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Multisensory integration can alter information processing, and previous research has

shown that such processes are modulated by sensory switch costs and prior experience

(e.g., semantic or letter congruence). Here we report an incidental finding demonstrating,

for the first time, the interplay between these processes and experimental factors,

specifically the presence (vs. absence) of the experimenter in the testing room.

Experiment 1 demonstrates that multisensory motor facilitation in response to audiovisual

stimuli (circle and tone with no prior learnt associations) is higher in those trials in

which the sensory modality switches than when it repeats. Those participants who

completed the study while alone exhibited increased RT variability. Experiment 2

replicated these findings using the letters “b” and “d” presented as unisensory stimuli

or congruent and incongruent multisensory stimuli (i.e., grapheme-phoneme pairs).

Multisensory enhancements were inflated following a sensory switch; that is, congruent

and incongruent multisensory stimuli resulted in significant gains following a sensory

switch in the monitored condition. However, when the participants were left alone,

multisensory enhancements were only observed for repeating incongruent multisensory

stimuli. These incidental findings therefore suggest that the effects of letter congruence

and sensory switching on multisensory integration are partly modulated by the presence

of an experimenter.

Keywords: multisensory, auditory, visual, switch cost, letter congruence

INTRODUCTION

Themerging of information from different senses (commonly referred tomultisensory integration)
can alter, and hence potentially enhance, multisensory information processing. When signals
are presented synchronously in different senses, information processing may be facilitated. This
includes improvements in response accuracy, learning, memory, and motor performance that have
been documented across the lifespan (e.g., Seitz et al., 2006; Shams and Seitz, 2008; Barutchu
et al., 2009, 2019a; Flom and Bahrick, 2010; Bremner et al., 2012; Spence, 2013). Many of these
multisensory processes also happen to be modulated by attention (e.g., Talsma et al., 2010),
prior learnt associations such as in the case of object or letter congruence (e.g., Raij et al.,
2000; Molholm et al., 2004; Chen and Spence, 2010; Cox and Hong, 2015), and other factors,
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such as attention switching between the senses (e.g., Otto
and Mamassian, 2012). However, to date, we are aware of no
study that has specifically investigated how attention, sensory
switching, and learnt associations interact with one another to
influence multisensory processes.

Various multisensory processes and related neural
mechanisms are modulated by attention (e.g., Alsius et al.,
2005; Fairhall and Macaluso, 2009; Talsma et al., 2010; Botta
et al., 2011; Talsma, 2015; Barutchu et al., 2019b; see Spence
and Soto-Faraco, 2020, for a review). The research shows
that multisensory stimuli are more likely to be integrated if
they happen to be presented from an attended (as compared
to a relatively less attended) location, or if the stimuli are
themselves salient enough to capture a participant’s attention
in a bottom-up manner (Talsma et al., 2010). Several studies
also suggest that if attention happens to be divided across tasks,
then multisensory illusions, such as the McGurk effect, may
be significantly weakened (Alsius et al., 2005). Another factor
that may also influence attention and, in turn, multisensory
processing that has not been investigated previously (in the
latter context) is the presence of an experimenter in the testing
room. Indeed, research conducted over the last decade has
shown that various social influences, including joint attention,
can alter both visual and audiovisual task performance, even
under those conditions where the “co-actor” happens not to
be visible to the participant (e.g., Atmaca et al., 2011; Dittrich
et al., 2017; Gregory and Jackson, 2017; Wahn et al., 2017;
Hobeika et al., 2020). For example, Wahn et al. (2017) showed
spatial localization of sensory stimuli was significantly slower
with spatially incongruent audiovisual presentations when the
participant was alone then when two participants performed the
same task simultaneously in close proximity. An experimenter,
unlike a co-participant in a joint attention study, is in a position
of authority and responsibility, while at the same time being less
involved in the task at hand on a moment-by-moment basis.
Thus, the presence of an experimenter could also alter conformity
and obedience to task instructions as well as levels of motivation
(e.g., Sherif, 1935; Asch, 1956; Milgram, 1965). This, in turn,
might be expected to lead to an up-regulation of vigilance,
attention and, in turn, motivation, during experimental testing.
Indeed, under certain experimental conditions, the presence
of an experimenter has previously been shown to improve
the accuracy of signal detection in adults (Putz, 1975), and
performace on attention taks in hyperactive boys (Gomez and
Sanson, 1994). At the same time, however, the presence of an
experimenter in the testing room may also be expected to draw
the participant’s attention away from the target stimuli, and
hence hinder, and thus possibly alter, task performance as a result
(Risko and Kingstone, 2011; Belletier et al., 2015; Belletier and
Camos, 2018).

Multisensory processes are also influenced by attentional
switches between the sensory modalities—historically also
commonly referred to as the “Modality Shift Effect” (MSE) (e.g.,
Sutton et al., 1961; Cohen and Rist, 1992). To be consistent
with the broader literature, we define “switching” as a change
in stimulus type across consecutive trials; Audiovisual stimuli
are defined as a different type of stimulus despite the fact

that they share an overlapping component with each of the
unisensory auditory and visual stimuli. Switching between
different unisensory systems results in slower RTs (following the
switch), and that, in some clinical populations, sensory attention
networks are less flexible, and hence prone to exhibiting larger
modality switch costs than in the general population (e.g., Sutton
et al., 1961; Ferstl et al., 1994; Hanewinkel and Ferstl, 1996;
Spence et al., 2001; Turatto et al., 2002; Lukas et al., 2010; Harrar
et al., 2014; Innes and Otto, 2019; Liu and Otto, 2020; Shaw et al.,
2020). It is generally assumed that switch costs, both within and
across the senses, typically observed in cueing and task switching
paradigms, reflect shifts in attention across or within the senses
and that such shifts in attention can degrade/slow information
processing (e.g., Lukas et al., 2010; Longman et al., 2014; Lin and
Carlile, 2015; Swainson et al., 2017).

In some influential studies, it has been proposed that
sensory switching, together with race-models and changes
in RT variability under multisensory conditions may explain
multisensory motor speed enhancements (Otto and Mamassian,
2012; Otto et al., 2013). The latter researchers used the classic
simple audiovisual detection task with random presentations
of auditory, visual, and audiovisual stimuli in order to show
that switch costs are higher when switching between different
unisensorymodalities, thus inflatingmultisensory RT gains. They
proposed that once switch costs are accounted for, multisensory
enhancements can be explained by “statistical facilitation” in
line with traditional race models (see also the introduction to
Experiment 1 below). If a motor response is always initiated
by the faster of two signals then, naturally, reaction times
(RTs) to multisensory signals will be faster than to unisensory
signals. Alternatively, however, according to “co-activation”
models, at some point during information processing, neural
network signals from different sensory systems “pool” to reach
a response initiation criterion faster, thus resulting in faster
RTs (Miller, 1982, 1986, 1991). Indeed, studies have consistently
demonstrated that multisensory enhancements may be too large
to be explained merely by “statistical facilitation” in adults using
Miller’s test of inequality. The latter is calculated by adding
the probabilities along the distribution of the unisensory RTs
and showing that the summed probabilities of the unisensory
signals cannot predict the fastest responses of the multisensory
RT distribution. However, in the classic detection paradigm with
random stimulus presentation, the serial order of auditory and
visual signals influence each other; that is, RTs for auditory
and visual signals are slower following a sensory switch, when
compared to repeat conditions. As yet, however, it is unknown
how unisensory and multisensory switch costs are influenced by
letter congruence and other experimental factors, such as, for
instance, the presence of an experimenter in the testing room.
Both the novelty of incongruent letters, and the presence of
an experimenter, are likely to modulate attention, and sensory
switching is associated with shifts in attention. Therefore, it
is likely that sensory switch costs will be modulated by letter
congruence as well as by the presence of the experimenter.

