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Abstract

Our sensory systems provide us with distinct impressions of our surroundings which
are critical for perception, cognitive processing, and control of action. Indeed, input from
multiple sensory stimuli compared to a single sensory stimulus increases the likelihood of
detection, sensitivity, and the likelihood of correctly identifying the event. However, this
process changes as we age. In this dissertation, I investigate the changes associated with
auditory and visual integration in older adults by utilizing various psychophysical tasks.
This dissertation aims to determine the following: (1) to understand the relation between
behavioural tasks that are commonly utilized to investigate multisensory integration, (2)
to investigate how performance on these tasks changes when the central nervous system is
aroused or stressed through the use of exercise (both in-person and virtually), and (3) to
investigate the limitations and shortcomings of the current practices in the multisensory
integration literature. Results indicate that older adults are impaired in judging temporal
order of events, however they also exhibit greater performance gains in response time to
multisensory, compared to uni-sensory stimuli. Further, results reveal that the integration
process is malleable and thus physical activity, both in-person and virtually, may be a useful
intervention that can help to improve the speed, accuracy, and precision with which older
adults integrate multisensory information. A scoping review concludes the dissertation,
which reveals that only 60% and 50% of studies measure for age-abnormal hearing and
vision respectively and that within these studies a consistent definition of what constitutes

normal hearing and vision is not found.
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Chapter 1

Introduction

1.1 Overview

Imagine you are at a party, you are surrounded by many friends and family members,
and at one point, a friend walks over and initiates a conversation with you. You direct
your attention to your friend, intuitively tilt your head in their direction, and find yourself
using your lip-reading skills in order to facilitate word and sentence comprehension in an
attempt to make sense of and contribute meaningfully to the conversation. This situation
illustrates how many of our experiences involve multiple sensory modalities, making our
perception of the world naturally multisensory. As each sensory system carries and trans-
mits a separate report of any given event, a more accurate representation of the event and
appropriate behavioural response can be made through the synthesis of different sensory
signals. Indeed, the ability to use sensory information from multiple modalities is a fun-
damental aspect of brain function, and integration across modalities has been shown to
produce significant behavioural benefits that include, but are not limited to, faster and
more accurate responses to external stimuli relative to the sum of their individual parts
[440, |. However, the process of integrating sensory information is far from simple as
the central nervous system (CNS) must overcome the binding problem, where at any given
moment, there is an abundance of incoming sensory information and the CNS must be able
to correctly bind sensory information that originates from a single source while correctly
segregating sensory information that stems from different sources [213, |.

The intrinsic and extrinsic differences in transmission time can make it difficult for the
CNS to determine the temporal coincidence of two events. For example, light travels faster
than sound (300,000,000 m/s and 330 m/s respectively) thus arriving at the eyes before
sound arrives at the ears [135]. Transduction times complicate this process furthermore as
they differ between sensory modalities [237]; the transduction of auditory stimuli is much
faster than the transduction of visual stimuli due to the dynamics of the hair cells that have
transduction latencies of approximately 40 ps [102]. In contrast, the transduction latencies
of photoreceptors found in the retina are 15-93 ms [211]. The time for information to
reach the CNS from the transducer [11] also makes it difficult for the CNS to accurately
perceive simultaneity. In humans, activity in the auditory cortex after the presentation



of suprathreshold stimuli starts at approximately 10-15 ms post stimulus presentation
[268, , , 67]. While activity in the primary visual cortex starts at approximately
40-55 ms [94, 159] (see also [110, 170] for non-human, animal model studies) post-stimulus
presentation.

Much of the seminal work examining the ability of the CNS to integrate multisensory
information was conducted by Stein, Meredith and colleagues who examined the neurons in
the superior colliculus (SC), which can be divided into two separate regions: the unisensory
and multisensory regions. The superficial layers (I-III) are thought to be unisensory in
nature as they have been found to respond only to visual stimuli [143]. The deeper layers
(IV-VII) have been considered multisensory as they contain not only auditory, visual, and
somatosensory neurons, but also groups of multisensory neurons with the capability of

combining signals from all three of the sensory modalities mentioned [113, |. Working
with the neurons within the deeper layers, early researchers were able to discover three
basic principles of multisensory integration (MSI; [311, , , , , , D-

Two of these principles relate to the spatio-temporal heuristics where single cell recordings
showed an interaction between stimuli in two or more modalities such that responses in the
multisensory neurons located within the deeper layers of the SC showed greatest integration
when the unisensory cues were:(1) presented close in space (“spatial rule”) and (2) presented
close in time (“temporal rule”). These heuristics have been replicated in humans; indeed,
behavioural research, primarily in younger adults, has since found that signals that occur
together in time [230), , , 98, | or space [186, , | are more likely to be
perceived as simultaneous, while signals that originate from different external events or are
presented further in time are less likely to be perceived as such. The third principle relates
to the effectiveness of stimuli from multiple modalities to drive a given response whereby
stimuli that were close to a cell’s detection threshold (i.e., less salient) were more likely to
elicit a larger response when integrated compared to their individual unisensory responses
[8]. Taken together, these rules indicate that sensory stimuli from multiple modalities
that are only weakly effective but are spatially and temporally aligned, combine to elicit a
response that exceeds the sum of their parts. Although all three rules provide insight into
the workings of MSI, the focus of this dissertation is on the temporal heuristic.

A theory that’s been postulated within the literature related to how the CNS may
account for intrinsic and extrinsic temporal variability between modalities suggests that
although sensory signals that occur at the same time are more likely to be bound together,
perfect temporal alignment is not required for the two inputs to be bound [117]. This
theory, referred to as the temporal binding window (TBW), posits that inputs from any
given sensory modality must fall within a “window” of time to be perceived as simultane-
ous. The TBW is defined as the maximal asynchrony, or time between stimuli, beyond
which they are no longer perceived as synchronous [104]. The TBW is typically measured
by presenting pairs of stimuli while varying the time between the stimuli, known as the
stimulus onset asynchrony (SOA) [508, 270]. Using this method to obtain the width of
the window, a growing body of research has shown that the width of the TBW changes
throughout early development [204, , 200], following injury [193], disease [399], and
aging [30, 13, , |. Although research relating to the aging population is limited, a
variety of experimental approaches have been utilized to characterize changes in the per-



ceived timing of multisensory events for older compared to young adults. Two such tasks
include the simultaneity judgment (SJ) and the temporal order judgement (TOJ) tasks
which have extensively been used in the literature to investigate timing perception and
multisensory integration in both young [6, 29, 30, , ; | as well as older adults

[ ? ) ) ) ]

1.2 Tasks Utilized to Measure Multisensory Integration
in Young and Older Adults

1.2.1 Simultaneity Judgment and Temporal Order Judgment Task

In the SJ task, participants are presented with two stimuli of differing modalities (e.g.,
audio and visual) and are asked to determine whether the two stimuli are simultaneous,
while in the TOJ task, participants are asked to determine which stimulus came first
[173]. SOAs are varied across trials and the participant’s response is used to construct
psychometric functions relating the “probability of simultaneous” and “probability of visual
first” for the SJ and TOJ tasks respectively. These tasks have been found to be sensitive
to both the TBW as well as the point of subjective simultaneity (PSS), the time at which
participants are most likely to perceive stimuli as occurring simultaneously or the point
at which they are equally likely to report ‘light’ or ‘sound’ first for SJ and TOJ tasks
respectively. Although they both provide measures of the TBW and PSS, previous research
has shown that these two tasks measure different perceptual processes |29, 30, , , |
and are likely to be subserved by different neural mechanisms |3, 6, 30, , |. Research
conducted by Allan [0] investigating the relation between SJs and TOJs suggests that
successiveness and temporal order are processed at different stages due to the fact that
the perception of successiveness is required prior to temporal order perception. Further,
research investigating the relation of PSS obtained from the SJ and TOJ tasks in young
adults has found no correlation between the two tasks [173, |, and has revealed that
on average, the SJ task yields visual-leading PSS estimates whereas the TOJ task yields
audio-leading PSS estimates [173, 275]. Additional differences between the two tasks arise
from the TBW.

