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Abstract
Previous studies have examined whether audio-visual integration changes in older age, with some
studies reporting age-related differences and others reporting no differences. Most studies have either
used very basic and ambiguous stimuli (e.g., flash/beep) or highly contextualized, causally related
stimuli (e.g., speech). However, few have used tasks that fall somewhere between the extremes
of this continuum, such as those that include contextualized, causally related stimuli that are not
speech-based; for example, audio-visual impact events. The present study used a paradigm requiring
duration estimates and temporal order judgements (TOJ) of audio-visual impact events. Specifically,
the Schutz–Lipscomb illusion, in which the perceived duration of a percussive tone is influenced
by the length of the visual striking gesture, was examined in younger and older adults. Twenty-one
younger and 21 older adult participants were presented with a visual point-light representation of
a percussive impact event (i.e., a marimbist striking their instrument with a long or short gesture)
combined with a percussive auditory tone. Participants completed a tone duration judgement task
and a TOJ task. Five audio-visual temporal offsets (−400 to +400 ms) and five spatial offsets (from
−90 to +90°) were randomly introduced. Results demonstrated that the strength of the illusion did
not differ between older and younger adults and was not influenced by spatial or temporal offsets.
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Older adults showed an ‘auditory first bias’ when making TOJs. The current findings expand what is
known about age-related differences in audio-visual integration by considering them in the context of
impact-related events.
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1. Introduction
1.1. Ageing and Audio-Visual Integration
Typical ageing is often associated with changes across our sensory systems
and many recent studies have evaluated whether there are also age-related
changes in the way sensory inputs are integrated. Studies of audio-visual integration have used a variety of different tasks and stimuli to examine whether
auditory and visual inputs are integrated differently in older compared to
younger adults. The findings of these studies are often inconsistent, with some
demonstrating age-related differences in audio-visual integration and others
showing no age-related differences. However, there appears to be a pattern
emerging across studies suggesting that age-related differences in audio-visual
integration are more often observed in studies using basic and ambiguous
stimuli and less often observed in studies using highly contextualized stimuli
with a learned cause-and-effect relationship. For instance, studies using basic,
ambigious stimuli, such as flash-beep type stimuli, are more likely to report
larger and more consistent age-related differences in audio-visual integration
(Brooks et al., 2015; Campbell et al., 2010; Chan et al., 2014, 2018; Couth
et al., 2018; DeLoss et al., 2013; Diederich et al., 2008; Hernández et al.,
2019; Hirst et al., 2019; Laurienti et al., 2006; Mahoney et al., 2012; McGovern et al., 2014; Parker and Robinson, 2018; Scurry et al., 2019; Setti et al.,
2011). Whereas studies utilizing more contextualized stimuli that are complex,
dynamic, and/or realistic with learned associations, such as speech stimuli, are
more likely to report no age-related differences, particularly when bimodal
stimuli are clear and/or congruent (Ballingham and Cienkowski, 2004; Gordon and Allen, 2009; Huyse et al., 2014; Maguinness et al., 2011; Smayda
et al., 2016; Sommers et al., 2005; Spehar et al., 2008; Tye-Murray et al.,
2010, 2011; Winneke and Phillips, 2011; Zhou et al., 2019). Studies that find
age-related differences often report that multisensory integration is heightened in older compared to younger adults. For instance, when both auditory
and visual stimuli are available, congruent, and reliable, faster reaction times
are observed compared to when only visual or auditory stimuli are presented
alone, with these bimodal benefits often being greater in older than younger
adults (Couth et al., 2018; Diederich et al., 2008; Laurienti et al., 2006; Peiffer
et al., 2007).
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Findings of heightened integration have been used to suggest that older
adults may benefit more from combining reliable, congruent audio-visual
inputs compared to younger adults. However, heightened integration could
also be detrimental to performance if stimuli are incongruent (e.g., intersensory temporal and/or spatial offsets are introduced). Findings of age-related
differences in sensory integration under conflicting conditions are mixed, with
some studies showing greater performance decrements in older compared to
younger adults (Campbell et al., 2010; Chan et al., 2014; De Boer-Schellekens
and Vroomen, 2014; Gordon-Salant et al., 2017; Hirst et al., 2019; McGovern et al., 2014; Ramkhalawansingh et al., 2018; Ren et al., 2017; Setti et al.,
2013; Stephen et al., 2010; Wu et al., 2012), but other studies showing no
age-related differences in performance (Ballingham and Cienkowski, 2004;
Campos et al., 2018b; Fiacconi et al., 2013; Krull and Humes, 2016; McGovern et al., 2014; Stawicki et al., 2019).
1.2. Audio-Visual Integration of Causally Related Impact Events
There are far fewer examples of paradigms used within the audio-visual literature that reside in the middle of the above-described continuum between basic
ambiguous stimuli and contextualized, causally related stimuli. For example,
there are fewer stimuli that are dynamic, with a learned cause and effect, but
are not speech-based. A common example of such stimuli are impact events
(i.e., when one object either collides or comes in contact with another object —
Kohlrausch et al., 2013; Miner and Caudell, 1998; Smith et al., 2017; van
Eijk et al., 2008, 2009, 2010; Vatakis and Spence, 2008). One example of
an impact-related audio-visual experimental paradigm that has been studied
in older and younger adults is the stream–bounce illusion. Specifically, when
two discs moving towards each other are presented with a beep just as they
visually meet, the discs are more likely to be perceived as bouncing off each
other, whereas if no beep is presented at the visual intersection, the discs are
more likely to be perceived as streaming past each other (Fujisaki et al., 2004;
Grove and Sakurai, 2009; Sekuler et al., 1997). While there are few studies
that have used audio-visual impact events to study age-related changes to multisensory integration, at least two studies have compared the stream–bounce
illusion in younger and older adults with mixed results. While one study found
stronger illusion susceptibility in older compared to younger adults (Bedard
and Barnett-Cowan, 2016), the other reported weaker illusion susceptibility in
older compared to younger adults (Roudaia et al., 2013).
1.2.1. The Schutz–Lipscomb Illusion
Another example of a common and well-learned audio-visual impact event
occurs every time a musician plays a percussive instrument (e.g., a drummer striking their drum; Arrighi et al., 2006; Eg and Behne, 2015; Love et
Downloaded from Brill.com02/14/2022 06:15:15PM
via McMaster University