The two experiments reported here are the first to investigate
the influence of prior learnt relations, and sensory switching,
on multisensory processing. The first experiment investigated
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RT enhancements in a simple speeded detection paradigm
using signals without any prior specific learnt associations. In
particular, a red circle was coupled with a pure tone, and
auditory, visual, and audiovisual stimuli were presented in
a random sequence. Gain measures for repeat and stimulus
switch conditions were compared, with the hypothesis being
that multisensory enhancements would be significantly greater
for switch than for repeat conditions. These processes were
modulated by the presence of the experimenter in the testing
room. We then ran a second study (Experiment 2) using a
simple detection task with random unisensory and multisensory
presentations of the letters “b” and “d” of the English alphabet
(i.e., the associated graphemes and phonemes) in order to
investigate whether we could replicate these unexpected findings
with prior learnt relations. Specifically, the participants in our
second study had to respond to all letters (i.e., including
multisensory stimuli, regardless of whether or not they were
congruent). If anything, the presence of the experimenter is
likely to increase participants’ vigilance, motivation and attention
levels. Therefore, for both experiments, larger multisensory
enhancements were predicted when the participants were
monitored than when they were left alone by themselves in the
testing room.

EXPERIMENT 1

The original aim of the first experiment had been to investigate
unisensory and multisensory switching using novel associations
in the typical simple multisensory detection paradigm with
random presentations of auditory, visual, and audiovisual
stimuli. Initially, the two experiments reported here were
designed to replicate prior findings by Otto and Mamassian, and
the experiment was conducted with the participants left alone in
a quiet isolated room (e.g., Otto andMamassian, 2012). However,
unusually high RT variability was noted in this first attempt
compared to the previous studies by Barutchu et al. in which the
experimenter was seated in the room with the participant, the
most obvious explanation being the absence of the experimenter
from the testing room (e.g., Barutchu et al., 2009, 2018). Within
the multisensory literature, in studies that test children and
clinical patients, for reasons of practicality, participants are often
closely monitored with the experimenter or caregiver typically
seated in the room (e.g., Barutchu et al., 2009, 2018; Bremner
et al., 2012). However, in adult studies, participants are typically
left alone during the testing phase of any experiment. A separate
body of research has demonstrated that multisensory processes
can also be influenced by the presence of another person jointly
performing the task (Wahn et al., 2017; Hobeika et al., 2020).

To the best of our knowledge, no one has yet explicitly
investigated the effects of the presence of an experimenter on
multisensory information processing. Therefore, we re-ran the
studies replicating prior experimental conditions, but with the
experimenter now seated in the room, out of sight of the
participant, with the idea being subtly to encourage the
participants to maintain their vigilance and attention during
the task (e.g., Barutchu et al., 2009, 2018). Understanding the

influence of the experimenter is undoubtedly an important
contribution to the literature as multisensory processes in
everyday life typically occur in social situations, whereas the
experimental participant is often isolated from any social
interaction (Soto-Faraco et al., 2019). Here, we report two studies
with the participants either left alone or else monitored. We
predicted slower RTs following a sensory switch, and less RT
enhancement for repeat than for switch stimuli, and that these
processes will be affected by the presence of the experimenter.

MATERIALS AND METHODS

Participants
Both multisensory effects in simple speeded detection paradigms
and switch costs are generally associated with large effect sizes
(e.g., Barutchu et al., 2009, 2018). However, here we took
the more conservative approach and assumed moderate effect
sizes. Using G-power, for a within-participant design with nine
repeated measures, for a moderate effect size = 0.4, power =

0.8, and set at alpha = 0.05, the recommended sample size is 7
(Faul et al., 2007). Nevertheless, we recruited 10–15 participants
per experimental group in order to improve the reliability of
the samples (Cumming, 2013). Initially, 15 healthy young adults
aged between 20 and 31 years (M age = 24 years, 9 males,
6 females) were recruited in the “alone” condition. Following
our failure to replicate past studies (e.g., Barutchu et al., 2009,
2018), we repeated the study under “monitored” conditions. To
the best of our knowledge, the comparison between alone and
monitored conditions is the first of its kind, meaning that there is
no prior estimate of effect size. Thus, we adopted the alternative
systematic approach of sampling and re-analyzing every 4 cases
(note that, in general, motor multisensory enhancements are
very reliable and observable at an individual level). Indeed,
under “monitored” conditions, we were able to replicate previous
studies with fewer than 8 participants; however, we failed to
see significant differences between the alone and monitored
groups. Therefore, we recruited an additional 4 cases, which still
yielded a very small effect size of <0.1 for some measures in
the alone and monitored group comparisons (i.e., RTs, note that
over 400 participants would be required to show a significant
difference for an effect size of 0.1, which is obviously well outside
the scope of such a psychophysical study). Thus, in total, we
recruited 12 health young adults between 21 and 32 years of age
(M = 25 years, 3 males, 9 females), who were allocated to the
“monitored” condition. Note also that a group size of 12 is wholly
comparable with other multisensory psychophysical studies we
were aiming to replicate that reported participant numbers as low
as 10 (e.g., Otto et al., 2013). None of the participants reported
any prior history of neurological of psychiatric conditions. The
participants were paid £10 for taking part in a study that took
∼1 h to complete.

All of the participants provided informed consent prior to
taking part in the study, and all procedures were ethically
approved and strictly adhered to the guidelines of the
Inter Divisional Medical Sciences Research Ethics Committee,
University of Oxford.
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Stimuli
The participants were presented with auditory (AT), visual
(VT), and audiovisual target stimuli (AVT). The visual stimulus
was a red circle (2.1 cm radius) presented at the center of a
17-inch monitor. The auditory stimulus was a 500Hz pure tone
(5ms rise and fall time) presented from two loudspeakers, one
positioned on either side of the monitor. The auditory stimulus
was presented with equal intensity to both ears, measured at
75 dB at the participant’s ear (note that this set-up led to
the sound appearing to come from the center of the screen;
i.e., from the same apparent location as the visual target).
For audiovisual stimuli, the auditory and visual stimuli were
presented simultaneously. An oscilloscope was used to confirm
the synchronization of the auditory and visual signals (a jitter of
<1ms was detected). The stimuli were all presented for 100ms.
There were 6 blocks of 180 stimuli (∼130 presentation per
stimulus type and switch condition). The interstimulus interval
(ISI) between successive stimuli varied randomly between 1,250
and 2,250ms. The duration of each block of trials was∼5 min.