The TBW represents a range of tolerances or thresholds within which stimuli from
different modalities are integrated together and perceived as being simultaneous, thus, a
reliable detection of the temporal order of events is not perceived within the TBW [275].
For audiovisual stimuli, the TBW is typically less than 100 ms in younger adults [116, |
but is found to be wider in older adults [13, 36, 37, |. Previous research indicates
that a TOJ task may provide a better estimate of the width of the TBW as compared
to the SJ task [104, , , |, due to the fact that, for the audiovisual SJ task, the
raw data are not symmetric but rather participants are biased towards the “simultaneous”
option especially on the “light-first” SOAs [104, , |. Additionally, in the SJ task,
participants may assume that stimuli belong together merely because the “simultaneous”
option is available, which may result in more “simultaneous” responses, thus yielding a



wide Gaussian [231]. On the contrary, participants may assume that stimuli presented are
never simultaneous for the TOJ task because only temporal order responses can be given;
this may result in a narrower TBW [231]. Such differences are thought to arise because the
two tasks may involve different underlying processes and/or mechanisms (i.e., one related
to binding of cues from multiple sensory modalities, while the other is related to temporal
order discrimination) [508, 270]. Further, using these two tasks has revealed that the
TBW varies with age as it tends to be wider in early childhood, becomes more fine-tuned
during middle childhood, and widens again with aging [13, , , , , |. This
widening of the TBW has been interpreted as a deficit by some researchers as it indicates
that older adults are more likely to bind temporally disparate cues that don’t necessarily
belong together [7, 71, 80, 81, , , 181] and has indeed been associated with inaccurate
perception of the world and poor behavioural outcomes [287, , , , | for older
adults. While the SJ and TOJ tasks paint a picture of deficit, the simple response time
(RT) task provides a more hopeful outlook.

1.2.2 Response Time Task

Response time (RT) measures have been used in psychology since the 19th century and
the use of response time has grown and persisted into the 21st century [161]. Although
many measures of processing duration have been used in the literature, two of the most
commonly utilized procedures include the simple response time task and the choice response
time task. The simple RT task involves making a response as quickly as possible to one or
more stimuli, where the same response is made regardless of stimulus type (e.g., pressing
the space bar when either a visual or an auditory stimulus is presented). In the choice
RT task on the other hand, participants are required to make appropriate and differing
responses to multiple different stimuli (e.g., pressing the right arrow when an auditory
stimulus is presented while pressing the left arrow when a visual stimulus is presented).
The variables that are typically derived for statistical analyses from both of these tasks
involve some measure of central tendency (e.g., mean or median) as well as a measure of
variability (e.g., standard deviation or standard error) and can be compared within a group
(e.g., young adults) or between groups (e.g., young and older adults). Many researchers
have assessed the relation between age and RT and have found a U-shaped function, where
RTs are slow in childhood, fastest in adulthood, and reduce in speed once again in older age
[78, , , |. Interestingly, this increase in processing time with age, is thought to be
associated with age-related declines in higher-level cognitive function and has been shown
to be moderately to strongly correlated with general fluid intelligence [101, , , |-
Within the multisensory literature, the simple RT task is commonly utilized to assess the
perceived timing and consequent response to multimodal versus unimodal stimuli. Here,
however, the method of analysing data goes beyond the comparison of central measures
(i.e., mean and or median) in order to further ascertain the underlying processes that may
subserve multimodal versus unimodal processing.

During the simple multimodal RT task, the observer is presented with unisensory or
multisensory stimuli and is asked to press a response key as fast as possible following
stimulus presentation. Studies utilizing such a design find that multisensory stimuli are
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indeed detected faster than unisensory stimuli and indicate that the presentation of two or
more stimuli facilitate behaviour [163, , , |. In the pioneering study, Todd [163]
proposed that such a redundant signal effect (RSE) was observed because the simultaneous
stimuli summate in excitatory effect and discharge down a common tract. Since then, many
alternative explanations have been proposed, including the explanation proposed by Raab
[379] who suggested that the presentation of a pair of multimodal stimuli produce parallel
activations in different sensory channels that initiate a detection race wherein the signal
that is processed fastest is the one to produce the observed RT (i.e., the 'winner’ of the
race). Note, that this race or separate activation model would also predict shorter average
RTs for the multimodal compared to unimodal stimuli purely due to statistical facilitation.
In other words, the minimum of the winner’s time will, by design, be faster than the
average time for either of the unimodal stimuli as the slow processing in one channel is
compensated by the faster processing in the other channel.

In contrast, instead of separate processing of the two stimuli, coactivation models pro-
pose that multimodal stimuli are integrated. The race model inequality (RMI) proposed by
Miller [318] is one such model that has become the standard testing tool in many multisen-
sory studies. It provides a way to test whether the observed RT facilitation in multimodal
trials can be attributed completely to statistical facilitation. As the race model describes
separate, context-invariant processing of redundant information (i.e., external events don’t
affect perception and that presenting audiovisual stimuli won’t change behaviour), a viola-
tion of the RMI indicates that either the race model is violated, or the context invariance
assumption is not supported. A conventional view of this violation is that separate pro-
cessing of stimuli is not taking place, rather it indicates synergistic neural mechanisms
(but see [319, 350, 348]). RMI is tested by using the response times from each unimodal
stimulus category (e.g., audio and visual cues) to create a distribution of RTs where the
faster modality (i.e., winner of the race) has the shorter RT of the two processing times
and provides the upper bound for the cumulative probability (CP) distribution [179]. If
the observed CP distribution of the multimodal trials (e.g., audiovisual cues) is less than
or equal to the predicted upper bound at each point the observed and predicted distribu-
tions are compared, then RSE is just due to statistical facilitation, and the race model is
accepted. If on the other hand, observed CP distribution of the multimodal trials is larger
than the predicted CP, then RMI is not satisfied and statistical facilitation cannot be the
full explanation of the RSE, and the race model is violated [179].

Researchers have tested the RMI in younger adults and have found that response time
facilitation provided from multimodal stimuli indeed violates the race model as it is larger
than would be expected from statistical facilitation [320, |. Although research com-
paring MSI effects between young and older adults is limited, it appears that older adults
demonstrate greater multisensory RT facilitation effects compared to young adults when
presented with multimodal stimuli [106, , , , 301]. The test of the RMI tends to
show significantly larger violations in older adults suggesting greater integration of unisen-
sory stimuli as compared to young adults who tend to show reduced integration [255, |.