842

K. Bak et al. / Multisensory Research 34 (2021) 839–868

al., 2013, 2018; Petrini et al., 2009a, b, 2010). The visual gesture is dynamic
and realistic, and the sound is associated with the visual input in a predicable
way. The Schutz–Lipscomb illusion is a phenomenon that has been used to
examine audio-visual integration in the context of impact events (Schutz and
Lipscomb, 2007). In the first reported example of this illusion, participants
were shown a video of a professional marimbist striking an instrument using
different gesture lengths (i.e., longer or shorter gestures), accompanied with
a resulting percussive sound (Schutz and Lipscomb, 2007). Participants were
asked to make duration judgements about the length of the percussive sound.
The illusion was exhibited when the gesture length (short gesture vs long gesture) changed the perceptual duration of the impact sound, even though the
physical properties of the sounds were identical for both long and short gesture types (Schutz and Lipscomb, 2007). Specifically, longer gestures were
perceived to produce longer sounds and shorter gestures were perceived to
produce shorter sounds.
The Schutz–Lipscomb illusion paradigm addresses gaps within the audiovisual literature insofar as it contains realistic, dynamic, and causally related
visual and auditory events that are nonspeech in nature and are representative
of the physics of the natural world. The striking motion of the instrument is
predictable based on learned physics, compared to, for example, the stream–
bounce illusion in which the discs are typically moving at a constant velocity
from left to right. The sound used in the Schutz–Lipscomb illusion paradigm
is also more natural than many other stimuli used in audio-visual integration
studies given that it has a dynamic amplitude envelope that decays rapidly with
no clear offset point. These amplitude properties of the sound differentiate
it from most nonspeech auditory stimuli typically using discrete tones presented at one constant amplitude and/or frequency (Schutz and Gillard, 2020).
Research on audio-visual integration is similar, with much of the nonspeech
literature using similarly based simple tones lacking temporal variation. However our perceptual system likely utilizes dynamic amplitude envelopes to help
interpret how auditory information may be causally related to visual information (Schutz, 2016), and this feature of predictability may differ from other
features that guide strategies used to interpret flat, sustained sounds (Vallet et
al., 2014).
The Schutz–Lipscomb illusion has been observed using a point-light representation of the marimbist’s arm and mallet head and even using a single
point-light representation of only the mallet head (Schutz and Kubovy, 2009a).
The illusion also seems to be somewhat robust to audio-visual temporal conflict such that it is still preserved when the visual impact occurs 400 ms and
700 ms before the sound (Schutz and Kubovy, 2009b), but not when the sound
precedes the visual gesture by 400 ms or 700 ms (Schutz and Kubovy, 2009b).
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This may, in part, be due to the temporal order of the learned causal associations between the auditory and visual stimuli given that it is typically expected
that the visually-observed mallet impact causes the sound (and not vice versa).
While the effects of temporal asynchronies on the illusion have been examined, the extent to which spatial incongruencies affect the illusion has not been
evaluated previously. In general, the influence of spatial conflicts on the perceptions of impact events has not been well studied. Manipulating the spatial
location of audio-visual stimuli may therefore provide interesting and novel
insights into how spatial cues are used to interpret dynamic, causally related
impact stimuli and, more specifically, whether spatial incongruencies influence the perception of the Schutz–Lipscomb illusion.
The Schutz–Lipscomb illusion has never been tested in an older adult population but could provide added insights into potential age-related differences to
audio-visual integration during common impact-related events. Utilizing stimuli that contain properties reflective of real-world events provides an important
extension to the literature on age-related changes to audio-visual integration.
Older adults may use contextualized features to improve performance, which
has been observed, for example, during visual search (Neider and Kramer,
2011), emotional processing (Noh and Isaacowitz, 2013), or speech understanding (Wingfield, 1996) tasks, where older adults benefit more from contextual information than younger adults. Therefore, it is likely that these benefits to performance may extend to multisensory integration when realistic,
dynamic, causally related, audio-visual stimuli are used, such as those used in
the Schutz–Lispcomb illusion.
1.3. Current Study
The current study adapted a previously used version of the Schutz–Lipscomb
illusion stimuli and paradigm (Schutz and Kubovy, 2009a) that included a
point-light visual motion trajectory representing the head of the mallet used
by a marimbist to create a striking gesture and a percussive sound. Two gesture lengths were included, a short striking gesture and a long striking gesture.
The auditory stimulus was a 100-Hz tone with a dynamic amplitude envelope similar to the sounds produced on impact. A replication of the original
illusion would be evidenced by the longer visual gesture leading to longer
auditory stimulus duration judgements and the shorter visual gesture leading
to shorter auditory stimulus duration judgements (even though the length of
the auditory stimulus is the same). The temporal and spatial alignment of the
auditory and visual stimuli were also manipulated by presenting the auditory
and visual stimuli offset in time and at different locations in space to examine the effects of temporal and spatial intersensory conflicts, respectively, on
illusion strength.
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The objectives of this study were to: (1) determine whether there are
age-related differences in the susceptibility to the Schutz–Lipscomb illusion,
(2) examine the extent to which spatial and temporal offsets affect the strength
of the Schutz–Lipscomb illusion, and (3) evaluate whether any effects of spatial/temporal sensory conflicts on illusion strength are different in older and
younger adults. If the Schutz–Lipscomb illusion is comparable to previous
examples of dynamic, realistic, causally related stimuli we would expect no
age-related differences in illusion strength, however, if it is more similar to
previous examples of basic stimuli, we would expect greater age-related differences.
2. Materials and Methods
2.1. Participants
Twenty-one younger adults (YA; mean age = 22.76 years, standard deviation SD = 3.05, range = 18 to 29, six males) and 21 older adults (OA; mean
age = 69.95 years, SD = 4.12, range = 65 to 78, eight males) participated
in this study. Participants completed a general health history and demographics questionnaire. No participants reported a prior history of any major health
conditions or concerns, or any vision or hearing problems. The Early Treatment Diabetic Retinopathy Study test (ETDRS; Ferris et al., 1982) was used
to test visual acuity in the left and right eyes separately. Participants wore
corrective lenses during the acuity test if they were also worn during the experiment. For both groups, the average acuity for the left and right eye fell within
the range of normal to near-normal visual acuity with scores between −0.2
and 0.5 logMAR units (International Council of Ophthalmology, 2002); visual
acuity data for two younger adult participants was missing; however, both selfreported no vision problems. The Montreal Cognitive Assessment (MoCA;
Nasreddine et al., 2005) was administered to all older adult participants to
evaluate general cognition and screen for mild cognitive impairment (mean
score = 27.29, SD = 1.42). All participants scored above the standard cut-off
for mild cognitive impairment of 26/30 or higher apart from two participants
who scored 25/30. Pure-tone air conduction audiometry was administered to
measure older adults’ pure-tone thresholds at standard octave frequencies.
The pure-tone average (PTA) thresholds were calculated for each ear across
four frequencies (500 Hz, 1000 Hz, 2000 Hz, 4000 Hz). All participants met
the hearing inclusion criteria of clinically normal hearing according to World
Health Organization criteria of an average of 25 decibel hearing loss (dB HL)
or less in the better ear (World Health Organization 1991, 2001) across the frequencies of 500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz, as well as no significant
between-ear asymmetries (as defined as >15 dB interaural difference for at
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Table 1.
Comparison of participant baseline and demographic measures using independent-samples ttests. Means (M) and standard deviations (SD) presented for younger adults (YA) and older
adults (OA)

