; James, Stevenson, & Kim, 2012; Ross, Saint-Amour, 

Leavitt, Javitt, & Foxe, 2007; Senkowski, Saint-Amour, Hofle, & Foxe, 2011; Stein, 

Stanford, Ramachandran, Perrault, & Rowland, 2009; Stevenson, Bushmakin, et al., 2012; 

Stevenson & James, 2009). Collectively, these integrative principles make a great deal of 

ethological sense, in that spatial and temporal proximity typically signal a common source, 

and in that it is highly adaptive to accentuate multisensory gain when each of the sensory 

signals is weak or ambiguous when presented alone.

Recently, a number of studies have focused on how temporal factors influence the nature of 

human multisensory perceptual judgments (Billock & Tsou, 2014; Conrey & Pisoni, 2006; 

Grant, Van Wassenhove, & Poeppel, 2004; Macaluso, et al., 2004; van Wassenhove, et al., 

2007; Vroomen & de Gelder, 2004; Vroomen & Keetels, 2010). One useful construct 
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associated with this work is the concept of a multisensory temporal binding window, defined 

as the epoch of time within which multisensory stimuli can influence one another's 

processing. The window within which multisensory influences can be demonstrated appears 

to be surprisingly broad, spanning several hundred milliseconds (Hillock, Powers, & 

Wallace, 2011; Hillock-Dunn & Wallace, 2012; Powers, Hevey, & Wallace, 2012; Powers, et 

al., 2009; Sarko, et al., 2012; Stevenson, Wilson, Powers, & Wallace, 2013b). In addition, 

these studies and others have revealed a number of other salient characteristics concerning 

multisensory temporal acuity. These include that it: 1) has a great deal of individual 

variability (Stevenson, Zemtsov, & Wallace, 2012a; van Eijk, Kohlrausch, Juola, & van de 

Par, 2008), 2) differs depending upon stimulus type and task (Kasper, Cecotti, Touryan, 

Eckstein, & Giesbrecht, 2014; Megevand, Molholm, Nayak, & Foxe, 2013; Stevenson & 

Wallace, 2013; van Eijk, et al., 2008; van Eijk, Kohlrausch, Juola, & van de Par, 2010; 

Vroomen & Stekelenburg, 2011), and 3) is malleable in response to perceptual training 

(Keetels & Vroomen, 2008; Powers, et al., 2012; Powers, et al., 2009; Schlesinger, 

Stevenson, Shotwell, & Wallace, 2014; Stevenson, Fister, et al., 2012; Stevenson, Wilson, 

Powers, & Wallace, 2013a; Stevenson, et al., 2013b; Vroomen, Keetels, de Gelder, & 

Bertelson, 2004) and across development (Hillock, et al., 2011; Hillock-Dunn & Wallace, 

2012; Joanne Jao, James, & Harman James, 2014; Johannsen & Roder, 2014; Lewkowicz, 

2012; Polley, et al., 2008; Shi & Muller, 2013) and aging (Bates & Wolbers, 2014; DeLoss, 

Pierce, & Andersen, 2013; Diaconescu, Hasher, & McIntosh, 2013; Freiherr, Lundstrom, 

Habel, & Reetz, 2013; Hugenschmidt, Mozolic, & Laurienti, 2009; Mahoney, Verghese, 

Dumas, Wang, & Holtzer, 2012; Mahoney, Wang, Dumas, & Holtzer, 2014; Mozolic, 

Hugenschmidt, Peiffer, & Laurienti, 2012; Stevenson, et al., 2015).

Although these studies have illustrated the central importance of time in dictating human 

multisensory interactions, other studies have focused on the roles of space (Bertelson & 

Radeau, 1981; Ghose & Wallace, 2014; Kadunce, Vaughan, Wallace, & Stein, 2001; 

Krueger, Royal, Fister, & Wallace, 2009; Macaluso, et al., 2004; Mahoney, et al., 2015; 

Meredith & Stein, 1986, 1996; Radeau & Bertelson, 1974; Royal, Carriere, & Wallace, 

2009; Royal, Krueger, Fister, & Wallace, 2010; Sarko, et al., 2012; Vroomen, Bertelson, & 

de Gelder, 2001; Wallace, et al., 2004) and effectiveness (James & Stevenson, 2012a; James, 

et al., 2012; Kim & James, 2010; Kim, Stevenson, & James, 2012; Leone & McCourt, 2013; 