1.3 Comparison of SJ, TOJ, and Simple RT Tasks

1.3.1 Neuroanatomical Regions Involved in Multisensory Integra-
tion

Although much of the perception literature investigates sensory perception one modality at
a time, mounting evidence suggests that behaviour and perception are driven through the
integration of multimodal cues. In traditional models of the brain, MSI is thought to occur
after unisensory processing has occurred, however, anatomical studies reveal that there are
extensive interactions between not only primary sensory cortices but also between primary
and association cortices |74, , 10]. Several higher order cortical areas such as the superior
temporal sulcus (STS), the intraparietal complex, and the frontal cortex have been classified
as multisensory, because they have been found to be connected with multiple unisensory

areas [221], or because single neuron recordings indicated activity for multisensory stimuli
in those regions [66], or because lesions in such areas caused behavioural deficits related to
MSI [161]. Through non-human animal studies, it has been found that roughly 36-38% of

neurons in the anterior region of STS respond to auditory or visual information, while only
approximately 18% respond to auditory or visual cues in the caudal portion of the STS
66, , 45]. Further, it has been found that approximately 23% of the STS integrates
auditory and visual information [31]. A second region of interest that has been classified
as multisensory by nature is the posterior parietal cortex, which contains regions such as
the lateral intraparietal (LIP) and the ventral intraparietal (VIP) areas [300, 10, 108]. In a
study conducted by Mazzoni and colleagues [300], where macaque monkeys were tasked to
move their eyes towards the location of either acoustic or visual targets, it was found that
the majority of the neurons in the LIP that responded to the auditory saccade task also
responded to the visual saccade task (88-89% of the cells that responded to the auditory
stimulus also responded to the visual stimulus), indicating that neurons in the LIP are
involved in processing and responding to both auditory and visual stimuli. While the
VIP area is primarily thought to be involved in visual, vestibular, and tactile integration,
research by Schlack and colleagues [10%]| showed that neurons in the VIP area are also
responsive to auditory stimuli. In their study, electrical activity from 136 neurons in the
VIP was recorded while auditory or visual stimuli were presented and they found that
80% of the neurons responded to auditory stimulation, while approximately 92% of these
neurons responded to the visual stimulus [108]. Further, visual and auditory neurons were
generally found to be in close spatial proximity (approximately 72.8%). Of note, it was
found that there was a broad range of response latencies for the auditory stimulus with
a mean latency of 103 ms £7.2 ms, while the minimal latency was only 15 ms. Such a
wide range of latencies could be the result of the VIP area receiving auditory inputs from
multiple areas including the temporoparietal occipital area, the temporal opercular caudal
zone, and the auditory belt region [265]. There was less variability in response latencies
for the visual stimulus and the mean latency was found to be 115 ms £5.9 ms.

In all of these studies, auditory and visual stimuli were either presented separately or
simultaneously as is the case with the RT task, however many did not require a behavioural
response from the animal. More recently, a limited number of researchers have focused on



determining the underlying mechanisms that subserve simultaneity and temporal order
perception; we turn our attention to this particular literature now. In a study conducted
by Binder and colleagues [50], young adults (n = 15) performed audiovisual SJ and TOJ
tasks to simple beep and flash stimuli while functional magnetic resonance imaging (fMRI)
was recorded and they found that both tasks elicited bilateral activations in the inferior
parietal lobules, activations in the supplementary motor area/pre-supplementary motor
area, activations within the insular region, and the inferior frontal gyrus. They also found
activations in the superior parietal lobule in the left hemisphere and occipital region acti-
vation in the right occipital pole. Interestingly, they found that there were no regions that
had a stronger activation in the SJ condition compared to the TOJ condition, however,
stronger activations in the left hemisphere were found for the TOJ task. These stronger
activations in the left hemisphere were found within the middle and inferior frontal gyri,
the superior and inferior parietal lobes, and the occipito-temporal junction. In order to
assess whether such neural differences are present for more complex audiovisual stimuli,
Love and colleagues [276] asked their participants to perform the SJ and TOJ tasks while
fMRI was recording, while using a continuous stream of point-light drumming stimulus.
Similar to Binder and colleagues [50], they found regions that were activated for both the
SJ and TOJ tasks (bilateral putamen, insula, and superior temporal cortex) as well as
regions that were activated more during the TOJ task compared to the SJ task, all in the
left hemisphere (middle occipital, middle frontal, precuneus, and superior medial frontal
cortex). Note that here again, no region was more activated during the SJ as compared to
the TOJ task. These studies suggest that TOJs require cognitive processing in addition
to what is needed for the SJ task. Indeed, Binder and colleagues [50] argue that the addi-
tional activation seen for the TOJ task provides evidence for a two-stage cognitive process
for TOJs which require the perception of both synchrony as well as order, while the SJ
only requires synchrony perception. Limited neuroimaging research using SJ, TOJ, and
RT tasks has been conducted to compare young and older adults, however, the findings
provide evidence for differing neural mechanisms subserving the SJ and TOJ tasks even
within the aging population [36].

1.3.2 Behavioural Research

A central issue in psychology and cognitive science is to understand how sensory stim-
ulation leads to conscious experience or perception and motor response; researchers in
this area seek to understand their relation by studying their durations. One modality
where such distinctions have been investigated is within the visual domain, where distinct
pathways were initially proposed for perception (ventral pathway) and for action (dorsal
pathway), however, the literature now suggests there is a link between these two streams,
which work together to produce adaptive behavior [180]. In order to assess the relation
between perception and action, past researchers have compared motor and perceptual la-
tencies to the same visual stimuli whereby the difference between RT to two salient stimuli
is compared with perceptual outcomes (e., PSS) to the same stimuli. Here, the mean RT
obtained during a simple RT (SRT) task is assumed to represent the sum of two compo-
nents: a detection time (D) and a motor (M) activation component (SRT = D + M) [277].



Where D, is thought to represent the time needed to detect the onset of the stimulus,
while M, is thought to represent the time needed to initiate and respond to said stimulus
[277, , , 172]. Perceptual tasks such as the SJ and TOJ tasks, provide an alternate
method of processing time. For example in the TOJ task, when two stimuli are presented
and participants are asked to report which stimulus was detected first, it is assumed that
the response represents the stimulus that was detected first by the CNS as well as the
decision rules that the CNS was following to make the response [115]. As RT, SJ, and
TOJ tasks provide varying measures of processing durations, cross-checking the conclu-
sions reached with one method of processing with the others, can yield useful information
related to the inner workings of time perception and sensory integration. One common
model that’s been used to understand the underlying mechanisms that may subserve time
perception and the relation between perception and action posits that both action and
perception tasks depend on the same initial perceptual detection stage [321, |.

Previous research on the relation between RT and TOJ using stimulus onset asyn-
chronies (SOAs) has revealed that the TBWs obtained from the RT task are wider than
those corresponding to the TOJ task ([131, 307]; however see [75] where the TBW for
the TOJ task was wider than that for the RT task); this can be seen as an observer’s
strategy to optimize performance, as the TOJ task requires participants to discern small
asynchronies in which a narrower window is beneficial, whereas a wider window would
maximize multisensory facilitation (as determined by the race model violation) in the RT
task. Although such a relation between the RT and SJ tasks has not been investigated,
Diederich and Colonius [131] suggest that these results can be further extended to the SJ
task, and that a similar relation should be observed. To assess changes in perception within
the aging population, researchers have used a similar design of varying the SOAs used in
the RT task to extract the TBW. Here, older adults have slower RTs compared to young
adults [132, 255], have broader TBWs [132], and they tend to show greater multisensory
facilitation as assessed via race model violation [132, |. However, there is a lack of
research investigating: (a) whether a relation exists between the RT task and the TBWs
obtained from the TOJ and SJ tasks and (b) if there are any changes across the lifespan
in the relation between these tasks.