Procedure
The participants were seated in a quiet dimly-illuminated
room and positioned centrally at a distance of ∼75 cm from
the computer monitor (exactly the same room and lighting
conditions were used for both the alone and monitored
condition). The same testing environment was used for the
alone and monitored condition. In the alone condition, the
experimenter only remained in the room for the practice
trials (a maximum of 20 trials in order to ensure that the
participant understood the task instructions), and returned once
all of the blocks of stimuli had been presented. This meant
that the participants were isolated for a total of ∼40min.
In the monitored condition, the experimenter remained in
the testing room at all times and was seated ∼1 meter and
∼110 degrees from fixation (i.e., to the side and out of the
participant’s line of peripheral sight, but in a position able
to monitor their direction of fixation and movements). The
experimenter monitored the participant throughout the task
to ensure that they maintained fixation on the screen. The
participants were instructed to respond to all of the target
stimuli (i.e., AT, VT, and AVT stimuli) using a response pad
with a finger of the right hand. Initially, the participants
were presented with a fixation cross (size = 0.5 cm) from
the center of the screen for 500ms followed by a random
sequence of equiprobable AT, VT, and AVT stimuli, thus, the
switch between the AT, VT, and AVT stimuli was also random.
There were no significant differences between the numbers of
switch trials for each stimulus type. Before the initiation of
the first block of trials, all of the participants were encouraged
to take a break of at least 1–5min between each block of
trials. In the monitored condition, the experimenter asked the
participants how they were doing and told them that they could
initiate the next block of trials whenever they were ready. In
both the alone and the monitored condition, the participants
determined the duration of the breaks and self-initiated the
blocks when ready. The total duration of the experiment,

including breaks, was ∼40–45min for both the monitored and
the alone experimental conditions.

Design and Data Processing
Both of the experiments reported here used a simple detection
paradigm, whereby the participants had to respond to all of the
target stimuli as rapidly and accurately as possible. Therefore, an
error is defined as a failure to respond to a stimulus (i.e., all errors
are omissions).

A 2(testing condition: alone and monitored) x 3(stimulus
type: AT, VT, and ATVT) × 3(switch type: preAT, preVT, and
preAVT) mixed design was used. The between-group measure
had 2 levels: the participants were either “monitored” by the
experimenter or else “alone.” The two repeated measures had
3 levels each: stimulus type (AT, VT, and AVT) and switch
type (preAT, preVT, and preAVT). The term “pre” refers to the
previous stimulus in the sequence of trials, which is indicative of
the switch type (e.g., an AT with a preAT is a repeat condition,
while an AT with a preVT is a switch condition whereby AT
stimulus was preceded by a VT stimulus).

For all of the studies reported here, for each individual,
only motor responses >100ms and <3 SD below the
means were accepted as correct motor responses (RTs) and
included in the analyses reported below. Less than 2%
of RTs were rejected based on these exclusion criteria.
For each experimental (alone and monitored) and switch
(repeat and switch) condition, moving averages were calculated
by averaging the RTs across 10 consecutive trials moving
in steps of one. In addition, for each participant, the
individual RT coefficient of variation was calculated by
dividing the standard deviation (SD) of RTs by the mean
(µ) RT (Cv = SD/µ). Differences between the stimulus
type, switch conditions, and experimental conditions for
percentage error rates, RTs, and the coefficient of variation
(Cv) were assessed using a series of 2(testing condition:
monitored and alone) x 3(stimulus type: AT, VT, and AVT) x
3(switch type: preAT, preVT, and preAVT) mixed Analysis of
Variance (ANOVA).

Multisensory enhancement or “gain” measures were
calculated by subtracting the RT for the multisensory stimulus
from the faster of the two mean unisensory RTs. Therefore,
a positive gain value represents faster RTs for multisensory
stimuli, whereas a negative value indicates a cost associated with
responding to multisensory (as compared to unisensory) stimuli.
Multisensory gain measures were analyzed using a 2(switch
condition: repeat and switch) x 2(testing condition: monitored
and alone) mixed ANOVA. In addition, for each stimulus and
switch condition, cumulative density functions (CDFs) and
Miller’s test of the race-model inequality were also calculated
at an individual level (see Miller, 1982, for details). Violations
of the race-model were assessed using a series of 2(AVT vs.
AT+VT CDF) × 10 (probabilities) ANOVAs. Since violations
of race models only concern the fastest RTs, planned contrasts
were applied to the faster end of the CDF distribution (i.e., for
probabilities of 0.55 and below) to assess whether the AVT CDF
was significantly faster than the AT+VT CDF (whereby the
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probabilities of the RTs along the CDF are added, see Miller,
1982).

Switch costs were also calculated by subtracting the switch
conditions from the repeat conditions with negative values
reflecting a cost in RT following a switch (i.e., slower RTs), while
a positive value represents a gain in RT following a switch (i.e.,
faster RTs). A 6(switch conditions: AT-preVT, AT-preAVT, VT-
preAT, VT- preAVT, AVT-preAT, and AVT-preVT) × 2(testing
condition: alone and monitored) mixed ANOVA was used to
assess switch costs across the experimental conditions.

All significant interaction effects were followed-up with
simple effects analyses, and Bonferroni adjustments were applied
to multiple post-hoc comparisons, where appropriate.

RESULTS

As expected, the overall percentage of errors on the simple
detection task was low, averaging below 10% mean errors
for all stimulus conditions, and significantly lower when the
experimenter was present in the room (M = 2.74%, SE =

0.74) than when the participants were left alone (M = 5.25%,
SE = 0.47) (see Appendix A for a detailed outline of the
accuracy analysis).

Reaction Times
As predicted, multisensory RT facilitation was observed; mean
RTs (see Figure 1A) were significantly faster for audiovisual
stimuli than for the unisensory stimuli, F(2,100) = 45.80, p <

0.001, η
2 =0.65 (p < 0.001 for both follow-up main effects

analyses comparing AVT with AT and VT). The main effect
of switching, F(2,100) = 12.86, p < 0.001, η

2 = 0.34, and the
interaction between stimulus type and switching, F(4,100) =

40.15, p < 0.001, η
2 = 0.62, were also significant. The main

effect for group (i.e., monitored vs. alone) was, however, not
significant, F(1,24) = 0.05, p= 0.82, η2 = 0.002. Follow-up simple
effects analyses revealed significantly slower RTs when switching
between unisensory stimuli (p< 0.002) as compared to the repeat
conditions (see Figure 1A). By contrast, RTs for the multisensory
stimuli were not affected by switching from VT stimuli (p =

0.40), with only the small increase in RT when switching from
an AT stimulus reaching significance (p = 0.009). Furthermore,
when switching from AVT, the RTs for AT and VT did not differ
significantly (p > 0.9). There were no other significant main and
interaction effects in the mean RT data (p > 0.7 for all).