Liu, Lin, Gao, & Dang, 2013; Nath & Beauchamp, 2011; Stevenson & James, 2009; Werner 

& Noppeney, 2010; Yalachkov, Kaiser, Doehrmann, & Naumer, 2015). Collectively, we have 

learned a great deal from these studies about how stimulus-related factors shape the 

multisensory process, but most have treated time, space and effectiveness as independent 

contributors to the final multisensory product. In fact, these stimulus factors are complexly 

intertwined, with manipulations in one having effects upon the other. For example, simply 

changing the spatial location of an identical stimulus will impact the effectiveness of that 

stimulus given the differences in spatial acuity for different regions of space (Nidiffer, 

Stevenson, Krueger Fister, Barnett, & Wallace, 2015 (in this issue); Stein, Meredith, 

Huneycutt, & McDade, 1989). Reinforcing the importance of examining these interactions 

in more detail, recent neurophysiological studies in animal models have shown that 

manipulating one aspect of a multisensory stimulus (e.g., spatial location) has consequent 

effects in both the temporal and effectiveness dimensions (Carriere, Royal, & Wallace, 2008; 
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Ghose & Wallace, 2014; Krueger, et al., 2009; Royal, et al., 2009). Indeed, this work has 

suggested that stimulus effectiveness may play a more preeminent role than space and time 

in dictating multisensory interactions at the neural level. Extending this work into the 

domain of human performance, recent studies have shown a strong interdependency between 

time and space (Keetels & Vroomen, 2005; Krueger, et al., 2009; Stevenson, Fister, et al., 

2012). For example, Keetels and Vroomen (2005) showed that judgments concerning the 

order of auditory and visual stimuli were more precise when they were presented in 

disparate spatial locations. Stevenson and colleagues (2012) showed that individuals were 

more likely to perceive auditory and visual stimuli as synchronous when they were presented 

at peripheral relative to foveal locations.

The present study seeks to expand upon these previous findings by examining for the first 

time the interaction between the temporal relationship of paired audiovisual stimuli and their 

relative effectiveness. Specifically, we tested the impact that manipulations of stimulus 

effectiveness (accomplished via changes in stimulus intensity and defined as rate of 

perceived synchrony) have on the ability of an individual to report audiovisual stimulus 

asynchrony. Our results illustrate that the relative effectiveness of the paired stimuli do in 

fact modulate how they are perceived in time. Furthermore, these studies revealed complex 

interactions between time and effectiveness in dictating the final behavioral outcome.

 2. Methods

 2.1 Participants

Participants included 51 Vanderbilt undergraduate students (21 male, mean age =18.9, STD 

=1, age range =18-21) who were compensated with class credit. All recruitment and 

experimental procedures were approved by the Vanderbilt University Institutional Review 

Board (IRB). Data from participants who did not accurately report the perception of 

synchrony even when the auditory and visual presentation was objectively simultaneous 

(0ms stimulus onset asynchrony; SOA) at least 50% of the time were excluded from further 

analysis (N = 5). Data from one additional subject was excluded for responding synchronous 

for all trials irrespective of SOA resulting in 45 subjects being included in all data analysis. 

The present study is part of a larger study investigating the interrelationship of stimulus 

effectiveness, and stimulus spatial and temporal factors (Nidiffer, et al., 2015 (in this issue); 

Stevenson, Fister, et al., 2012).

 2.2 Stimuli

Visual and auditory stimuli were presented using E-Prime version 2.0.8.79 (Psychology 

Software Tools, Inc; PST). Visual stimuli were presented on a Samsung Sync Master 

2233RZ 120 Hz monitor arranged so that subjects were seated at a distance of 46 cm. All 

visual stimuli were white circles measuring 7 mm in diameter, or approximately 1° of visual 

angle. Visual stimuli were presented at 0° azimuth (in front of the subject) slightly above a 

fixation cross. Visual stimuli were presented at two luminance levels, 7.1 cd/m2 (low) and 

215 cd/m2 (high) on a black background of 0.28 cd/m2. Luminance values were verified 

with a Minolta Chroma Meter CS-100. Visual stimulus durations were 10 ms, with timing 

confirmed using a Hameg 507 oscilloscope with a photovoltaic cell.
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Auditory stimuli were presented via a speaker mounted on the top of the monitor at 0° 

azimuth angled toward the participant. Speakers were mounted 2 cm, or 2.5° above their 

respective visual presentation. Auditory stimuli consisted of a frozen white-noise burst 

generated at 44100 Hz with the Matlab rand function with a 5 ms rise and 5ms fall cosine 

gate (Figure 1b). Auditory stimulus duration was held constant at 10 ms, with timing 

confirmed using a Hameg 507 oscilloscope. Auditory stimuli were presented at two intensity 

levels, 46 dB SPL (low) and 64 dB SPL (high), with a background noise at 41 dB SPL. All 

sound levels were verified with a Larson Davis sound-level meter, Model 814.