If a relation between the width of the TBW and RT exists, one could argue for such
a relation between RT and PSS as well. It has been shown that the TOJ task utilizes
all available information in order to infer physical onset of the stimuli, thus maximizing
the number of correct responses [325]. While simple RTs are characterized by automatic
response behaviour, the motor task requires minimization of response time (rather than
maximizing correct responses), which is achieved by setting the motor threshold to be as
low as possible |75, , |. Regardless of the different strategies that are utilized by
the CNS, it has been suggested that motor and perceptual responses comply with a ‘one-
system-two-decision” model where the same internal processes are utilized but at distinct
decision-making levels |75, , |. In order to assess such a model, researchers have
compared RTs and PSS estimates obtained from the TOJ task from the same pairs of
stimuli (i.e., RT to two unequally salient stimuli is compared to TOJ outcomes on the
same trial). A significant association between RT and TOJ PSS estimates has been found
whereby RTs to pairs of visual stimuli differ with the associated TOJs (i.e., RTs were faster



or slower depending on the temporal delay between the two stimuli), indicating that RT
to, and TOJ of, two sensory signals may be triggered by the same decision process [75].
However, simple RTs are thought to represent automatic response behaviour and may be
independent of subjective decision-making factors, whereas perceptual tasks (such as the SJ
and TOJ tasks) are thought to be context-dependent, contingent on factors such as a priori
probability, potential pay-off, and the observer’s knowledge of noise associated with the task
[75]. Nevertheless, the relation between RT and TOJ mentioned above provides evidence
against the action-perception dissociation and although further research is required, these
findings indicate that the two tasks may be triggered at different decision-processing levels
of the same internal signal (‘one-system-two-decisions’) [75].

Contrary to the ‘one-system-two-decisions’ model, when auditory and visual RT and
TOJ tasks have been compared, it has been found that although the RT for the auditory
stimulus is faster than the visual stimulus (by 43 ms), the auditory stimulus has to be
delayed compared to the visual stimulus in order to be perceived as simultaneous (e.g.,
PSS); this has been interpreted as an example highlighting the difference between these
two tasks and as potential evidence for different underlying mechanisms subserving the
two tasks [398, , 217]. In order to further understand the relation between these two
tasks, many researchers have manipulated the stimulus intensity [2|, stimulus duration
[214, |, and stimulus modality (e.g., auditory vs. visual [217]) and have found the
largest difference between the two types of tasks through intensity. Indeed, increases in
stimulus intensity produced reductions in simple RTs that were approximately twice as
large as the effects seen for the corresponding PSS [215, , , , , , ],
which has also been interpreted as a reflection of differing underlying mechanisms. Much
is left to the imagination regarding the relation between the RT, SJ, and TOJ tasks, as a
consensus regarding the relation between the two types of tasks (i.e., similar or differing
underlying mechanisms) has yet to be made. In this dissertation, I will investigate the
relation between theses tasks, not only in young, but also in older adults.

A key finding from the existing literature on the aging population is that the tempo-
ral binding window becomes wider with age [13, 30, 37, , 80, , , |. Some
researchers have interpreted this widening as a compensatory mechanism for slower and
more variable peripheral sensory processing (e.g., RT facilitation that is observed for older
adults compared to younger adults), while others have viewed this reversion back to a
wider window, as a deficit as it indicates that older adults are more likely to integrate tem-
porally disparate information that does not necessarily belong together, which can lead
to an inaccurate representation of the world. Regardless of the underlying reason for why
the window of integration widens, some researchers have tried to take advantage of the
malleability of this window to train the observer to more accurately perceive and bind in-
coming sensory information. Although training paradigms are not commonly utilized, the
existing training paradigms are quite long, with some spanning multiple days, and most
being conducted with younger adults [375, , , , , 81]. Even fewer researchers
have utilized alternative means to improve perception, including the utilization of exercise
interventions in gymnasiums and in virtual settings [351, |.



1.4 Interventions

1.4.1 Chronic Exercise

As the aging population continues to grow in numbers (one quarter of the population
worldwide will be 65 years and over in the 2020s [10]), some researchers have turned to-
wards examining successful aging to understand the type of lifestyle changes that may
protect the aging population against cognitive decline and dementia. As such, researchers
have investigated behavioural factors such as intellectual engagement, social interaction,
physical activity, etc., that may induce or contribute to brain plasticity. Brain plasticity
refers to the brain’s ability to change and adapt, both physically and functionally through-
out life [16]. Evidence suggests that some activities, such as physical activity (PA) and
cognitive stimulation, are more likely to induce brain plasticity compared to others in
both young and older adults [232, 96, , |. Further, research related to PA on the
human body has found that PA is positively associated with healthy aging [110], and it
may prevent the onset of many chronic diseases including cardiovascular disease, type II
diabetes mellitus, and cancer [118, 384|. Evidence of the benefits of PA have been found
on cognitive function in review articles and through various epidemiological studies where
thousands of participants were surveyed over the span of multiple years revealing that those
who engage in regular PA have a significantly lower incidence rate of Alzheimer’s disease
[253, , 3], have significantly better cognitive function, and face lower risks of cogni-
tive impairment [191, |. Indeed a dose-response relationship between PA and cognitive
outcomes has been reported, where some PA is better than none, and more frequent PA
confers greater benefits. As such, lower risk of cognitive impairment, Alzheimer’s disease,
and dementia of any type has been reported for individuals who engage in greater levels of
PA [258, , , , |. In addition to observational or epidemiological studies, imag-
ing as well as physiological studies with non-human animal models have been conducted
to clarify and better understand the underlying mechanisms that correlate with cognitive
improvement.

In a seminal study conducted by Colcombe and colleagues [96], the authors aimed to de-
termine whether moderate to intense aerobic exercise could increase brain volume in regions
of the brain that were typically associated with age-related decline using fMRI. In their
study, 59 older participants were either placed in an aerobic exercise intervention group
or in a toning and stretching control group. Further, 20 young adults served as controls
but did not participate in the intervention. They found that participation in a 6-month
aerobic exercise intervention increased gray matter volume primarily in the prefrontal |an-
terior cingulate cortex (ACC), supplementary motor area (SMA), and right inferior frontal
gyrus (rIFG)| and temporal [dorsal aspect of the left superior temporal lobe (ISTL)| re-
gions. The researchers also found increases in white matter volume in the anterior white
matter tracts (AWM). Erickson and colleagues [141] further investigated this relation in a
larger sample. In their study, 120 older adults were enrolled in either a control condition
(stretching; n = 60) or a moderate-intensity aerobic exercise (n = 60) condition for one
year. They found that exercise increased the size of the anterior hippocampus which led to
improvements in spatial memory. Indeed, they observed a hippocampal volume increase
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of approximately 2%, which the authors argued offset the normal deterioration (1 to 2%)
of the hippocampus typically associated with the normal aging process [114, |. More
recently, similar findings were reported in a meta-analysis consisting of 30 neuroimaging
experiments investigating the neural correlates underlying the effects of physical exercise
and cognitive improvement in older adults [219]. In this meta-analysis, which consisted of
over 2,600 participants, they found that physical exercise was effective in inducing volu-
metric and functional changes in the hippocampal-medial temporal lobe and the culmen of
cerebellum. Further, the medial prefrontal cortex was also found to be affected by exercise
and related to cognitive improvement [219]. Additionally, in a recent review by Erickson,
Gildengers, and Butters [145], it was reported that greater engagement in physical activity
and higher cardiorespiratory fitness at baseline were associated with better cognitive out-
comes. Further, those who engaged in more intense exercise earlier in life showed better
cognitive function. Their review also revealed that some areas of the brain (e.g., prefrontal
cortex, hippocampus) appear to benefit more from exercise as compared to others, espe-
cially in older adults, and although research has not yet revealed why this may be the case,
one explanation is that exercise may target those areas that show the most atrophy with
age, thus making them more sensitive to the effects of exercise [115]. Another possible
explanation may be that the areas that benefit the most from aerobic exercise are the re-
gions and networks that are most involved in efficiently communicating among each other
to regulate the neurophysiological processes and associated motor output required during
exercise [105].