Demographics
Age (years)
Education (years)
Visual acuityb
ETDRS left eye
ETDRS right eye
Hearingd
PTA left ear
PTA right ear
Cognitione
MoCA

YA (n = 21)
M (SD)

OA (n = 21)
M (SD)

p-value

22.76 (3.05)
17.25a (3.11)

69.95 (4.12)
16.38 (3.44)

<0.001***
0.401

0.06 (0.12)c
0 (0.12)

0.16 (0.14)
0.15 (0.21)

0.014*
0.007**

–
–

13.55 (5.58)
12.44 (5.60)

–

27.29 (1.42)

a One participant excluded due to missing data. b Early Treatment Diabetic Retinopathy
Study (ETDRS) measured in logMAR units. c Two participants excluded due to missing data.
d Pure-tone averages (PTA) measured in dB hearing loss (HL) averaged across the four frequencies of 500, 1000, 2000, and 4000 Hz. e Montreal Cognitive Assessment (MoCA) adjusted for

years of education, score out of 30. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

least two adjacent frequencies). Comparison of younger adult (YA) and older
adult (OA) participants’ performance on these baseline measures and demographic information is presented in Table 1. Participants were compensated
$10 per hour. This study was approved by the University Health Network’s
Research Ethics Board (REB 16-5792).
2.2. Apparatus
The experiment was conducted at the Challenging Environment Assessment
Laboratory (CEAL) at KITE-Toronto Rehabilitation Institute, using StreetLab
(International Development of Technology BV, Breda, The Netherlands), an
immersive virtual reality laboratory (Fig. 1A). StreetLab contains a curved
projection screen that provides a 240° horizontal and 110° vertical field of
view (Fig. 1B). High-resolution LED projectors (1920 × 1200 native resolution, Eyevis ESP, Reutlingen, Germany) were used to present the visual
stimuli. The auditory stimuli were presented from five loudspeakers in a 7.1
loudspeaker setup (MM4-XP, MM-10AC, Meyer Sound Laboratories Inc.,
Berkeley, CA, USA), which are hidden behind the projection screen. The
centre loudspeaker is located straight ahead of the participant at 0° azimuth
and the other loudspeakers are positioned at ±28° (left front and right front,
respectively), and at ±90°(left side and right side, respectively) as shown in
Downloaded from Brill.com02/14/2022 06:15:15PM
via McMaster University

846

K. Bak et al. / Multisensory Research 34 (2021) 839–868

Figure 1. (A) Exterior view of StreetLab (scene displayed not used in the current study).
(B) Interior view of StreetLab showing the visual stimulus presented in the current study.
(C) StreetLab with loudspeaker configuration. The grey area represents the projection screen.
The black ovals represent the loudspeakers. All participants were seated in the centre, 2.1 m
away from the screen.
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Fig. 1C. StreetLab is a semi-reverberant environment with sound-attenuating
foam panels. The acoustical properties of StreetLab have been measured with
a Norsonic NOR140 sound level meter, serial number 1405033, with the average background sound levels measured to be 51 dBA with equipment such as
projectors turned on (Campos et al., 2018a).
2.3. Stimuli
2.3.1. Auditory Stimuli
The auditory stimulus consisted of a percussive, 100-Hz sawtooth tone presented for a duration of 675 ms with a decaying amplitude envelope (Schutz
and Kubovy, 2009a; see Supplementary Audio S1 for a sample auditory stimulus file). The auditory stimulus was presented at an average of 59 dBA
calculated by averaging the mean presentation level from each speaker. The
presentation level of the tone was measured at the position of the head with
the microphone positioned at 0° azimuth using the ‘Decibel: dB sound level
meter’ (Vlad Polyanskiy, Kiev, Ukraine) iOS smartphone application which
has been demonstrated to have good internal consistency with a goodnessof-fit coefficient (R 2 value) of 0.92 (Crossley et al., 2021). Two other tone
durations that were distinctly shorter or longer than the experimental tone
(shorter: 400 ms and longer: 1075 ms) were each presented in five of the 260
trials for a total of 10 trials that were randomized within the experimental
trials to promote awareness to participants that the physical properties of the
auditory stimulus duration were indeed changing throughout the experiment.
This was done to help reduce the presumption that the duration of the auditory stimulus never changed and was also used as an indicator of whether or
not participants were compliant and performing the tone duration judgement
task correctly. Both younger and older adults scored above 70% correct (71%
for OA and 87% for YA) at identifying the shorter and longer tones (correct
identification of shorter tones was considered to be tone duration judgements
below 50 and longer tones above 50). These ‘catch trials’ were not included in
the data analyses.
2.3.2. Visual Stimuli
The visual stimulus consisted of a previously used video of a point-light representation of a marimbist’s mallet striking a surface (Schutz and Kubovy,
2009a; Schutz and Manning, 2012). A luminous white circle appeared on a
black background, moved down, appeared to hit a virtual surface, and then
moved up in the trajectory of a marimbist striking their instrument. Two gesture lengths were presented to participants: one moving a longer distance (long
gesture) and one moving a shorter distance (short gesture; Fig. 2; see Supplementary Videos S1 and S2 for sample videos of the long and short visual
gestures, respectively).
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Figure 2. Height of the visual stimulus over time for both gesture types. Height is relative
to the starting position of the visual stimulus at 0 cm before starting the motion trajectory.
Time is relative to when the visual stimulus made impact with the virtual surface, with impact
represented at 0 ms. The first peak (negative time in seconds) indicates the mallet height during
the pre-impact gesture movement and the second peak (positive time in seconds) indicates the
mallet height during the post-impact gesture movement.