Audiovisual (AV) conditions consisted of pairs of the auditory and visual stimuli described 

above. Presentations were always spatially coincident at 0° azimuth and intensity levels were 

always matched (high-high and low-low). The temporal offset of the auditory and visual 

stimulus pairs were parametrically varied, including stimulus onset asynchronies (SOAs) of 

0, 50, 100, and 200 milliseconds, with timing confirmed using a Hameg 507 oscilloscope. In 

all asynchronous cases, visual onset preceded auditory onset.

 2.3 Procedure

Participants were seated inside an unlit WhisperRoom™ (SE 2000 Series) with their 

forehead placed against a Headspot (University of Houston Optometry) forehead rest locked 

in place. A chinrest and the chair height could be adjusted to the forehead rest to ensure a 

comfortable seating position. Participants were asked to fixate a cross located at 0° elevation 

and 0° azimuth at all times and were monitored by close circuit infrared cameras throughout 

the experiment to ensure compliance (for experimental setup, see Figure 1a and b).

The experiment began with detailed instructions, informing the participants that they would 

be presented with audiovisual stimuli, and that their task was to judge whether or not the 

stimuli were synchronous and to respond as quickly and accurately as possible. In the case 

that the participants did not perceive either the auditory or visual stimulus, they were 

instructed to report a unisensory perception. Participants were instructed to respond via a 

five-button PST serial response box were 1 = synchronous, 2 = asynchronous, 3 = visual 

only, 4 = audio only, and 5 = no stimulus detected. Understanding of the instructions was 

then confirmed, and the participants were given the opportunity to clarify any questions they 

had about the instructions. Participants were instructed to respond as quickly and as 

accurately as possible.

Each trial began with a fixation screen of 1 s displaying the fixation cross in the center of the 

visual field. After that time period the fixation cross disappeared and was followed by a 

blank screen with a duration jittered between 500 and 1000 ms, followed by the stimulus 

presentation. 250ms – 284ms after stimulus presentation, subjects were presented with the 

response prompt, “Was it synchronous?” Following the participant's response and a 500ms 

delay, the fixation cross re-appeared, and the subsequent trial began. For a visual depiction 

of a trial, see Figure 1c. Twenty trials of each of the stimulus conditions (4 SOAs times; 2 

intensity levels, unisensory V × 2 intensity levels, unisensory A × 2 intensity level) were 

presented for a total of 240 trials.
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 2.4 Analysis

For each trial in which the participant perceived an audiovisual stimulus, both the response 

and the response time (RT) were recorded. RTs less than 250ms were discarded, and trials 

with RTs over 2000ms were excluded to eliminate outliers. Our primary analysis focused on 

rates of perceived synchrony. With each condition, rates of perceived synchrony were 

calculated as the proportion of trials in which the participant reported a synchronous percept 

out of all trials in that condition, in which they perceived both stimuli, or:

It should be noted that this explicitly excludes trials in which the participant did not perceive 

both unisensory components of the stimuli. Rates of perceived synchrony were compared 

across intensity levels and SOA (for a review of methods see (Stevenson, Ghose, et al., 

2014)).

A follow-up, exploratory analysis was conducted on RTs. First, mean RTs were calculated 

across trials of each condition for each individual. Mean RTs were compared across intensity 

levels and SOA for perceived synchronous trials. A second exploratory RT analysis was 

performed using a more rigorous cumulative distribution function (CDFs) analysis. CDFs 

for perceived synchronous trials were calculated and compared for each condition, again 

averaging within each participant, and then across participants. Interactions between SOA 

and stimulus intensity in their CDFs were then assessed using a difference of difference 

calculation:

 3. Results

 3.1 Intensity effects on unisensory performance

To ensure that changes in stimulus intensity were actually manipulating stimulus 

effectiveness, a two-way, repeated-measures ANOVA (intensity × modality) confirmed that 

high intensity presentations were more effective than low intensity stimulus presentations 

(F(1,39) = 8.26, p = 0.0065). Paired sample t-tests also revealed that accuracies decreased for 

both modalities from the high-saliency to the low-saliency condition (visual, high = 97.17%, 

low = 91.67%, t = 0.965, p = 0.045, d = 0.014 and auditory, high 97.08%, low = 93.75% t = 

0.96, p = 0.051, d = 0.307).