The volumetric changes in the CNS found from human participants are in-line with non-
human animal studies that indicate that regular or chronic exercise can lead to growth of

new capillaries in the brain [51, |, increase the length and number of dendritic intercon-
nections between neurons |104], increase cell production in the hippocampus [175], increase
resistance to brain injury [452, 76|, and increase enhancement in learning [175, 505]. Tt is

thought that these effects are mediated in part by increased production and secretion of
brain-derived neurotrophic factor (BDNF), vascular edothelial growth factor (VEGF), and
insulin-like growth factor-1 (IGF-1) [96, 144, 475, 76, 477, 141]. Chronic exercise induces
greater levels of circulating BDNF, VEGF, and IGF-1, which promote gliogenesis, neuro-
genesis, synapotgenesis, and angiogenesis |51, , , , , , 69, |. Increased
neurogenesis and gliogenesis are thought to mediate increases in grey and white matter
volume |11, , |, while synaptogenesis is thought to mediate increases in neural and
receptor activity [111, 88, |. Finally, angiogenesis is thought to play a role in increasing
cerebral blood flow [129, |. Such increases in grey matter, white matter, neural activ-
ity, and receptor activity have been associated with improvements in cognitive and motor
function.

In addition to the growth factors mentioned above, Gamma-Aminobutyric Acid (GABA),
the primary inhibitory neurotransmitter of the CNS, is also thought to increase in con-
centration with chronic exercise [131] and has been found to be related to improvements
in cognitive function [372]. Limited research investigating the effects of chronic exercise
on multisensory processing has been conducted, however the findings from multisensory
literature echos the findings for higher-order cognition in that exercise has been found to
positively impact audiovisual sensory integration in [311]. As research continues to re-
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veal the benefits of chronic exercise, some researchers have turned towards investigating
whether similar effects can be found for acute bouts of exercise in older adults. Here again,
behavioural, imaging, and physiological methods are utilized to determine the underlying
mechanisms associated with exercise and cognition.

1.4.2 Acute Exercise

Acute exercise research, similar to chronic exercise research, is based on the premise that
physiological responses to exercise impact cognitive performance. Meta-analyses investigat-
ing these relationships indicate that the timing of exercise relative to cognitive performance
is crucial. Their results indicate that exercise has either a negligible (Cohen’s d = 0.06) or
detrimental (Cohen’s d = -0.14 to -0.18) effect on cognitive performance during the first
20 minutes of exercise |31, |, but support the hypothesis that there is improvement in
cognitive performance if the task is administered during exercise but after 20 minutes of
activity (Cohen’s d = 0.26) or immediately after a single bout of physical activity or after
a delay following exercise with effect sizes ranging from 0.1 to 0.26 [34, 147, 250]. Many as-
pects of cognition have been investigated in acute exercise literature, broadly consisting of
attention (e.g., oddball, odd-one-out, Posner spatial attention), executive function or
cognitive control (e.g., flanker task, Digit span (backward), trail-making-task), mem-
ory (e.g., delayed match-to-sample, delayed recall, free recall), intelligence and achieve-
ment tests (e.g., verbal fluency /word fluency, Weschler Adult Intelligence Scale, Weschler
Test of Adult Reading), motor speed and learning (simple reaction time, choice reac-
tion time, continuous tracking task), and information processing (e.g., critical flicker
fusion, visual field, digit symbol substitution) [371, 81|. In the past decade, more research
has been conducted investigating executive function than any other category mentioned
above. This category is thought to comprise of inhibition, working memory, and cogni-
tive flexibility and is thought to be supported by the anterior cingulate cortex, prefrontal
cortex, basal ganglia, superior frontal sulcus, insula, and parietal cortex |70, , , |.

In a recent meta-analysis, approximately 41% of studies in the literature investigated
the inhibitory aspect of cognitive control and generally found enhanced interference control
following a bout of exercise with effect sizes ranging from 0.2 to 1.16 [371]. Of interest
to this dissertation however, are the changes in motor speed and information processing
categories. Studies investigating the effect of a single bout of aerobic exercise on motor
speed (e.g., simple or choice reaction times) have typically observed enhancements in speed
with effect sizes of Cohen’s d ranging from 0.2 to 0.5 [371, : ) |. Alternatively
research investigating the effects of exercise on information processing is inconsistent, with
some researchers observing enhancements in performance with effect sizes ranging from
0.2 to 0.5 |84, , , | while others have failed to find any effect following exercise
[150]. In addition to timing and type of task tested, the intensity at which an acute
bout of exercise is performed is also crucial. In a meta-analysis conducted by Chang
and colleagues [34], they reported an enhancement in cognition when the cognitive task
was performed immediately after termination of very light to moderate activity whereas
enhancements in cognition following higher intensity were more beneficial after a delay
(e.g., a cool-down period) of at least 1 minute [31]. These findings suggest that higher

12



intensity exercise may be necessary for effects to be maximized if there is a delay between
the exercise session and cognitive task administration. However, very light exercise can
also result in cognitive enhancement immediately following exercise, suggesting that lower
intensity could result in appropriate level of physiological mechanisms (typical physiological
responses of interest for this literature include change in heart rate, BDNF concentration,
and plasma catecholamine concentration) post exercise. In addition to dose (intensity),
the duration of exercise and timing of cognitive task administration, as mentioned above,
also impact the outcome. Chang and colleagues [31] found that at least 20 minutes of
exercise was necessary to see cognitive enhancements and that cognitive tests that were
administered 11-20 minutes following exercise resulted in maximal enhancement. Further,
they reported that these effects subsided following a delay longer than 20 minutes post-
exercise. In addition to physical bouts of exercise, exergaming has also shown to have an
effect on cognition and perception [314, , , |. We will use the methods as well
as the findings from the literature mentioned above in chapter 3 to construct a study that
is best suited to further evaluate the effects of a single bout of exercise on multisensory
processing.