2.4. Experimental Design
Three independent variables were included in this study: (1) visual gesture
length (long vs short); (2) spatial congruency between the auditory and visual
stimuli (0°, ±28°, and ±90°); and (3) temporal congruency between the auditory and visual stimuli (0 ms, ±200 ms, and ±400 ms). See Table 2 for a
summary of the independent factors and levels of each.
2.4.1. Spatial Audio-Visual Congruency Manipulation
The visual stimulus was always presented centrally at 0° azimuth relative to
the direction participants were facing, while the auditory spatial location varied. Specifically, the auditory stimulus was presented from one of five different
locations in the horizontal plane: 0° (congruent with the location of the visual
stimulus), or at ±28° or at ±90° azimuth to create five different spatial offsets
between auditory and visual stimuli.
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Table 2.
Summary of factors and the levels of each. Negative (−) values under spatial offset indicate
locations to the left of the centre speaker. Negative (−) values under temporal offset indicate
auditory stimulus preceding visual stimulus
Auditory stimulus duration

Visual stimulus length

675 ms

Long gesture
Short gesture

Spatial offset

Temporal offset

−90°
−28°
0°
28°
90°

−400 ms
−200 ms
0 ms
200 ms
400 ms

2.4.2. Temporal Audio-Visual Congruency Manipulation
The auditory stimulus was presented at either a 0 ms temporal offset with the
visual stimulus (i.e., synchronous with the white circle bouncing off the virtual
surface) or at a ±200 ms or ±400 ms temporal offset from the visual stimulus.
2.5. Procedure
Participants first completed the hearing test, vision test, MoCA, and general
health and demographics questionnaire. Upon completion of these measures,
participants were provided with experimental-task instructions and asked to sit
on a chair located in the centre of StreetLab facing the centre of the screen (0°
azimuth). During task instructions, participants were told that the audio-visual
stimulus would represent the motion trajectory of an object coming in contact
with a virtual surface. Participants were asked to fixate on the visual stimulus
which was first presented stationary in the middle of the screen and then began
its trajectory. Participants were told that on some trials, intentional incongruencies would be introduced between when the auditory and visual stimuli were
presented. Immediately after each trial, participants completed two tasks using
a tablet computer, a temporal order judgement (TOJ) task and a tone duration
judgement task. The TOJ task consisted of a two-alternative forced-choice
task for which participants indicated as quickly as possible whether the sound
occurred before or after the visual stimulus hit the virtual surface. Participants
were instructed to use their dominant hand to make their selection on the tablet
and to take a guess if unsure. Measurements of reaction time were collected for
this task. The expected significant effect of age group, with OAs responding
slower on average (M = 3683 ms) than YAs (M = 3136 ms), p = 0.001, and
the expected significantly longer reaction times for the 0-ms stimulus-onset
asynchrony (SOA; most ambiguous; M = 3696 ms) compared to all other
SOAs (−400 ms: M = 3494 ms; −200 ms: M = 3518 ms; 200 ms: M =
3381 ms; 400 ms: M = 2958 ms; ps all <0.01) were found. Therefore, we
did not report reaction time further in the results. Immediately after the TOJ
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response, participants were asked to complete the tone duration judgement
task using a sliding scale on the tablet ranging from 0 (shorter) to 100 (longer)
to capture participants subjective estimate of the tone duration in arbitrary
units (A.U.). Participants were told to make this judgement based only on the
length of the sound they heard. The slider was reset to the middle point (50)
after each trial. Participants were not required to respond as quickly as possible for the tone duration judgement task. The TOJ task was always completed
before the tone duration judgement task.
Participants first completed 10 practice trials to confirm they understood
the task. Next, they were presented with five blocks of 52 trials each for a
total of 260 trials. Each 52-trial block took approximately 8–10 minutes to
complete and consisted of one full factorial combination of each trial type (five
temporal offsets × five spatial offsets × two visual gesture lengths) presented
at 675-ms tone duration (50 trials) plus two catch trials of 400-ms and 1075ms tone durations per block. In total there were 10 catch trials that were always
presented with 0-ms temporal offset and with their spatial location randomized
across the five speakers across the five blocks. All 52 trials were randomized
within each block and blocks were completed in the same order for every
participant. Participants were allowed to take breaks between blocks.
2.6. Analyses
Statistical analyses were conducted using R Version 3.6.1 (R Core Team,
2019). Dependent measures of tone duration judgements and TOJs were analyzed independently using two separate, two Age Group (younger adult vs
older adult) × two Visual Gesture (short gesture vs long gesture) × five Temporal Offset (−400 ms, −200 ms, 0 ms, 200 ms, 400 ms) × five Spatial Offset
(−90°, −28°, 0°, 28°, 90°) mixed-factorial ANOVAs, using the afex package version 0.25-1 (Singmann et al., 2019), with age as the between-subject
variable. Violations of sphericity were corrected using Greenhouse–Geisser
corrections (Greenhouse and Geisser, 1959) where applicable. Post-hoc analyses were conducted on all significant main effects and interaction effects,
correcting for multiple comparisons using Bonferroni correction where appropriate.
3. Results
3.1. Strength of the Schutz–Lipscomb Illusion
Differences between short and long gesture types were used to examine the
strength of the Schutz–Lipscomb illusion. A greater difference between gesture types represents a stronger illusory effect. The main effect of Gesture
Type, F1,40 = 18.09, p = 0.0001, was significant (Fig. 3). The judgement of
tone duration when paired with the short gesture was perceived as significantly
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Figure 3. Average tone durations at short and long gesture types for both younger and older
adult groups. Tone duration judgements on the y-axis are in arbitrary units (A.U.). The width
of each plot represents the frequency of tone duration responses for each gesture length. The
central circle represents the mean. Error bars represent ±SE.