 3.2 Effects of stimulus effectiveness and temporal factors on judgments of audiovisual 
synchrony

Rates of perceived synchrony were measured for high- and low-intensity audiovisual stimuli 

presented at temporal offsets ranging from 0 ms (synchronous) to 200 ms (visual leading 
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asynchronies). A two-way, repeated-measures ANOVA (intensity × SOA) was performed. A 

significant main effect was found for SOA (F(3,44) = 22.411, p = 8.03×10-9, partial-η2 = 

0.559). As expected, rates of perceived synchrony decreased with increasing SOA (Figure 2a 

and b). The main effect for intensity was marginally significant (F(1,44)= 3.171, p = 0.082, 

partial-η2 = 0.067). Importantly, a significant interaction effect between SOA and intensity 

was also observed (F(3,44) = 13.219, p = 3.24×10-6, partial-η2 = 0.270).

To explore the interaction between SOA and intensity on these synchrony judgments, two 

sets of protected, follow-up, paired-samples t-tests were performed. First, t-tests were run 

comparing rates of perceived synchrony across SOAs (See Table 1 for detailed statistics). 

Rates of perceived synchrony were significantly reduced relative to synchronous 

presentations at the 100 and 200 ms SOA for the high-intensity stimuli, but only at the 200 

ms SOA for the low intensity stimuli (Figure 2a and b). Second, paired t-tests were run 

across intensity levels at each SOA. A significant difference between rates of perceived 

synchrony between high and low intensity stimuli was observed only for the 200 ms SOA (t 

= 3.5507, p = 8.48×10-4, d = 1.071), where participants were more likely to report low 

intensity stimuli as synchronous relative to high intensity stimuli. No other SOAs showed 

significant differences between the two intensities (Figure 2c). Thus, the interaction showed 

that individuals were more likely to report asynchronous presentations as synchronous at 

lower levels of stimulus intensity.

 3.3 Effects of stimulus intensity and temporal factors on response times

In addition to our analysis of the synchrony judgments of participants as a follow up, 

supplementary analysis to confirm the accuracy-based findings. Mean RTs were also 

determined by averaging across subjects by SOA and intensity level (Table 2). Repeated 

measures ANOVA showed a main effect of SOA (F(3,43) = 2.630, p = 0.049, partial-η2 = 

0.039). In contrast, no significant differences in mean RTs across intensities (F(1,43) = 1.260, 

p = 0.268, partial-η2 = 0.028) and no interaction effect between intensity and SOA (F(3,43) = 

0.686, p = 0.566, partial-η2 = 0.019) were found.

In addition to an analysis of mean RTs, a cumulative distribution function (CDF) analysis 

was also performed. CDFs were calculated for each subject and then averaged across 

participants for each condition. To explore the impact of time on these CDFs, differences 

between the CDFs at 0 ms SOA and 200 ms SOA for each individual were computed for 

both intensity levels (difference curves plotted in Figure 3a and b) and binned into 100 ms 

intervals for comparison. In the high intensity condition, there was a significant effect of 

SOA in the RT bins spanning from 200-1000 ms, where the 0 ms SOA was associated with 

significantly faster RTs than the 200 ms SOA. A similar pattern was seen in the low-

intensity conditions, where RTs in the bins between 200-400 and 500-600 ms showed 

marginally faster RTs at the 0 ms SOA. Regardless of intensity level, the greatest difference 

invariably occurred during the early portion of the response distribution, as seen in Figure 

3c. Here the difference in these response distributions were segmented into 100 ms bins for 

comparison, revealing an interaction effect where SOA showed a stronger impact on RT 

when stimuli were presented at high intensity levels relative to low intensity levels. Finally, 

to assess this interaction overall, an area-under-the-curve measure was taken for each 
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individual's differences in response distributions across SOAs (Figure 3d). A direct 

comparison of these areas under the curve confirmed the results of the binned analysis, 

showing that SOA had a greater impact on stimuli presented at a high intensity level (t = 

28.32, p = 1.29e-14, d = 8.539).