The moving averages with SEMs (see Figure 1B) were also
calculated as a descriptive to visually observe the trend of RTs
over the course of the experiment. As can be observed, RTs
for the multisensory stimuli are consistently faster than the
unisensory stimuli throughout the entire duration of the task for
both the monitored and the alone conditions. Additionally, RTs
tended to speed-up during the course of the study, particularly
in the monitored condition. Interestingly, RT variability across
individuals (i.e., shaded areas in Figure 1B depicting SEMs)
was higher and more likely to overlap across the unisensory
(AT and VT) and the multisensory (AVT) conditions when the
participants were left alone than when the experimenter was
present in the testing room. Indeed, the variability of RTs across

individuals was significantly higher in the alone than in the
monitored conditions (see Appendix C for additional analyses).

The variability of individual participants’ RTs was also assessed
(see Figure 1C). An analysis of the Coefficient of Variation (Cv)
of RTs revealed that overall variability was significantly higher for
auditory stimuli than for visual or audiovisual stimuli, F(2,100)
= 36.00, p < 0.001, η

2 = 0.59. The stimulus type by switch
condition interaction was also significant, F(4,100) = 12.46, p <

0.001, η
2 = 0.33. In particular, switching between unisensory

auditory and visual stimuli significantly increased RT variability
for unisensory stimuli with the largest observed increase in RT
variability being documented for AT stimuli when switching
from VT stimuli (p < 0.01 for all post-hoc pairwise simple
effects comparisons). Switching from an audiovisual stimulus to
an unisensory stimulus also led to a significant increase in RT
variability. By contrast, RT variability for the AVT stimulus was
not significantly affected by the various switch conditions (p >

0.1 for all). There were no other significant main and interaction
effects for Cv (p > 0.1 for all).

Switch Costs
This simple detection task required participants to respond
to all target stimuli using the same button press, therefore
only the stimulus modality changed across consecutive trials.
Switch costs were calculated by subtracting the switch conditions
from the repeat conditions (i.e., switch costs = repeat RT—
switch RT, see Methods section for details). Nevertheless, switch
costs increased significantly when switching between unisensory
stimuli as compared to when switching between unisensory
and multisensory stimuli (see Figure 1D), F(1,25) = 24.74,
p < 0.001, η

2 = 0.50. Follow-up main effects analyses revealed
that unisensory switch costs were significantly larger than
multisensory switch costs (p < 0.003 for all comparisons), with
the highest (significant) switch cost being documented for AT
stimuli when switching from a VT stimulus (p < 0.001). Switch
costs for themultisensory stimuli did not differ significantly when
switching between unisensory and multisensory stimuli (p > 0.4
for all). There were no other significant main and interaction
effects for switch-costs (p > 0.7 for all).

Multisensory Enhancements
Multisensory gains in RTs (see Figure 1E, whereby gain = faster
of unisensory—multisensory condition, thus positive values =

faster RTs for multisensory stimuli) were significantly lower
for repeat than for switch trials, F(1,25) = 43.85, p < 0.001,
η
2 = 0.64. Switching between sensory target stimuli slowed

participants’ responses and increased the variability of their RTs
for unisensory, but not for multisensory, stimuli thus amplifying
the observed multisensory facilitation in the switch conditions.
The difference in multisensory RT gains (see Figure 1E) between
the alone and the monitored condition was not significant, F(1,25)
= 0.03, p = 0.86, η2 = 0.001. Furthermore, as switch costs have
a significantly greater effect on unisensory than multisensory
stimuli, more violations of the race-model of inequality were
observed for switch than for repeat conditions (see Figure 2).
Nevertheless, in the monitored condition, significant race-model
violations were still observed in the fastest RTs for repeat
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FIGURE 1 | (A) Mean RT (+SEM) for the auditory (AT), visual (VT), and audiovisual (AVT) stimuli, switch (pre-AT, pre-VT, and pre-AVT) and experimental (monitored and

alone) conditions. (B) Moving averages in steps of 1 averaged over 10 RTs for the first 60 trials for repeat and switch conditions and the monitored and alone

conditions (green = AT, blue = VT, and red = AVT). Note that moving averages and SEMs were calculated for the first 60 trials only, as errors of omission were as high

as 18% for some participants in the alone condition (i.e., there are not enough RTs from some participants). (C) Coefficient of Variation (+SEM), and (D) switch costs

(+SEM) for auditory visual and audiovisual stimuli and switch conditions (i.e., switch cost = repeat—switch condition). (E) Mean multisensory gain in ms (+SEM) for

the switch and the alone and monitored experimental conditions. Note that the switch gain represents the difference between the faster of the unisensory switch

conditions and the faster of the multisensory switch conditions.

conditions; a 2(AVT vs. AT+VT CDF) × 10(probabilities)
ANOVA revealed a significant interaction, F(9,99) = 41.64,
p < 0.001, η

2 = 0.79. Follow-up planned comparisons revealed
significant violations for the monitored repeat stimuli 0.05 to
0.15 probability (p < 0.03 for all planned post-hoc contrasts).
For the monitored switch conditions, significant violations
ranged from a probability of 0.05 to 0.55, F(9,99) = 35.39,
p < 0.001, η

2 = 0.76 (p < 0.006 for all planned post-

hoc contrasts). In the alone repeat conditions, there were no
significant violations of the race model for the fastest RTs, F(9,126)
= 20.75, p < 0.001, η

2 = 0.59; race model violations were
observed only for the 0.35 and 0.45 probabilities (p < 0.03 for
both). For the alone switch conditions, significant race-model
violations ranged from 0.15 to 0.55 probabilities, F(9,126) =

23.70, p < 0.001, η
2 = 0.63 (p < 0.002 for all planned post-hoc

contrasts). Although measured comparisons between the alone
and monitored condition do not differ significantly, Experiment
1 nevertheless reveals that the presence of the experimenter in
the testing room influences race-violations. Thus, inconsistencies
across multisensory studies could potentially be explained by the
presence of an experimenter in the testing room.

DISCUSSION

In Experiment 1, a simple speeded detection paradigm was used
to demonstrate that RTs are significantly faster for multisensory
than for unisensory stimuli under both repeat and switch
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FIGURE 2 | Experiment 1 (A) Cumulative probability functions (CPFs) for auditory (green), visual (blue), multisensory stimuli (red), and for the summed probability of the

unisensory stimuli (AT+VT CDF—i.e., test of inequality, black) for repeat and switch trials under alone and monitored experimental conditions. (B) Inequality calculated

as the difference between the AVT CDF (red line) and the AT+VT CDFs (black line) for repeat and switch trials under alone and monitored experimental conditions. Red

*p < 0.05.

conditions. This multisensory advantage could not be explained
simply as a result of increases in an individual’s RT variability for
multisensory stimuli. The RT variability for multisensory stimuli
was not significantly affected by stimulus switching, unlike the
unisensory stimuli, which not only slowed down but showed an
increase in RT variability (i.e.,Cv) with switching. Themagnitude
of the multisensory gain was thus amplified on switch, but not on
repeat, trials. Nevertheless, Miller’s test of inequality was violated
under both repeat and switch conditions in the monitored
condition. However, violations were not observed for the fastest
RTs when the participants were alone in the testing room.
This suggests that multisensory enhancement effects are partly
dependent on the experimental testing conditions (specifically,
the presence vs. absence of an experimenter in the testing room).