shorter (M = 44.2 tone duration judgement) than the judgement of tone duration when paired with the long gesture (M = 50.8 tone duration judgement).
This provides evidence that the Schutz–Lipscomb illusion was replicated.
There was, however, no significant main effect of Age Group on tone duration judgements, F1,40 = 0.58, p > 0.05, and no interaction effect between
Age Group and Visual Gesture, F1,40 = 0.20, p > 0.05, indicating that the
strength of the illusion was not significantly different between age groups.
3.2. Strength of the Schutz–Lipscomb Illusion Across Spatial Offsets
To examine the effects of Spatial Offset on the Schutz–Lipscomb illusion, we
examined whether the magnitude of the illusion (represented by the difference
between short and long gesture types) was different across spatial offsets. No
significant interaction effect between Visual Gesture and Spatial Offset was
found, F2.97,118.67 = 1.07, p > 0.05, suggesting that the strength of the illusion was not influenced by the spatial offset between the visual and auditory
stimuli (Fig. 4A). When examining the effects of spatial offset on illusion
strength using difference scores as the dependent variable (long minus short
gesture responses) there was still no significant effect of Spatial Offset on illusion strength, and this also did not differ significantly between age groups
(Fig. 4B).
There was, however, a significant main effect of Spatial Offset,
F2.67,106.78 = 19.03, p < 0.0001. Post-hoc analyses revealed that significant
differences between overall tone duration judgements occurred between −90°
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Figure 4. (A) Mean tone duration judgements for each Visual Gesture at the five Spatial Offsets
for each Age Group (OA represents older adults; YA represents younger adults) collapsed across
Temporal Offset. Negative spatial offsets indicate the auditory stimulus was presented to the
left of the participant. Tone duration judgements on the y-axis are in arbitrary units (A.U.). The
width of each plot represents the frequency of tone duration responses at each of the spatial
offsets. The central circle represents the mean. Error bars represent ±SE. (B) Difference scores
as the dependent variable (long minus short gesture tone duration responses) at the five spatial
offsets for each age group (OA represents older adults; YA represents younger adults) collapsed
across temporal offset. Negative spatial offsets indicate the auditory stimulus was presented to
the left of the participant. Tone duration judgements on the y-axis are in arbitrary units (A.U.).
Data above the solid black line located at 0 on the y-axis indicates an illusion in the predicted
direction. The width of each plot represents the frequency of tone duration responses at each of
the spatial offsets. The central circle represents the mean. Error bars represent ±SE.
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and −28° (p < 0.0001), −90° and 90° (p < 0.01), −28° and 0° (p < 0.0001),
−28° and 28° (p < 0.0001), −28° and 90° (p < 0.0001), and 0° and 90° (p <
0.01) spatial offsets. The overall tone duration judgements were longest at the
farthest right spatial offset (90°: M = 49.3) and generally became shorter as
spatial offset moved from right to left (28°: M = 48; 0°: M = 47.4; −28°:
M = 45.1) with the exception of the farthest left spatial offset (−90°: M =
47.5).
3.3. Strength of the Schutz–Lipscomb Illusion Across Temporal Offsets
To examine the effects of Temporal Offset on the Schutz–Lipscomb illusion,
we examined whether the magnitude of the illusion (represented by the difference between short and long gesture types) was different across Temporal
Offsets. The omnibus mixed-factorial ANOVA revealed no significant interaction effects between Visual Gesture and Temporal Offset, F2.76,110.48 = 1.93,
p > 0.05, suggesting the strength of the illusion was not affected by the temporal offset between the auditory and visual stimuli (Fig. 5A). There was no
main effect of Age Group and no other interaction effects. When examining
the effects of Temporal Offset on illusion strength using difference scores as
the dependent variable (long minus short gesture responses) there was still no
significant effect of Temporal Offset on illusion strength, and this also did not
differ significantly between age groups (Fig. 5B).
There was, however, a main effect of Temporal Offset, F1.93,77.12 = 6.09,
p < 0.01. Post-hoc analyses revealed that significant differences occurred
between the −400 ms and 0 ms (p < 0.05), −400 ms and 200 ms (p < 0.01),
and −400 ms and 400 ms (p < 0.001) temporal offsets. Tone duration judgements were the longest for the auditory leading trials (−400 ms: M = 51.1;
−200 ms: M = 49.1) and the judgements became shorter as the auditory stimulus lagged the visual stimulus (0 ms: M = 46.5; 200 ms: M = 45.5; 400 ms:
M = 45.3).
3.4. Temporal Order Judgements for Younger and Older Adults
Temporal order judgements were quantified using the proportion of ‘auditory first’ judgements averaged across trials (i.e., the proportion of responses
for which participants responded that the tone occurred ‘before’ the visual
impact). There was a significant main effect of Age Group, F1,40 = 6.22, p <