1.4.3 Exergaming

Both physical exercise and cognitive training are non-pharmaceutical interventions that
are thought to benefit cognitive function and brain health [95, , , |. Physical
exercise is thought to induce physiological and metabolic changes that facilitate cognition
through structural and functional changes (see the subsections above for more information;
[95, , , 19]) while cognitive training appears to benefit the trained cognitive ability
with limited transfer to untrained cognitive domains [213, , , 19]. Based on the
individual benefits of physical exercise and cognitive training, researchers have begun to
investigate the effects of combining these forms of interventions with the hopes to maximize
cognitive benefits. Review articles investigating the effects of combining physical exercise
and cognitive training find that either simultaneous or subsequently combined physical
and cognitive training is more successful (larger effect on cognitive function) compared to

exercise and cognitive training individually [254, |. Engaging in exergames defined as
"experiential activity ... that requires physical exertion or movements that are more than
sedentary activities and also include strength, balance, and flexibility activities" [339], are

a novel form of exercise that have gained the interest of many researchers as many combine
physical and cognitive exercise in an "interactive, digital, augmented, or virtual game-like
environment" [119]. Indeed, some commercial exergame systems such as Nintendo Wii,
Xbox Kinect, or Dance Dance Revolution include exergames that are able to achieve light
to moderate physical energy expenditure [324, , , |, suggesting that time spent
engaging with exergames can count towards the weekly amount of physical activity recom-
mended by the Canadian Society for Exercise Physiology (CSEP) as well as the American
College of Sport Medicine (ACSM) [158, 389]. Further, engaging with exergames seems to
be beneficial for cognitive function (e.g., improvements in reaction time, attention, work-
ing memory, etc.) and some researchers have argued that it may be a more engaging and
enjoyable substitute for traditional cognitive training [165, 23]. A meta-analysis conducted
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by Toril, Reales, and Ballesteros [165] investigating the the effects of cognitive training
with video games on cognitive function in healthy older adults found that multiple vari-
ables impacted the expected outcome for cognitive function. This included the age of the
participant and the number of sessions or duration of the training program. They found
that oldest adults (71-80 years) showed greater cognitive improvements as compared to
more younger older-adults (60-70 years). Further, they found that the observed cognitive
effects were more enhanced when the exergame training was of short duration (1-6 weeks)
as compared to when it was longer (7-12 weeks). Considering the surprising nature of their
findings regarding the duration of the exergame intervention, the authors explained that
training sessions may be exciting and interesting at first but older adults may be getting
bored by the end of the last session. A potential explanation may be that as the environ-
ment of the exergames becomes more predictable and less salient, the concentration of the
neurotransmitter, dopamine, is reduced, hence increasing feelings of boredom and reducing
motivation [57, , , 60].

Virtual reality (VR) exergames may be a more engaging and innovative approach to
promote physical activity in older adults. They combine physical exercise with computer-
simulated environments to increase the overall appeal of exercise by shifting the observer’s
attention away from averse aspects of exercise (e.g., discomfort from increased heart rate)
towards more motivating features (e.g., three-dimensional scenery of a forest or lake). As
commercial VR exergames have become more popular, affordable, and accessible, many
researchers have turned their attention towards determining whether VR exergames may
be a useful tool to improve cognitive function and physical health. Researchers have found
that VR exergames improve not only general cognitive function in older adults but also
memory, orientation, comprehension, naming, attention, and judgment |79, 85, , |.
Indeed in recent meta-analyses, reviews, and randomized control trials, researchers found
that VR exergames achieved moderate effect sizes for overall cognitive function (Cohen’s d
= 0.48; Hedge’s g = 0.525), small to moderate effect sizes for executive function (Cohen’s d
= 0.3; Cohen’s d = 0.5), moderate to large effect sizes for memory (Cohen’s d = 0.7;Hedge’s
g = 0.507), and small to moderate effect on visuospatial memory (Cohen’s d = 0.44)
[502, , 13]. As was the case with non-VR exergaming literature, here too a meta-
analysis by Yen and colleagues [502] found that VR exergame interventions should be
conducted for at least 6 weeks. Yen and colleagues [502| differed however from Toril and
colleagues [165] in suggesting that a longer duration should be utilized for greater efficiency,
especially against depressive outcomes. We will utilize the existing literature for developing
our exergame protocol in chapter 4.

1.5 Hypotheses

The limited literature described above indicates that exercise can potentially improve the
accuracy and precision of perceptual responses [351, |, and that further research uti-
lizing in-person and virtual exercise interventions is pertinent to better understand and
investigate the relation and maleability of some of the most commonly utilized tasks in
the multisensory integration literature. As limited research has been conducted with older
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adults, the inclusion of the aging population can further improve our understanding of the
underlying mechanisms that subserve multisensory integration. Inclusion of older adults is
especially relevant as the limited research conducted with the aging population has yielded
mixed results regarding how the aging CNS integrates multimodal information between
the RT (i.e., response time facilitation from multimodal cues) and the SJ and TOJ (i.e.,
impaired perception of time) tasks. In addition to a lack of research comparing how the
most common methods of ascertaining sensory integration may differ between young and
older adults, there is also a general lack in utilizing novel methods to improve timing
perception using various interventions. The aim of this dissertation is not only to better
understand and potentially improve the multisensory integration process in older adults,
but to also investigate the methods utilized to screen for normal sensory acuities by mul-
tisensory integration researchers. The motivation for such an investigation stemmed from
research showing that changes in audition and vision (e.g., ocular disease, hearing loss),
which are typically associated with aging, can impact temporal perception and multisen-
sory integration [153, , , , , , , , , , , , | and are
yet not always accounted for in research studies. Therefore, accounting and screening for
age-abnormal changes in the auditory and visual modalities is necessary for researchers to
draw more reliable conclusions related to how audiovisual integration changes with age.
Thus, a scoping review was conducted for this dissertation to determine the methodology,
or lack thereof, that multisensory integration researchers are currently utilizing to screen
for age-abnormal auditory and visual acuity. The aim of this dissertation is thus three-fold:
(1) to further understand the relation between audiovisual tasks that are commonly uti-
lized to investigate multisensory integration, (2) to investigate how performance on these
tasks changes when participants are stressed or aroused through the use of exercise (both
in-person and virtually), and (3) to investigate the limitations and shortcomings of the
current practices in the multisensory literature, all through the lens of aging.

The following research questions and hypotheses will be investigated in each of the
chapters enclosed in this dissertation:

1.5.1 The association between Simultaneity Judgment, Temporal
Order Judgement, and Response Time Tasks (chapter 2):

The work presented within chapter 2 has been published [37]. The following research
question was asked within this publication:

Is there a relation between the multisensory integration outcomes (e.g., TBW, PSS,
and the magnitude of race model violation) and how do age-related differences impact this
relation? Here, we hypothesized that:

1. Older adults would have slower response times as compared to young adults.

2. Older adults would demonstrate larger race model violations compared to young
adults.

3. Increased race model violations would be positively correlated with wider TBWs.
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4. Increased race model violations would be positively correlated with PSS falling farther
away from true simultaneity.

1.5.2 The effect of rest, a cognitively demanding task, and aero-
bic exercise on the SJ, TOJ, and RT tasks in community-
dwelling older adults (chapter 3):

The work presented within this chapter is currently under review [34]. The following
research questions were asked within this chapter:

Do multisensory integration outcomes change with a single bout of aerobic exercise?
Do effects observed after the aerobic exercise condition differ from reading and performing
a cognitively demanding task? Here, we hypothesized that:

1. A single bout of aerobic exercise would improve multisensory processing as measured
through the RT, SJ, and TOJ tasks (i.e., narrower TBW, PSS closer to true simul-
taneity, and increased integration as assessed through the area under the curve).