Multisensory enhancements were observed for both repeat
and switch conditions throughout the entire sequence of trials.
As expected, switching between unisensory stimuli slowed RTs
significantly (e.g., Cohen and Rist, 1992; Turatto et al., 2002; Otto
and Mamassian, 2012, 2016), and increased their variability. RTs
to multisensory stimuli, on the other hand, were not affected
by sensory switching. When a multisensory stimulus (AVT—i.e.,
tone with red circle in this case) was preceded by a unisensory
auditory (AT—tone) or visual (VT—red circle) stimulus, there
was always one component of the target that repeated, in

turn, potentially eliminating switch costs. Since switch costs
are only amplified for unisensory stimuli, this increases the
observed overall multisensory gain for the switch as compared
to the repeat conditions. Nevertheless, in Experiment 1, we still
observed significant multisensory enhancements for both repeat
and switch conditions under the monitored conditions.

Given the unexpected nature of the experimenter effect
reported in Experiment 1, we aimed in Experiment 2 to replicate
this finding and show that the presence of the experimenter (in
the room) can indeed modulate multisensory processes using
stimuli with well-learnt associations, i.e., letters instead (i.e., the
graphemes and phonemes for the letters “b” and “d”).

EXPERIMENT 2

Experiment 2 aimed to replicate and further investigate the
effects of sensory switching of learnt stimuli on multisensory
facilitation. Prior learning and letter congruence have been
shown to exert an influence over various multisensory processes
(e.g., Raij et al., 2000; Molholm et al., 2004; Sinnett et al.,
2008; Delogu et al., 2009; Chen and Spence, 2013, 2017,
2018; Downing et al., 2014). Multisensory associations can
also be learnt faster (e.g., when a coincidental novel sound,
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coupled with a visual stimulus, are both defined as targets
via feedback) (e.g., Fifer et al., 2013); and both well-learnt
semantically congruent associations and unfamiliar pairings can
lead to multisensory enhancement (e.g., Miller, 1982; Giard and
Peronnet, 1999; Molholm et al., 2004). However, expectations
and context can alter multisensory integration (e.g., Sinnett
et al., 2008; Gau and Noppeney, 2016; Shepherdson and Miller,
2016; Barutchu et al., 2018). For example, Barutchu et al. (2018)
have demonstrated significant multisensory enhancements to
incongruent multisensory stimuli (i.e., comparable multisensory
RT facilitations for audiovisual presentations of both congruent
“chirping birds” and incongruent “barking birds,” and vice versa)
when the learnt associations are not relevant to the task at
hand. However, it is unknown how such learnt associations
interact with sensory switching, and whether they are influenced
by the presence of an experimenter. Given that all three
factors can influence attention, it is hypothesized that they are
likely to interact with each other to influence multisensory
integration. Therefore, in Experiment 2, the letters “b” and “d”
were used because of their phonetic and graphemic similarity.
The incongruence of the letters was task-irrelevant, in that
the participants were asked to make the same simple motor
response to all stimuli (i.e., unisensory and multisensory stimuli
no matter whether or not they were congruent). Given that
in the second experiment the congruence of the stimuli was
not relevant to the task at hand, it was hypothesized that
multisensory enhancements and switch costs would be similar
for congruent and incongruent multisensory stimuli (Barutchu
et al., 2018). Multisensory enhancements were also expected to
be higher when the experimenter was seated in the room with
the participant.

MATERIALS AND METHODS

Participants
Seventeen participants volunteered for the alone condition, one
of whom was excluded due to high error rates (over 2.5 SD
above the mean) on the detection task, leaving 16 participants
in the final analyses reported below (age range = 19–31 years,
M age = 25 years 5 months, 11 males and 5 females). In
addition, 12 healthy young adults volunteered for the monitored
condition. One participant was excluded due to high error rates
(over 2.5 SD above the mean) on the detection task (age range
= between 21 and 31 years, M age = 25 years 6 months, 4
males and 7 females). All of the participants either spoke English
as a first language or else had started learning English during
their early childhood. Participants reported no prior history of
neurological of psychiatric conditions. They were paid £10 per
hour of their participation.

Stimuli and Procedure
The stimuli for Experiment 2 included auditory and visual
presentations of the lowercase letters “b” and “d” (in bold
Arial font 72) and their respective phonemes (i.e., /b/ and
/d/ enunciated by a mature female). Black letters on a white
background were presented in the center of the screen for 200ms.
Letters were presented as auditory (AT), visual (VT), audiovisual

congruent (AVT-c), and audiovisual incongruent stimuli (AVT-
ic). The participants had to respond by pressing a response button
to all stimuli as rapidly and accurately as possible.

The AT, VT, AVT-c, and AVT-ic stimuli were presented
randomly with equal probability in blocks of 240 stimuli. Each
block lasted for ∼7min. In the alone condition, the participants
were presented with 8 blocks of stimuli. In the monitored
condition, the participants were presented with 6 blocks of
stimuli. The additional blocks in the alone condition did not
affect the mean RTs or the outcomes of the study. Nevertheless,
for both experimental conditions, only the first 6 blocks were
included in the final analyses reported below for consistency.

Data Analyses
Experiment 2 also used a simple detection paradigm, whereby
participants had to respond to all stimuli as fast and accurately
as possible (thus, all errors are errors of omission).

A 2(testing condition: alone and monitored) × 4(stimulus
type: AT, VT, AVT-c and AVT-ic)× 4(switch type: preAT, preVT,
preAVT-c, and preAVT-ic) mixed design was used. In line with
Experiment 1, the between-group measure had 2 levels: the
participants were either “monitored” by the experimenter or
“alone.” The two repeated measures each had 4 levels: stimulus
type (AT, VT, AVT-c, andAVT-ic) and switch type (preAT, preVT,
preAVT-c, and preAVT-ic).

Percentage error rates, RTs, and Cv measures were
analyzed using a series of 2(experimental conditions: alone
and monitored) × 4(stimuli type: AT, VT, and AVT-c, and
AVT-ic) × 4(switch condition: preAT, preVT, preAVT-c, and
preAVT-ic) mixed ANOVAs. Switch conditions were analyzed
using a 2(experimental conditions: alone and monitored) ×

12(switch type: see Figure 4B for a list of conditions) mixed
ANOVA. Multisensory enhancements were assessed using a
2(experimental conditions: alone and monitored) × 2(switch:
repeat and switch)× 2(congruency: congruent and incongruent)
mixed ANOVA.

Miller’s test of inequality for experimental (alone and
monitored), congruency (congruent and incongruent), and
switch (repeat and switch) conditions was statistically assessed
using a series of separate 2(stimuli: AVT CDF and AT+VT
CDF) × 10(probabilities) repeated measured ANOVAs followed
by planned contrasts for the faster RTs with probabilities ≤0.55.
All other stimulus parameters, experimental procedures, and all
analysis procedures were the same as in Experiment 1.

RESULTS

Preliminary analyses revealed that compared to the repeating
stimuli, switching between stimuli within the same modality (i.e.,
switching between unisensory graphemes or phonemes) did not
affect either response accuracy or RTs. Therefore, unisensory
responses for “b” and “d” were collapsed and only the four
different stimulus types (i.e., AT, VT, AVT-c, and AVT-ic) were
analyzed further.