0.05, with older adults making a greater proportion of ‘auditory first’ judgements overall (0.60) compared to younger adults (0.52).
We also found a significant main effect of Temporal Offset, F2.40,96.06 =
329.71, p < 0.0001. Post-hoc analyses revealed that all combinations of Temporal Offsets were significantly different from each other (all showing p <
0.0001) with the exception of TOJs between −400 ms and −200 ms temporal offsets (p > 0.05). Participants’ proportion of ‘auditory first’ judgements
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Figure 5. (A) Mean tone duration judgements for the short and long gesture types at the five
Temporal Offsets for each Age Group (OA represents older adults; YA represents younger
adults) collapsed across Spatial Offset. Negative temporal offsets indicate the auditory stimulus preceded the visual stimulus. Tone duration judgements on the y-axis are in arbitrary units
(A.U.). The width of each plot represents the frequency of tone duration responses at each of the
temporal offsets. The central circle represents the mean. Error bars represent ±SE. (B) Difference scores as the dependent variable (long minus short gesture tone duration responses) at the
Five Temporal Offsets for each Age Group (OA represents older adults; YA represents younger
adults) collapsed across Spatial Offset. Negative temporal offsets indicate the auditory stimulus
preceeded the visual stimulus. Tone duration judgements on the y-axis are in arbitrary units
(A.U.). Data above the solid black line located at 0 on the y-axis indicate an illusion in the predicted direction. The width of each plot represents the frequency of tone duration responses at
each of the temporal offsets. The central circle represents the mean. Error bars represent ±SE.
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were greatest and smallest at the largest temporal offsets (i.e., −400 ms and
400 ms), respectively, and were closer to chance at the congruent temporal
offset of 0 ms compared to all other temporal offsets.
A significant main effect of Spatial Offset was also found, F2.72,108.85 =
20.56, p < 0.0001. Post-hoc analyses revealed that significant differences
occurred at −90° and 28° (p < 0.0001), −90° and 90° (p < 0.0001), −28°
and 28° (p < 0.0001), −28° and 90° (p < 0.0001), 0° and 28° (p < 0.01), and
0° and 90° (p < 0.0001) spatial offsets between audio-visual stimuli. There
is an indication that the proportion of ‘auditory first’ responses occurred more
often as the auditory location was presented from the farthest left of the participant to the farthest right of the participant. The −90° and 90° spatial offsets
showed the smallest (0.52) and largest (0.61) proportion of ‘auditory first’
judgements, respectively.
There was also a marginal interaction effect of Age Group and Spatial
Offset, F3.72,108.85 = 2.69, p = 0.06. Further investigation of the marginal
interaction effect was conducted using separate analyses for each spatial offset.
Specifically, an independent-samples t-test between age groups was conducted
separately for each spatial offset. Significant differences between age groups
were found at the −90° (p < 0.01) and −28° (p < 0.01) spatial locations, with
the older adult group having a greater proportion of ‘auditory first’ responses
at both locations compared to the younger adult group (−90°: Younger, M =
0.46, Older, M = 0.58; −28°: Younger, M = 0.47, Older, M = 0.58; Fig. 6).
There was also a marginal interaction effect between Age Group and Temporal Offset, F2.40,96.06 = 2.71, p = 0.06. Post-hoc analyses of the interaction
effect was conducted using separate independent-samples t-tests between age
groups for each temporal offset. Analyses revealed that there was a significant difference between older and younger adults at the −400-ms (p < 0.01),
−200-ms (p < 0.001), 0-ms (p < 0.0001), and 200-ms temporal (p < 0.0001)
offsets. When the auditory and visual information were temporally aligned,
older adults were more likely to judge the auditory tone to come before the
visual stimulus (0.75), compared to younger adults (0.59). When the auditory
information came −400 ms and −200 ms before, and 200 ms after the visual
information, older adults were more likely to judge the auditory signal to come
before the visual signal (−400 ms: M = 0.94; −200 ms: M = 0.90; 200 ms:
M = 0.33), than younger adults (−400 ms: M = 0.90; −200 ms: M = 0.82;
200 ms: M = 0.20; Fig. 7). The omnibus mixed-factorial ANOVA with TOJ
as the dependent variable also revealed interaction effects between Spatial and
Temporal Offset, and Age Group and Visual Gesture which can be found in
Supplementary Material S1.
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Figure 6. Proportion of trials on which participants perceived the auditory stimulus to come
before the visual stimulus at each Spatial Offset, for each Age Group, collapsed across Temporal Offset and Visual Gesture. Negative spatial offsets indicate that the auditory stimulus was
presented to the left of the participant. The width of each plot represents the frequency of temporal order judgement (TOJ) responses at each of the spatial offsets. The central circle represents
the mean. Error bars represent ±SE. **, p < 0.01.