2. The effects observed for the single bout of aerobic exercise would be significantly
better than the effects observed for resting and performing a cognitively demanding
task.

1.5.3 The effects of virtual exergaming on the SJ, TOJ, RT, and
SIFI tasks in community-dwelling older adults (chapter 4):

The following research question was asked within this chapter:

Do multisensory integration outcomes change with 6-weeks of VR exergame use in
community-dwelling older adults? Here, we hypothesized that 6-weeks of participation in
the exergame intervention would:

1. Reduce the response time and increase race model violations compared to the control
group.

2. Reduce the width of the TBW for both the SJ and TOJ tasks compared to the control
group.

3. Reduce the susceptibility to the sound-induced flash illusion (SIFI) compared to the
control group.
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1.5.4 A Scoping Review of Audiovisual Integration Methodology:
Screening for Auditory and Visual Impairment in Younger
and in Older Adults (chapter 5):

The work presented within chapter 5 has been published [38]. The research question asked
within this publication was as follows:

1. What is known from existing literature about how auditory and visual acuities are
being taken into account within the field of multisensory integration, especially within
the aging population?

2. What is the feasibility of whether a meta-analysis can be conducted in the future to
further quantitatively evaluate the results of this scoping review? Therefore, based
on the results obtained in this scoping study, a recommendation of whether or not
a meta-analysis can be conducted to determine if significant differences exist in the
findings and or conclusions drawn in studies that used self-reported vision and hearing
impairment screening methods compared to studies that measured vision and hearing
impairment in the laboratory will be made.

Due to the fact that scoping reviews are observed as a hypothesis generating exercise,
we did not explicitly create hypotheses for this review. We however believed that many
researchers were failing to collect or account for visual and /or auditory acuities and assessed
this hypothesis through the data obtained from existing literature.
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Chapter 2

The association between Simultaneity
Judgment, Temporal Order Judgement,
and Response Time Tasks

Adapted from: Basharat A, Mahoney JR, Barnett-Cowan M (2019). Temporal Metrics
of Multisensory Processing Change in the Elderly. Multisensory Research. 32(8), 715-744
[37]. DOI: https://doi.org/10.1163/22134808-20191458

2.1 Abstract

Older adults exhibit greater multisensory response time (RT) facilitation by violating the
race model more than young adults; this is commonly interpreted as an enhancement in
perception. Conversely, older adults typically exhibit wider temporal binding windows
(TBWs) and points of subjective simultaneity (PSS) that fall further from true simultane-
ity as compared to young adults when simultaneity judgment (SJ) and temporal order
judgment (TOJ) tasks are utilized; these outcomes are commonly interpreted as an im-
pairment in perception. Here we explore the relation between these three tasks in order to
better assess audiovisual multisensory temporal processing in both young and older adults.
Our results confirm previous reports showing that audiovisual RT, TBWs, and PSSs change
with age; however, we show for the first time a significant positive relation between the
magnitude of race model violation in young adults as a function of the PSS obtained from
the audiovisual TOJ task (r: 0.49, p: 0.007), that is absent in older adults (r: 0.13, p:
0.58). Furthermore, we find no evidence for the relation between race model violation
as a function of the PSS obtained from the audiovisual SJ task in both young (r: -0.01,
p: 0.94) and older adults (r: 0.1, p: 0.66). Our results confirm previous reports that i)
audiovisual temporal processing changes with age; ii) distinct processes are likely involved
in simultaneity and temporal order perception; and iii) common processing between race
model violation and temporal order judgment is impaired in the elderly.
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2.2 Introduction

The central nervous system (CNS) is constantly presented with information from multiple
modalities that must be efficiently combined in order to form a coherent representation
of the world. There is an evolutionary advantage to integrating sensory information from
multiple modalities as it allows the observer to respond to external events more quickly and
accurately relative to processing unisensory information alone [110]. One important factor
that the CNS must consider when determining whether to bind multisensory information
is the relative timing of events. Studies have shown that there is a window in time within
which multisensory events are judged to have occurred simultaneously. Interestingly, a
growing body of research has shown that this temporal binding window (TBW) changes
throughout early development [204, 205, 266], or following injury [193], disease [399] and
aging [36, 43, , |. With respect to aging, a variety of experimental approaches have
been utilized to characterize changes in the perceived timing of multisensory events for
older compared to young adults. Here we seek to assess the relationship among some
of these approaches in order to better understand the underlying mechanisms that may
subserve them.

A classic psychophysical method used to assess the relative perceived timing of multi-
sensory events is response time (RT), in which the observer is presented with unisensory
or multisensory stimuli and asked to press a response key as quickly as possible following
stimulus presentation. Early work conducted by Raab [379] suggested that the presenta-
tion of a pair of stimuli initiates a detection race wherein the winner’s time determines the
observed RT. The race model inequality (RMI) proposed by Miller [318] tests whether the
observed RT facilitation for multimodal stimuli is too large to be attributed to statistical
facilitation; RMI has become the standard testing tool in many multisensory studies. Con-
text invariance, an assumption of the RMI, states that the processing times for one signal
(i.e., individual or redundant signals) is unaffected by the presentation of another signal,
meaning, the processing time for lets say the auditory signal of an audiovisual stimulus,
would follow the same distribution as the processing time for the auditory stimulus alone
[179, |. The race model describes separate, context-invariant processing of redundant
information; thus, a violation of the RMI indicates that either the race model is violated,
or the context invariance assumption is not supported. A conventional view of this vio-
lation is that separate processing of the stimuli is not taking place, indicating synergistic
neural mechanisms (but see [319, , 318]). Research comparing multisensory integration
(MSI) effects in young and older adults is limited; however, it appears that older adults
demonstrate greater multisensory RT facilitation effects compared to young adults when
presented with multimodal stimuli [106, , , , |. The test of the RMI tends
to show significant violations in older adults suggesting integration of unisensory stimuli
while young adults tend to show reduced or no violation suggesting minimal integration
[255, |. More recently, however, it has been argued that the magnitude of the race
model violation [i.e., area under the curve (AUC) obtained from the RMI| could provide
further information regarding age-related alterations of multisensory integration [28%, |.

Various other tasks can be found in the literature that are commonly utilized to assess
multisensory processing. One such task is the sound-induced flash illusion (SIFI; [120),
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, |), where a single flash accompanied by two beeps in close temporal proximity
leads to the perception of two flashes. The perception of the illusion is determined by
the stimulus onset asynchronies (SOAs) between the beeps and the flash. It has been
found that healthy younger adults generally perceive the illusion when the SOA is less
than or equal to 70-150 ms, whereas older adults are susceptible over a wider range of
temporal SOAs. In a study conducted by Setti and colleagues [115], it was found that
young adults showed maximal susceptibility to the illusion at the SOA of 70 ms and a
decrease in susceptibility to the illusion with increasing delay between the stimuli such
that they were no longer susceptible to the illusion at the SOA of 270 ms. Older adults,
however, did not show as much of a decrease in susceptibility to the illusion. As the
travel and transduction time for auditory and visual stimuli are considered too great for
optimal integration beyond 100-150 ms, a departure from integration over this time may
represent deficient sensory integration. To determine whether temporal perception can
be modified, Setti and colleagues [118] investigated whether training temporal perception
through the temporal order judgment (TOJ) task would reduce susceptibility to the SIFI
in older adults. Overall, a high proportion of error on the illusory trials was found even
after 5 consecutive days of training on the TOJ task, however, the results did reveal a
significant improvement for the SOA of 270 ms in the trained group, indicating that not
only are the improvements specific to the longer SOAs, but that older adults maintain a
large temporal discrimination threshold even after training.