 4. Discussion

Previous studies have established that manipulating space, time, and stimulus intensity can 

greatly alter multisensory integration and the associated neural, behavioral and perceptual 

responses. The present study extends this work by examining how stimulus timing and 

intensity interact to impact perceptual and behavioral performance, showing a strong 

interdependency between timing and intensity in judgments of the synchrony/asynchrony of 

the paired stimuli (i.e., synchrony). Specifically, participants were significantly more likely 

to report asynchronous audiovisual stimuli as synchronous when stimulus intensity levels 

were lower. This novel finding illustrates that stimulus intensity plays an important and 

previously unreported role in the perception of the timing of multisensory events.

The results suggest that processing of multisensory stimuli that are weakly effective is less 

temporally precise than for more effective stimuli. Multisensory systems thus appear to 

compensate for increasing levels of stimulus ambiguity by increasing their tolerance for 

asynchronies, resulting in perceptual binding over a greater degree of temporal disparity. 

Adjusting the width of the temporal binding window would compensate in a manner that 

effects the overall magnitude of multisensory integration, a notion supported by the time-

window-of-integration model (Colonius & Diederich, 2004). Ecologically, this result makes 

a good deal of sense, since in natural environments sensory inputs arriving from a proximal 

source are likely to be more intense and will arrive at their respective sensory organs in a 

more temporally congruent manner. In contrast, sensory information from an identical event 

that occurs at a greater distance from the individual will be of lower intensity and the 

temporal disparity at the point of the respective sensory organs will be increased. Thus, a 

greater tolerance for temporal offsets with low-intensity sensory signals is necessary in order 

to properly reflect the natural statistics of the environment. Furthermore, the nervous system 

may also expand its temporal filter for less effective stimuli in order to compensate for the 

necessity to acquire more information toward a behavioral judgment, These results parallel 

previous work and work in this issue showing that more peripherally presented audiovisual 

stimuli are more likely to be perceptually bound at wider temporal offsets (Nidiffer, et al., 

2015 (in this issue); Stevenson, Fister, et al., 2012).

One hallmark feature in processing information from external and internal events is the 

brain's capability to continuously recalibrate and update ongoing neural processes in a 

dynamic fashion. This occurs particularly frequently when signals are noisy or less reliable 

as could be the case with low- intensity stimuli. Indeed, previous research has shown that the 

manner in which the nervous system integrates sensory information is adaptable according 

to the reliability of information in each sensory modality (Andersen, Tiippana, & Sams, 

2004; Beauchamp, Pasalar, & Ro, 2010; Beierholm, Quartz, & Shams, 2009; Besson, et al., 

2010; Charbonneau, Veronneau, Boudrias-Fournier, Lepore, & Collignon, 2013; Clemens, 

De Vrijer, Selen, Van Gisbergen, & Medendorp, 2011; Deneve & Pouget, 2004; Ernst & 
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Banks, 2002; Fetsch, Deangelis, & Angelaki, 2010; Fetsch, Pouget, DeAngelis, & Angelaki, 

2012; Fetsch, Turner, DeAngelis, & Angelaki, 2009; Helbig, et al., 2012; Ma & Pouget, 

2008; Nath & Beauchamp, 2011; Noppeney, Ostwald, & Werner, 2010; Rohe & Noppeney, 

2015).

Furthermore, multisensory systems are characterized by a great deal of plastic capacity, a 

feature that has been explored extensively in the temporal realm. Thus, through recalibration 

(Fujisaki, Shimojo, Kashino, & Nishida, 2004; Vroomen, et al., 2004) and perceptual 

learning (Powers, et al., 2012; Powers, et al., 2009; Schlesinger, et al., 2014; Stevenson, et 

al., 2013b), it has been demonstrated that an individual's perception of synchrony and the 

window of time within which that individual will perceptually bind paired stimuli can be 

modified. Given the malleability of multisensory processing, it seems plausible then that 

these processes may become more liberal in the window of time with which they 

perceptually bind incoming sensory information based upon its reliability or intensity. 

Indeed, such real time recalibration of sensory integration has been reported previously in 

reference to stimulus reliability as determined by signal-to-noise ratio (Nath & Beauchamp, 

2011). In this study, re-weighting of stimulus inputs based on reliability impacted the 

magnitude of multisensory integration in STS as demonstrated through fMRI. While the 

current data set cannot directly assess this hypothesis, this possible explanation is intriguing 

and warrants direct testing in future research.