4. Discussion
The present study used the Schutz–Lipscomb illusion paradigm to expand
what is known in the audio-visual ageing literature by examining whether
more realistic, dynamic, causally related, nonspeech stimuli are interpreted
differently by older and younger adults and how introducing spatial and temporal conflicts might modulate the strength of the illusion. The results demonstrate novel evidence that (1) the strength of the illusion was similar for
younger and older adults; and (2) the illusion strength was not influenced by
spatial offsets. We also found in this study that illusion strength was not influenced by temporal offsets and older adults showed a general ‘auditory first
bias’ when making TOJs for an impact-related event.
4.1. Strength of the Schutz–Lipscomb Illusion in Younger and Older Adults
To examine how audio-visual integration might differ in younger and older
adults when interpreting an impact event, we examined whether the strength
of the Schutz–Lipscomb illusion differed between older and younger adults.
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Figure 7. Proportion of responses that participants perceived the auditory stimulus to precede
the visual stimulus at each Temporal Offset, for each Age Group, collapsed across Spatial Offset
and Visual Gesture. Negative temporal offsets indicate the auditory stimulus preceded the visual
stimulus. Error bars represent ±SE. **, p < 0.01; ***, p < 0.001.

The illusion was observed in both age groups with an overall magnitude
of 6.6 points between short and long gesture types. The older adult group
appeared to have more between-subjects variability in their tone duration
judgement scores, evidenced by slightly larger standard error bars compared
to the younger adult group (see in Fig. 3, OA: long gesture, SE = 3.25; short
gesture, SE = 3.22 — YA: long gesture, SE = 1.99; short gesture, SE =
1.91). This is consistent with previous literature showing that older adults
demonstrate more within-group variability in the sound-induced fission illusion (where one flash presented with two beeps is perceived as two flashes),
compared to younger adults (McGovern et al., 2014). Previous findings have
also shown that multisensory enhancements tend to occur over a wider distribution of reaction times in older compared to younger adults (Diederich et al.,
2008; Laurienti et al., 2006; Peiffer et al., 2007). As well, older adults’ overall
magnitude of the illusion was 7.3 points and younger adults’ 5.9 points, with
no significant age-related differences observed in terms of illusion strength.
In comparison, a previous study utilizing a single point-light representation
of the marimbist’s mallet head striking the marimba demonstrated a slightly
higher illusion strength of a 9.6-point difference between gesture types in
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younger adults (Schutz and Kubovy, 2009a). In contrast, the original Schutz–
Lipscomb illusion paradigm, with full video of a real marimbist player striking
the marimba, found a magnitude difference of 20 points in younger adults
(Schutz and Lipscomb, 2007). In addition to differences in stimulus types,
these varying illusion strengths are possibly the result of several other factors,
including differences in testing environments and study designs. For instance,
the current study environment was a free-field acoustical environment with
sound presented via loudspeakers and visuals presented on a large, full field
of view projected display. In contrast, previous work presented stimuli using
headphones and a computer monitor in a quiet room. While the surround sound
in the present study allowed for the auditory stimuli to easily and accurately
be presented from different spatial locations, the acoustical environment was
semi-reverberant with possible background noises (see Campos et al., 2018a),
which may have reduced the precision of the audio-visual pairings, perhaps
resulting in a reduced illusion magnitude. While the illusion strength was
slightly lower in the current study compared to past studies, it is interesting
that it was still replicated under the conditions used here, which are arguably
more similar to some real-world acoustical conditions than highly-controlled
acoustical lab settings.
Further, unlike previous studies, in the current study duration judgements
were made in combination with TOJs. The dual-task nature of this protocol
may have diminished the illusion strength due to a prioritization of the TOJ
task, which was always completed first. In order to directly test whether task
order (duration judgements vs TOJ first) affects illusion magnitude, future
research could counterbalance the order of tasks or compare the dual-task
duration judgement trials with single-task duration judgement trials.
4.1.1. Effects of Audio-Visual Congruencies Over Trials
In terms of study design, the current study varied the spatial and temporal
relationship between the auditory and visual stimuli across trials to a greater
extent than previous studies. Likewise, given that the temporal and spatial offset was changing on every trial, it is possible that these manipulations may
have influenced sensory integration due to the changing stability of audiovisual congruencies over time. For instance, previous multisensory studies
have shown that not only does the reliability of individual sensory estimates
determine sensory cue weighting, but also the stability of the congruencies of
multiple inputs over trials can influence reliability-based sensory weightings
(e.g., Campos et al., 2014). Similarily, previous research has found that the
number of stimulus onset asynchronies presented can also influence audiovisual perceptions. Specifically, using a larger number of SOAs reduces the
binding of audio-visual stimuli as participants are able to acquire more information about the stimuli, and this information can be used to continually
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evaluate whether two stimuli should be integrated or not (Chan et al., 2018).
In the current study, while the visual input was always stable (spatially centred
and temporally unaltered), the auditory inputs were constantly changing relative to the visuals (i.e., shifted spatially and temporally). Most previous studies
of the Schutz–Lipscomb illusion focused on stimulus components, manipulating the sounds and/or movements to explore their role. Consequently, most
used temporally aligned audio-visual stimuli and none manipulated the spatial congruency. Therefore, it is possible that the strength of the illusion in the
current study was smaller given the constantly changing temporal and spatial
congruencies over trials.
We explored this further by examining the strength of the illusion on congruent trials only; specifically, on trials where the auditory and visual stimuli
were presented at the same time (0 ms temporal offset) and from the same location in space (0° spatial offset). Interestingly, only older adults demonstrated a
significant difference between short and long gesture types (t39.99 = −2.1, p <
0.05) with an illusion magnitude of 10 points. In contrast, younger adults did
perceive the illusion, but with only a three-point difference between short and
long gesture types which was not significantly different (t39.95 = −0.74, p >
0.05). Because all previous studies report data for younger adults, this suggests that having the congruent trials embedded within all of the spatially and
temporally conflicting trials in the current study may have reduced the influence of the visual gestures on the perceived tone duration. Since older adults
still maintained a strong illusion that was much more consistent with previously reported illusion strengths, this suggests that older adults were perhaps
less influenced by the constantly changing sensory congruencies that occurred
across trials than younger adults were. This has interesting implications given
that continuing to integrate sensory inputs whose congruencies are unstable
and unreliable may be maladaptive during real-world interactions. Given the
randomized trial design of the current study we cannot directly test these
hypotheses. In order to test these speculations more directly future research
could examine the effects of statistical regularities of bimodal congruencies on
audio-visual integration in younger and older adults by using separate blocks
for congruent and incongruent trials.
4.1.2. Role of Task Type and Individual Hearing Abilities
The novel finding that the strength of the illusion was not significantly different in younger and older adults is similar to past studies on the one end of
the audio-visual task continuum that used stimuli consisting of clear and congruent speech (Ballingham and Cienkowski, 2004; Gordon and Allen, 2009;
Huyse et al., 2014; Krull and Humes, 2016; Maguinness et al., 2011; Smayda
et al., 2016; Spehar et al., 2008; Tye-Murray et al., 2010, 2011, 2016; Winneke
and Phillips, 2011; Zhou et al., 2019). In contrast, the results of the current
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study are dissimilar to previous studies on the other end of the continuum that
used more static stimuli with no learned associations for which significant agerelated differences have been more consistently found (Campbell et al., 2010;
Chan et al., 2014; Couth et al., 2018; De Boer-Schellekens and Vroomen,