As expected, accuracy on the simple detection task was
high (statistical analyses of the accuracy data are presented in
Appendix B).
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FIGURE 3 | Experiment 2 (A) Mean RTs (+SEM) and (B) mean Coefficient of Variation (+SEM) for auditory (AT), visual (VT), audiovisual congruent (AVT-c), and

audiovisual incongruent (AVT-ic) stimuli and switch conditions.

Reaction Times
Consistent with the results of Experiment 1, motor
enhancements were observed for both repeat and switch
trials (see Figures 3, 4). Mean RTs were significantly faster
for the multisensory AVT-c and AVT-ic stimuli than for the
unisensory AT and VT stimuli, F(3,225) = 57.14, p < 0.001, η

2

= 0.70. The main effect for switch was also significant whereby
switching from the unisensory AT and VT stimuli resulted in
slower RTs, F(3,225) = 7.49, p < 0.001, η2 = 0.23. Mean RTs were
slower in the alone than in the monitored condition, F(1,25) =
6.08, p = 0.02, η

2 = 0.20. The two-way interactions between
stimulus type and experimental condition, F(3,225) = 6.67, p <

0.001, η
2 = 0.21, stimulus type, and switch condition, F(9,225)

= 33.66, p < 0.001, η
2 =0.57, and the three-way interaction

between stimulus type, switch, and experimental condition,
F(9,225) = 5.40, p < 0.001, η2 = 0.18, were also significant. The
RTs for AT, AVT-c and AVT-ic stimuli, but not the VT stimuli,
were significantly faster in the monitored than in the alone
experimental conditions (for all pairwise post hoc comparisons p
< 0.05). In the monitored experimental condition, mean RTs for
the congruent and incongruent multisensory conditions were
not affected by switching between the target stimuli; Only the
RTs to unisensory AT and VT stimuli slowed significantly when
switching between unisensory stimuli (p < 0.01 for all post-hoc
pairwise comparisons). In the alone experimental conditions,
on the other hand, mean RTs for both the congruent and
incongruent multisensory stimuli slowed down when switching
from the unisensory AT stimulus (p < 0.01); when switching
from AT, the increase in RTs was significantly greater for the
congruent AVT-c than the incongruent AVT-ic stimulus (see
Figure 3A).

Participants’ RT variability also increased in the alone as
compared to the monitored condition, F(1,25) = 6.95, p = 0.01,
η
2 = 0.22. The RT coefficient of variation was also significantly

higher for the unisensory than for the incongruent multisensory
stimuli, F(3,225) = 18.50, p < 0.001, η2 = 0.43, and p < 0.01, for

all post hoc main effects comparisons. The main effect of switch
condition was also significant, F(9,225) = 5.40, p < 0.001, η

2 =

0.18, with switching from VT stimuli resulting in a significantly
higher Cv than the AT and AVT-c switch conditions (p < 0.02).
The interaction between stimulus type and switch condition was
also significant, F(9,225) = 6.50, p < 0.001, η

2 = 0.21. For AT
stimuli, switching from a unisensory VT stimulus resulted in an
increase in RT variability (p < 0.01). However, switching did not
affect the RT variability for the other stimuli significantly (see
Figure 3B).

An increase in RT variability across individuals can also be
observed in the moving averages that are presented in Figure 4A.
There is much more SEM overlap between the different stimuli
in the alone than the monitored condition throughout the entire
testing phase. Consistent with the results of Experiment 1, the
variability across participants was analyzed revealing a significant
increase in the alone condition, which was significantly higher in
the switch than in the repeat condition (see Appendix C).

Switch Costs
Consistent with the results of Experiment 1, switch costs
were greatest when switching between unisensory stimuli (see
Figure 4B). A two-way ANOVA revealed a significant main
effect of switch, F(11,275) = 17.41, p < 0.001, η

2 = 0.41,
and experimental condition, F(1,25) = 9.71, p = 0.005, η

2 =

0.28. Switch costs were significantly higher in the alone than
in the monitored condition, and when switching between the
unisensory AT and VT stimuli than for the multisensory stimuli.
The interaction between the experimental and switch conditions
was also significant, F(11,275) = 2.95, p = 0.001, η2 = 0.11. In the
monitored condition, only switching between unisensory stimuli
resulted in significantly higher switch costs (p < 0.05). In the
alone condition, on the other hand, switching between AT and
AVT-c stimuli also resulted in increased switch costs as compared
to the other multisensory switch conditions (p < 0.01).
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FIGURE 4 | Experiment 2 (A) Moving averages of RTs (1 step of 10 trials) for the repeat and switch conditions for the AT (green), VT (blue), AVT-c (red), and AVT-ic

(magenta) stimuli. (B) Mean switch costs = repeat—switch condition (+SEM), and (C) mean MS gain (+SEM) for stimuli, switch, and monitoring conditions.

Multisensory Enhancements
Multisensory enhancements for both switch and repeat
conditions were affected by the experimental condition
(see Figure 4C). In particular, multisensory enhancements
were significantly higher for the switch than for the
repeat conditions, F(1,25) = 84.04, p < 0.001, η

2 =

0.77. The interaction between stimulus congruence and
experimental condition was also significant, F(1,25) =

3.11, p = 0.01, η
2 = 0.23. In the alone experimental

conditions, there was no multisensory motor enhancement
for congruent stimuli; multisensory gains were significantly
higher for AVT-ic than for AVT-c stimuli (p = 0.002).
In the monitored condition, there were no significant
differences between the congruent and the incongruent
stimuli (p > 0.5).

A similar pattern of results was observed when assessing
Miller’s test of inequality (see Figure 5). In the alone condition,
there were no significant violations of Miller’s inequality for
repeat trials (see Figure 5A): congruent, F(9,135) = 30.16, p <

0.001, η2 = 0.67, and incongruent, F(9,135) = 21.13, p < 0.001, η2

= 0.59, stimuli. For switch trials in the alone condition, violations
were observed only for multisensory incongruent stimuli starting
at 0.15 probability, F(1,135) = 18.95, p < 0.001, η

2 = 0.56.
There were no significant violations of Miller’s inequality for
congruent switch trials, F(1,135) = 33.49, p < 0.001, η

2 = 0.69
(Note that for the alone experimental condition, the significant
F-statistics represent faster AT+VT CDFs at the slower end of
the probability function).