Consistent with the results of the current study, one line of previous research has provided 

evidence that another aspect of multisensory temporal processing, the point of subjective 

simultaneity (PSS), can also be modulated by stimulus intensity. The PSS, which describes 

the temporal offset at which the perception of synchrony is maximal, is generally found 

when the visual component of a multisensory stimulus slightly precedes the auditory 

component. Studies investigating the role that stimulus intensity has on the PSS have 

generally shown that with decreases in stimulus intensity, the PSS shifts to an SOA with a 

greater auditory lag (Boenke, Deliano, & Ohl, 2009; Neumann, Koch, Niepel, & Tappe, 

1992). Furthermore, stimuli presented in the periphery have also been shown to have a PSS 

associated with a greater visual-first SOA (Arden & Weale, 1954; Zampini, Shore, & 

Spence, 2003), a result that may be derivative of changes in stimulus effectiveness. 

Furthermore, prior work from our lab has shown that the window within which an individual 

perceives temporal synchrony is in fact broader in the periphery (Stevenson, Fister, et al., 

2012). This extension beyond measures of the PSS is vital, as manipulations of other 

stimulus factors, such as spatial disparity, have been shown to impact the window of 

integration without impacting the PSS (Keetels & Vroomen, 2005). The current study, 

however, provides the first evidence that direct manipulations of stimulus intensity alter the 

temporal tolerance for perceived simultaneity.

In accord with the changes in rates of perceived synchrony across levels of stimulus 

intensity, exploratory analysis of changes in response time CDFs across SOAs and intensity 

levels were also observed. Individuals were slower to respond to stimuli presented at longer 

SOAs, but this effect was smaller with low-intensity stimuli. This interaction effect in RTs 

provides converging evidence with the simultaneity judgment data, and reinforces the 

conclusion that at lower intensity levels (i.e., weaker effectiveness) multisensory systems are 

Krueger Fister et al. Page 9

Neuropsychologia. Author manuscript; available in PMC 2017 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more tolerant of temporal offsets and thus capable of binding audiovisual stimuli over larger 

temporal intervals.

The role of effectiveness and timing is also important in the study of atypical sensory and 

multisensory perception. Specifically, effectiveness and timing play a role in dysfunctional 

multisensory integration in a number of clinical populations. For example, the ability to 

benefit from seeing an speaker's face while conversing in a noisy environment is dependent 

upon the effectiveness of the auditory signal, but individuals with schizophrenia (Ross, 

Saint-Amour, Leavitt, Molholm, et al., 2007) and autism (Foxe, et al., 2013) show deficits in 

the amount of perceptual benefit they gain at low levels of stimulus effectiveness. 

Furthermore, dysfunction in temporal processing of multisensory stimuli have also been 

shown in individuals with autism (Baum, Stevenson, & Wallace, 2015; Bebko, Weiss, 

Demark, & Gomez, 2006; de Boer-Schellekens, Eussen, & Vroomen, 2013; Foss-Feig, et al., 

2010; Kwakye, Foss-Feig, Cascio, Stone, & Wallace, 2011; Stevenson, Segers, Ferber, 

Barense, & Wallace, 2014; Stevenson, Siemann, Schneider, et al., 2014; Stevenson, 

Siemann, Woynaroski, et al., 2014a, 2014b; Wallace & Stevenson, 2014; Woynaroski, et al., 

2013), schizophrenia (Martin, Giersch, Huron, & van Wassenhove, 2013), and dyslexia 

(Froyen, Willems, & Blomert, 2011; Hairston, Burdette, Flowers, Wood, & Wallace, 2005b; 

Virsu, Lahti-Nuuttila, & Laasonen, 2003). Since having an appropriately sized temporal 

binding window ensures proper multisensory integration, one avenue of future research 

should investigate whether or not clinical populations with enlarged temporal windows will 

show a corresponding widening of these windows with changing stimulus properties (i.e., 

stimulus intensities as described in the current study) or with increasing levels of stimulus 

complexity (Stevenson & Wallace, 2013; Vroomen & Stekelenburg, 2011). Furthermore, 

given previous demonstrations of how one can improve multisensory temporal precision 

through perceptual learning (Powers, et al., 2012; Powers, et al., 2009; Schlesinger, et al., 