2014; DeLoss et al., 2013; Diederich et al., 2008; Hirst et al., 2019; Laurienti
et al., 2006; Mahoney et al., 2012; McGovern et al., 2014; Murray et al., 2018;
Parker and Robinson, 2018; Peiffer et al., 2007; Ren et al., 2017; Scurry et al.,
2019; Wu et al., 2012; Zou et al., 2017). The current findings are also in contrast with findings using a related paradigm, the stream–bounce paradigm, in
which significant age-related differences were observed, but in opposite directions (Bedard and Barnett-Cowen, 2016; Roudaia et al., 2013). Specifically,
Roudaia and colleagues found weaker illusory effects in older compared to
younger adults, meaning that the presence of a tone presented at the visual
intersection of the two discs did not influence older adults’ perceptions of the
discs’ trajectories as strongly as younger adults’, as older adults were less
likely to judge the two discs as bouncing off each other (Roudaia et al., 2013).
Bedard and Barnett-Cowen (2016), however, found stronger illusory effects in
older compared to younger adults, particularly at larger SOAs in which older
adults were more likely to judge the two discs as bouncing off each other compared to younger adults. Perhaps the anticipatory nature and realistic action of
a striking gesture used in the current study, which has a dynamically changing motion trajectory, provided greater context than that exhibited from the
stream–bounce illusion which contains a left to right constant velocity motion
trajectory that may be less realistic to everyday impact events. Likewise, the
use of a percussive, dynamic, auditory stimuli in the current study, representing properties of everyday sounds, may also provide greater context than previously used artificial sounds. Contextual cues of realistic sounds may have been
particularly beneficial for older adults in the present study, thereby reducing
any potential age-related effects to audio-visual impact event interpretations.
Another factor that may introduce inconsistencies across these audio-visual
integration and ageing studies relates to the characteristics of participants in
the sample, for instance, hearing abilities. In particular, studies that do find
age-related differences in audio-visual integration typically use either selfreported measures of hearing loss or provide no specific mention of any
hearing assessment that was used to measure participants’ hearing abilities.
In previous studies that did not find age-related differences in multisensory
integration, almost all implemented audiometric assessments with a specific
dB HL cut-off criterion for participation. With the present study using strict
hearing inclusion criteria through audiometric measurements, this may also
be an important contributing factor to the similarities and differences between
previous studies and the present findings with regards to observed age-related
differences.
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Taken together, evidence suggests that specific stimulus characteristics and
controlling for hearing impairments may influence whether age-related differences are seen. Future research could include within-subject comparisons of
different types of stimuli/tasks along the continuum and/or evaluating a sample with a wider range of individual sensory abilities to provide more direct
insights into the factors associated with age-related differences in audio-visual
integration.
4.2. Effects of Spatial Offset on the Schutz–Lipscomb Illusion
Understanding whether changes to the spatial colocation of audio-visual
stimuli used in the Schutz–Lipscomb illusion paradigm influenced the perceived strength of the illusion was examined for the first time in the current
study. Results demonstrated no significant effect of spatial conflict on illusion
strength in either younger or older adults. Specifically, the lack of interaction
effects between spatial offset and visual gesture suggests that the magnitude
of the illusion was not modulated by spatial incongruencies. While the spatial rule of multisensory integration indicates that stimuli that are aligned in
space are more likely to be integrated (Alais et al., 2010), spatial congruency
does not appear to significantly influence the strength of the Schutz–Lipscomb
illusion. The spatial precision of auditory stimulus presentation in the current
study may have been affected by the semi-reverberant characteristics of the
environment, which may have led to imprecision localizing the sound.
4.3. Effects of Temporal Offset on the Schutz–Lipscomb Illusion
Previous findings on the influence of temporal offset on the strength of the
illusion demonstrated that the strength of the illusion differed for different
temporal offsets, with the strongest illusion seen at audio-visual simultaneity (Shutz and Kubovy, 2009b). The current study, however, did not observe
a difference in illusion strength among the five different temporal offsets for
younger or older adults. This suggests that the strength of the illusion was
not influenced by whether auditory stimuli were presented before or after
the visual stimuli for either age group. Previous findings demonstrated that
younger adults experienced the Schutz–Lipscomb illusion at simultaneous and
positive time offsets [i.e., auditory arrives at the same time (0 ms) or after the
visual stimulus (400 ms and 700 ms), respectively], but not at negative temporal offsets (Schutz and Kubovy, 2009b). Results from this previous work
were interpreted to be a result of the causal link between stimuli, as no illusory percepts were found when the auditory information preceded the visual
information. This account cannot fully explain why the current study did not
find that illusion strength varied with the presentation of temporal conflicts.
Based on the common causation principle, in which multisensory integration
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is more likely to occur if one sensory input is predicted to cause the production of another sensory input (Ernst and Bülthoff, 2004; Körding et al.,
2007; Parise et al., 2012; Shams and Beierholm, 2010; Welch and Warren,
1980), stimuli should have been integrated less at conflicting SOAs, leading to
a weaker/nonexistent illusion effect, which was not seen in current findings.
One factor that may contribute to these differences in findings may relate to
the differences in SOAs used between studies. Specifically, the current study
used a smaller range of SOAs (200 ms and 400 ms), compared to previous
work (400 ms and 700 ms). A smaller range of SOAs may be more likely to
fall within an individual’s temporal binding window. Therefore, perhaps due to
the smaller range of SOAs used in the present study, individuals had a greater
likelihood of integrating the audio-visual information, leading to illusory percepts across SOAs. It is also possible that aforementioned factors, such as
differences in the acoustical environment, and the varying audio-visual congruencies over trials may be factors contributing to the differences found in
previous work and the current findings with respect to the effects of temporal
congruences on illusion strength.
4.4. Temporal Order Judgements of Impact Events
To the best of our knowledge, this was the first study to evaluate TOJs
for impact-related audio-visual events in older adults. Overall, compared to
younger adults, older adults demonstrated a greater ‘auditory first’ bias (meaning they were more likely to judge the auditory stimulus to come before the
visual stimulus), even when stimuli were presented simultaneously. This trend
was also consistently observed at different spatial and temporal offsets. Results
of an ‘auditory first’ bias in older adults may be due to differences in auditory temporal processing which have been shown to change with older age
(Harris and Dubno, 2017). These findings are also consistent with previous
studies demonstrating poorer accuracy in audio-visual temporal discrimination in older compared to younger adults (De Boer-Schellekens and Vroomen,
2014; Setti et al., 2011; see however, Fiacconi et al., 2013; for a review see,
Brooks et al., 2018). However, few previous studies have used realistic impact
events to understand audio-visual temporal order processing in younger and
older adults. Taken together, this suggests that perhaps age-related changes
to temporal processing may not be specific to paradigms using more basic
stimuli, but that these changes may also influence the interpretation of more
dynamic, causally related impact events.
4.5. Conclusion
The current study used the Schutz–Lipscomb illusion paradigm to explore
how younger and older adults integrate auditory and visual information during dynamic, causally related impact events. For the first time, the effects of
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introducing spatial conflicts on illusion strength was also examined. Results
demonstrated that overall, the illusion was replicated but did not differ between
age groups, or as a function of spatial or temporal conflicts. A lack of agerelated effects may be due to the nature of the task (i.e., contextualized,
dynamic impact event) or individual participant characteristics (e.g., no objectively identified sensory impairments). This research contributes to what is
understood about the principles of audio-visual integration across a spectrum
of tasks and how these may or may not be influenced by age.
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