In the monitored condition, by contrast, violations of Miller’s
test of inequality were observed for all congruency and switch
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FIGURE 5 | Experiment 2 (A) Cumulative density functions (CDFs) for the unisensory auditory (green line), visual (blue line) stimuli, and the multisensory congruent

(AV-c: red line) and incongruent (AV-ic: dashed magenta line) and the summed probability for the unisensory stimuli (AT+VT CDF—i.e., test of inequality: black line) for

repeat and switch conditions. (B) Mean difference (±SEM) between the AVT CDF and the bound AT+VT CDFs for repeat and switch conditions for congruent and

incongruent trials. *both AVT-c and AVT-ic significantly faster than AT+VT CDF, ∧only AVT-c significantly faster than AT+VT CDF, #only AVT-ic faster than AT+VT CDF.

conditions: repeat congruent, F(9,90) = 34.46, p < 0.001, η
2 =

0.78, repeat incongruent, F(9,90) = 23.62, p < 0.001, η
2 = 0.70,

switch congruent, F(9,90) = 16.42, p < 0.001, η
2 = 0.62, and

switch incongruent F(9,90) = 17.20, p < 0.001, η
2 = 0.63. In

the monitored condition, RTs were significantly faster than the
bound added probabilities of the unisensory conditions for all
conditions except the fastest RTs at 0.05 probabilities for AVT-
ic stimuli. Note that the level of inequality (as calculated and
presented in Figure 5B) was significantly higher in themonitored
condition than in the alone conditions for congruent repeat and
switch conditions (p < 0.006), but not for incongruent letter
stimuli (p > 0.09). This finding is consistent with the results
of Experiment 1, where audiovisual stimuli with no prior learnt
associations were used.

DISCUSSION

Consistent with the results of Experiment 1, switch costs
were higher when switching between unisensory rather than
between multisensory stimuli. Multisensory enhancements
were dependent not only on letter congruence, but also
on experimental conditions. In the monitored experimental
conditions, multisensory motor enhancements were observed

for both repeat and switch conditions. However, in the
alone condition, multisensory enhancements were observed for
incongruent letters, but not for congruent repeating stimuli.
There is a complex interplay between multisensory motor
enhancements, sensory switching, and letter congruence, which
is shown here to be modulated by the presence of an
experimenter in the testing room.

Consistent with prior studies, both familiar (letters) and
arbitrarily paired novel (red circle and tone) multisensory stimuli
resulted in motor enhancements, even when the multisensory
stimulus pairs were incongruent with prior learning (e.g., Miller,
1982, 1991; Giray and Ulrich, 1993; Barutchu et al., 2009). In
both experiments, moving averages suggest that the enhancement
in motor speed is present from the initiation of the task and
that this enhancement is maintained throughout the course
of the tasks. Using an object discrimination task, Molholm
et al. (2004) showed that only congruent multisensory objects
with dual targets result in multisensory enhancement, while
incongruent stimuli resulted in slower RTs, particularly when
the visual signal was irrelevant and the sound was a relevant
target (also see Barutchu et al., 2013b). These findings suggest
that multisensory processes are primed to dual multisensory
targets by the task instructions prior to the initiation of the
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task. Neural mechanisms can indeed be modulated by cues and
other task instructions prior to stimulus onset and response
initiation (e.g., Corbetta et al., 1993, 2000; Kastner et al., 1999;
Ruz and Nobre, 2008; Stokes et al., 2009; Nobre and van
Ede, 2018). Prioritizing multisensory processing to stimuli with
multiple target components may be one of the ways in which
the multisensory system maintains flexibility to cope with a
multisensory environment that is in a constant state of flux.

Under monitored experimental conditions, there were no
differences in the level of multisensory motor enhancements for
congruent and incongruent stimuli. Interestingly, however, when
the participants were left alone, multisensory enhancements
were observed for the switch conditions and only for the
incongruent repeat trials. The presence of an experimenter
in the testing environment may have increased obedience to
task instructions, vigilance, motivation and joint attention and,
in turn, up-regulated multisensory integration to all relevant
target stimuli irrespective of stimulus congruence (e.g., Putz,
1975; Wahn et al., 2017). Therefore, when attention is engaged,
prior learnt associations could be vetoed to prioritize the
task-relevant stimuli. Another possible explanation is that
under attentionally-demanding conditions (i.e., in the monitored
condition), top-down inputs that identify target multisensory
stimuli, may have primed the multisensory system into early
integration prior to the detection of the letters’ incongruence. In
contrast, under low attention conditions (i.e., alone condition),
multisensory enhancements were not observed for repeat
congruent stimuli. Instead, only the novel incongruent stimuli
resulted in multisensory enhancements under switch conditions.
In this case, the novel pairing of the incongruent letters is likely
to be salient and capture attention, modulating multisensory
processing, and thus leading to higher levels of multisensory
enhancement. There is much overlap between the multisensory
and attention neural networks, both of which include the
posterior parietal cortex (PPC), frontal cortical brain regions, and
the superior colliculus (e.g., Stein andMeredith, 1993; Driver and
Noesselt, 2008; Andersen et al., 2009; Zuanazzi and Noppeney,
2019). Future studies need to investigate how these networks are
influenced by social factors, like experimenter presence.

GENERAL DISCUSSION

To the best of our knowledge, this is the first study to
investigate: (1) the interplay between multisensory processing,
sensory switching, and stimulus congruence; and (2) report a
replicable (as it happens, incidental) finding demonstrating how
experimental conditions, such as having the experimenter in
the room, can influence these complex relationships. Across
two experiments, multisensory enhancements have consistently
been shown to be higher under switch than repeat conditions.
Our results also demonstrate that significant multisensory
enhancements are observable under repeat conditions depending
on the stimulus type and the experimental condition. When
participants are left alone in the room, they are less likely to
show multisensory enhancements for repeating and familiar

congruent stimuli. The presence of an experimenter in the room
significantly enhances multisensory processing.

The presence of an experimenter in the testing room is
likely to influence joint attention, motivation, conformity, and
obedience to task instructions, which have been shown to
influence various perceptual decision processes (e.g., Sherif, 1935;
Asch, 1956; Milgram, 1965; Putz, 1975; Atmaca et al., 2011;
Dittrich et al., 2017). Indeed, multisensory processes are partly
modulated by mechanisms of attention (e.g., Talsma et al.,
2010) and joint attention (Wahn et al., 2017). Therefore, even
though the experimenter was not visible to the participants in
the monitored conditions, participants may have engaged in
“joint attention” with the experimenter by assuming that the
experimenter was also fixated on the stimuli being presented
on the screen. Our findings are also consistent with those
studies showing that task performance can be improved by the
supervision and monitoring of participants (Putz, 1975; Gomez
and Sanson, 1994), leading to “social facilitation.” Given the ease
of the task, we assume that attention was upregulated in the
presence of the experimenter, acting as the essential glue needed
to bindmultisensory signals outside the predictive bounds of race
models. Further research may therefore be required in order to
assess how the “attention load,” the difficulty of the multisensory
task, and other social factors influence the effects of experimenter
presence (e.g., the experimenter’s evaluative attitude, direction of
gaze, visibility, social presence, etc.).