2014; Stevenson, et al., 2013b), future studies applying such training to clinical populations 

as possible therapeutic tool may prove fruitful. Emerging evidence suggests enormous 

developmental plasticity in multisensory temporal function (Hillock, et al., 2011; Hillock-

Dunn & Wallace, 2012; Stevenson, et al., 2013b). Such developmental malleability could 

potentially be directed in clinical populations to ameliorate some of the changes in sensory 

function. Indeed, audiovisual training in children with reading disabilities has been used as a 

tool to improve reading comprehension (Kujala, et al., 2001; Veuillet, Magnan, Ecalle, Thai-

Van, & Collet, 2007). Thus, delineating the temporal factors and constraints for multisensory 

binding and integration in normative populations builds the foundation for comparisons in 

clinical populations, which may provide key insights into the design of effective 

interventional measures.

 5. Conclusions

The study presented here provides novel evidence of a relationship between the perception 

of multisensory stimuli in relation to their stimulus effectiveness and their temporal 

synchrony. Specifically, these data suggest that the effectiveness of a stimulus presentation 

impacts how the temporal dynamics of the stimulus presentation are perceived, where 

tolerance for stimulus asynchronies is increased as stimulus effectiveness decreases. While 

the present study clearly indicates stimulus-intensity dependent changes in the window of 
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temporal integration, it is limited to only two saliency levels, suggesting further exploration 

of this effect with a broader range of SOAs and salience levels that span the dynamic range 

of behavioral responses to provide a full picture of how the temporal principle and inverse 

effectiveness interact.
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Highlights

• We tested the interaction between timing and effectiveness of 

audiovisual stimuli and the effects of that interaction on perception of 

multisensory stimuli.

• Participants completed an audiovisual simultaneity judgment task 

where stimulus onset asynchronies (SOAs) and stimulus saliencies 

were parametrically varied (4 SOAs, 2 saliency levels).

• Our results show that perceived simultaneity decreases with SOA for 

both stimulus intensities.

• The rate of perceived simultaneity decreases quicker for high-saliency 

conditions than for low-saliency conditions suggesting a widening of 

the temporal window of integration with less effective stimuli.

• This increase in tolerance of larger temporal offsets with decreasing 

stimulus effectiveness indicates an interdependence between stimulus 

factors during multisensory integration which can determine behavior 

and shape perception.
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Figure 1. 
A – Participant set up indicating the participant's location in relationship to the apparatus. B 
– Location of auditory and visual stimulus relative to fixation. C – Timeline of stimulus 

presentations.
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Figure 2. 
A and B – Bar graphs present the changes across SOA within each level of stimulus 

intensity. For both saliencies, perceived synchrony decreases with increasing SOA with 

faster changes occurring in the high-saliency condition. C – Line graphs present the changes 

in perception of synchrony across stimulus intensity levels. Most notably, subjects perceived 

audiovisual stimuli more often as synchronous for the largest SOA at the low saliency 

condition. For all panels, ** indicates p < 0.0001, # indicates p < 0.06.
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Figure 3. 
A and B – Differences in cumulative distribution functions measured with synchronous (0 

ms SOA) and asynchronous (200 ms SOA) presentations with both high-intensity (Panel A) 

and low-intensity (Panel B) presentations. C – An interaction between SOA and stimulus 

intensity was observed using a difference-of-difference measure. The effect of SOA was 

significantly more pronounced with high- than with low-intensity stimuli. D – Area-under-

the-curve measures were extracted from the CDF differences displayed in Panels A and B, 

providing a secondary measure of interactions between SOA and stimulus intensity. ** 

denotes a significant difference at an α-level of 0.05.
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Table 1
Rates of perceived synchrony relative to synchronous presentations

High intensity Low intensity

SOA (ms) t-score p-value t-score p-value

50 1.39 n.s. 0.56 n.s.

100 4.05 1.93e-4 1.10 n.s.

200 7.60 5.61e-7 5.74 5.61e-7

SOA – stimulus onset asynchrony
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Table 2
Mean response times in ms

High intensity Low intensity

SOA (ms) Mean St. Err. Mean St. Err.

0 421.5 29.7 429.1 27.9

50 420.1 26.1 401.6 26.0

100 433.2 29.6 434.5 25.8

200 457.6 28.0 427.8 23.9

SOA – stimulus onset asynchrony

St.Err – standard error
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