Interestingly, in Experiment 2, the absence of the
experimenter had the greatest impact on responses to congruent
multisensory stimuli. In the alone condition, multisensory
enhancements were only observed for the unfamiliar, novel
audiovisual combinations (i.e., used in Experiment 1) and
the incongruent letters (Experiment 2), but not the repeating
congruent letters (Experiment 2). These interactions between
stimulus congruence and switch costs cannot be entirely
explained by general increases in arousal and social facilitation
(with the presence of the experimenter) that would improve
overall task performance. Consistent with Barutchu et al. (2018),
similar multisensory enhancements were demonstrated for
semantically congruent and incongruent multisensory stimuli
under monitored experimental conditions. When participants
are left alone in the experimental testing room, one is less
likely to observe multisensory enhancements. In addition, in
the alone conditions, switch costs are higher for congruent
multisensory stimuli when switching from an auditory stimulus.
Familiar stimuli like letters are more likely to be ignored if not
attended, unlike novel combinations of incongruent audiovisual
stimuli, which tend to automatically up-regulate attention
and related neural processes. However, it is interesting to
note that switch costs were higher for congruent letters, but
only when switching from the auditory stimulus in the alone
condition (i.e., when switching from phonemes to graphemes).
In the present study, there may be a secondary unintentional
task switch between speech and reading under low attention
conditions, with the visual reading task dominating perception
(Lukas et al., 2010; Kreutzfeldt et al., 2015). This observed
multisensory switch-cost for congruent letters may also be
related to the “switch-cost paradox” whereby switching from a
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difficult (speech perception) to a relatively easy (reading) task
results in a greater switch costs even in the absence of an actual
task switch as long as the switching stimuli are associated with
tasks of relatively different levels of difficult (Barutchu et al.,
2013a). Audiovisual stimulation (i.e., being able to visualize lip
movements) is known to enhance auditory speech perception
(e.g., Sumby and Pollack, 1954; Raij et al., 2000; Ma et al.,
2009). In the alone condition, assuming that participants were
paying less attention, the congruent audiovisual letters may
have been easier to process than the auditory only phonemes
leading to a switch-cost paradox (i.e., higher switch costs for
congruent letters following a AT switch). The low switch costs
between visual and congruent audiovisual letters, and auditory
and incongruent audiovisual letters, may reflect the fact that
they are more similar to each other in processing difficulty.
Further research is needed in order to investigate whether this
switch cost for congruent audiovisual letters generalizes to
other familiar stimuli (e.g., animals or other common objects),
and how these relationships are modulated by attention and
task difficulty.

Although multisensory enhancements were observed for both
repeat and switch conditions throughout the entire sequence of
trials (as observed in the moving averages), switching between
unisensory stimuli resulted in slower and more variable RTs
than repeat trials (e.g., Cohen and Rist, 1992; Turatto et al.,
2002; Otto and Mamassian, 2012, 2016; Shaw et al., 2020). RTs
to multisensory stimuli, on the other hand, did not slow down
significantly following a stimulus switch; Switch costs were very
low for multisensory stimuli, which may be explained by the
fact that when switching from a unisensory to a multisensory
stimulus either the auditory or the visual signal always repeat,
thus eliminating the switch effect. In this study switching
was defined by a sequential change in stimulus type, and
since switch costs are higher for unisensory than multisensory
stimuli, naturally this amplifies the observed multisensory motor
enhancement for switching stimuli (i.e., as only the RTs for
the unisensory stimuli, but not the multisensory stimuli, slow
down following a switch). However, significant multisensory
enhancements were still observed for repeat conditions, thus
suggesting that sensory switches contribute, but cannot entirely
explain, multisensory motor enhancements on their own.

Another proposed explanation for such multisensory motor
speed enhancements is that they may relate to an increase in
variability in response to multisensory signals when the decision
is contingent on the detection of both sensory signals (Otto and
Mamassian, 2012; Otto et al., 2013). This hypothesis has received
support when comparing RTs to multisensory stimuli from a
simple detection task (i.e., respond to all signals as in the classic
redundant signal paradigm) to RTs from a discrimination task
(i.e., respond only to multisensory signals and ignore unisensory
stimuli in order to ensure that both sensory signals are detected
before a response is elicited). However, in the studies by Otto
and colleagues, the observed increase in mean RTs, and in
the variability of RTs, could also be explained by the fact that
RTs from a simple detection task were compared to RTs from
a discrimination task requiring the suppression or inhibition
of responses to unisensory signals. Based on this rationale,

one would still have expected an increase in RT variability
for multisensory stimuli even in the detection paradigm used
here. However, in contrast, our results demonstrate that the
variability of RTs for multisensory stimuli remains relatively
constant for both switch and repeat conditions. These findings
are consistent with those of Downing et al. (2014) who used
a discrimination task with distractors to demonstrate that the
RT variability for multisensory stimuli remained below that for
unisensory stimuli even with added multisensory distractors.
Therefore, in the present study, the increase in the RT variability
at an individual level to multisensory stimuli cannot explain the
observed multisensory gains under repeat and switch conditions.

Interestingly, we also observed a significant increase of RT
variability across individuals when the participants were left
alone in the testing room; RT variability is affected both within
and across individuals. This finding was replicated in a second
experiment (see also Appendix C). In Experiment 1, although
mean RTs and the coefficient of variability of RTs did not differ
significantly between the alone and monitored conditions, we
observed a higher standard error of the mean (SEM) across
individuals. In Experiment 2, we observed an increase in RT
variability both, within and across individuals, which may be
explained by the fact that in Experiment 2 familiar stimuli
were used. This was the case even when the mean RTs showed
significant motor enhancements, which suggests caution against
relying on the mean RTs when evaluating multisensory gains.
An increase in fidgeting and subtle changes in eye moments
in the alone condition may have led to a reduction in motor
stability; this should to be investigated by future studies using
eye trackers or electrooculograms (EOGs), for example, to
understand how such alternative monitoring approaches affect
participants’ performance in multisensory tasks. An increase
in motor variability is likely to reduce statistical power and
the likelihood of finding a significant difference in the RT
distribution. Thus, differences between the present study and
previous research may be related to differences in testing
conditions (Otto and Mamassian, 2012; Otto et al., 2013), as
race-model violations are more likely to be observed when the
experimenter is present in the testing room.

In the present study, participant numbers for each experiment
were determined using power analyses assuming moderate effect
sizes. While acknowledging that it was not the original aim
of this study to investigate the incidental finding of “social
influences” on multisensory processes, even with our small
numbers of participants, we are able to reliably show the effects
of stimulus congruence, sensory switching, and experimenter
presence (and their interactions) on multisensory processing.
Our participant numbers are comparable to past studies in the
field with participant numbers as low as 10 (e.g., Otto et al.,
2013). Using a new approach, we have demonstrated that the
non-significant effects between our groups are due to significant
increases in within-group variability across participants in
the alone condition, which, in turn, reduced the effect size
and power of our statistical tests (see Appendix C). Future
studies may want to consider replicating the study with higher
participant numbers to investigate more subtle social influences
on multisensory processes.
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In conclusion, sensory switching has a greater cost when
switching between unisensory than when switching between
multisensory stimuli, inflating multisensory enhancements
under sensory switch conditions. Nevertheless, we also
observed faster RTs for repeating multisensory stimuli,
which were partly dependent on stimulus novelty, letter
congruence and social factors, such as having the experimenter
present in the room. Motor enhancements are more likely
to be observed for novel audiovisual combinations with
the experimenter seated in the room. Further research is
needed to investigate how social factors associated with the
presence of an experimenter influence attention, motivation,
conformity, and obedience to task instruction during
multisensory processing.
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