Another task used to measure multisensory integration is the stream/bounce illusion,
where a two-dimensional visual display is used to present two identical objects moving
toward one another, coinciding, and moving apart [111]. After the point of coincidence, the
movement of the objects can be interpreted as if they continued in their original direction
or as if they bounced off one another and reversed directions. A brief beep is presented 150
ms before, after, or at the point of coincidence which increases bounce perception compared
to the control condition in which no beep is presented. Previously, Roudaia and colleagues
[394] demonstrated that older adults did not have an increased perception of the bounce
illusion when the auditory stimulus was presented at the point of coincidence, suggesting
an age-related reduction in multisensory integration. Bedard and Barnett-Cowan [13],
however, found that older adults were more susceptible to the illusion, indicating that
they were integrating auditory and visual cues over a large window of time. One of the
concerns for both the SIFI and the stream /bounce illusion, is that they are not sensitive to
the full parameterization of the temporal window during which multisensory information
is integrated (i.e., TBW) and they only provides an indirect method of assessing such a
window [394, 418].

Simultaneity judgment (SJ) and temporal order judgment (TOJ) tasks are extensively
used in the literature not only with young adults |6, 29, 30, , , | but with the
aging population as well |30, 13, , , |. In both these tasks, participants are
provided with the same pairs of audiovisual stimuli and they’re either asked to determine
if the stimuli occurred at the same or different times (SJ) or which stimulus appeared
first (TOJ) [173]. These tasks have been found to be sensitive to both the TBW as well
as the point of subjective simultaneity (PSS), the point at which participants are most
likely to perceive stimuli as occurring simultaneously for the SJ task, and the point of
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maximal uncertainty for the TOJ task. Although both tasks utilize the same stimuli and
both provide measures of the PSS and TBW, it is thought that they measure different

perceptual processes |29, 30, , , | and are likely to be subserved by different
neural mechanisms |3, 6, 306, , |. Past research investigating the relation of PSS
obtained from the SJ and TOJ tasks in young adults has found no correlation between the
PSS for the two tasks [173, |, and has found that on average, the SJ task yields visual-

leading PSS estimates whereas the TOJ task yields audio-leading PSS estimates (see [173]
for review; [275]). Such differences are thought to arise because the two tasks may involve
different processes/mechanisms [508]. For example, the SJ task assesses the judgment of
‘simultaneous’ versus ‘non-simultaneous’ whereas the TOJ task assesses the perception of
‘order’ which requires the correct perception of successiveness [0, , .

Interestingly, using the SJ and TOJ tasks, it has been found that the TBW varies with
age as it tends to be wider in early childhood, becomes more fine-tuned during middle

childhood, and widens again with aging [13, , , , , |. A wider TBW in
older adults indicates that they are more likely to perceive synchrony and thus have more
trouble differentiating temporally offset stimuli [7, 71, 80, &1, , , |. Widening

of the TBW with aging is of concern given that information that should be encoded as
arising from separate events is more likely to be integrated, which can result in decreased
speech comprehension [287, |, an inability to dissociate from distracting or inaccurate
information [197], and increase the susceptibility to falls ([293, 115]; but see [288]) and fall
awareness [279]. Furthermore, age-related impairments in driving performance and speech
comprehension have been associated with temporal processing deficits within the auditory
[21, 182] and visual [218, 1941] domains. In order to address this concern, psychophysical
training regimens have been designed to recalibrate the TBW that may address deficits
associated with temporal order perception [30, 81, 375].

SJ, TOJ, and RT are different methods of assessing temporal perception of events;
however, no study to date has compared all three tasks. This comparison is important as
it provides us with a better understanding of how multisensory information is processed
and whether or not there is a relation between the different decision-making processes that
underlie the behaviour associated with these tasks. In this study, we aim to explore the
relation between these three tasks in young and older adults in order to better understand
the underlying mechanisms that subserve multisensory temporal processing and to deter-
mine whether they change with age. When comparing the relation between RT and TOJ
tasks, some researchers have varied the stimulus onset asynchronies used in the RT task to
extract the TBW from both of these tasks. Research using such a design has revealed that
the TBWs obtained from the RT task tend to be wider than those obtained from the TOJ
task [131, | and this has been interpreted as a strategy to optimize performance on each
task. The TOJ task requires participants to discern small temporal asynchronies and thus
benefits from a narrower TBW, whereas the RT task benefits from having a wider TBW as
it allows for maximum multisensory facilitation. Using such a design (i.e., by varying the
SOAs in the RT and TOJ tasks), researchers have found that older adults have slower RTs
compared to young adults [132, 255], they also have broader TBWs [132], and they tend to
show greater multisensory facilitation as assessed via the race model violation [132, .
Further, if a relation exists between the TBW and response time, one could argue for such
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a relation between RT and PSS as well. It has been shown that the TOJ task utilizes all
available information in order to infer physical onset of the stimuli, thus maximizing accu-
racy [325], while RTs are characterized by automatic response behaviour, the motor task
requires minimization of response time (rather than maximizing correct responses), which
is achieved by setting the motor threshold to be as low as possible [75, , |. As was
the case with the TBW, researchers have also compared RTs and PSS estimates obtained
from the TOJ task from the same pairs of stimuli (i.e., participants performed RT and
TOJ tasks within the same trial), in order to gain a deeper understanding of the relation
between the two variables. The results have revealed a significant association between RT
and TOJ PSS estimates whereby RTs of pairs of visual stimuli differ with the associated
TOJs, indicating that the two tasks may be triggered at different decision-processing levels
of the same internal signal (i.e., ‘one-system-two-decision’ model) [75]. Note, however, that
TOJ was found to be less sensitive to stimulus intensity as compared to the RT task, thus
providing some evidence for distinct decision criteria for perceptual and motor responses

[75]-

The studies mentioned above provide initial evidence for a relation between a wider
TBW, slower mean RT, and a larger violation of the race model, as well as a relation
between mean RT and PSS. However, research comparing race model inequality (RMI)
[quantified as the AUC from the cumulative distribution function (CDF) difference wave|
to measures obtained from the SJ and TOJ tasks (i.e., TBW and PSS) from older adults
is lacking . As multisensory processing changes with age (i.e., requiring light to appear
much earlier than sound to perceive simultaneity as compared to young adults), assessing
these relations within the aging population provides further information related to whether
the underlying mechanisms associated with these tasks maintain their relation. The main
objective of the current study is to determine age-related differences in auditory—visual
(AV) integration using a unique experimental design that encompasses aspects of AV RT,
SJ, and TOJ tasks. Here, we aimed to determine age-related differences in TBW, PSS,
and the magnitude of race model violation. We hypothesize that (1) older adults will have
slower mean RTs as compared to young adults; (2) older adults will demonstrate larger
race model violations compared to young adults; (3) increased race model violations will
be positively correlated with wider TBWs; and that (4) increased race model violations
will be positively correlated with PSS falling farther away from true simultaneity.

2.3 Materials and Methods

2.3.1 Participants

Participants (n = 56) were recruited from the University of Waterloo (young adults; YA)
and from the Waterloo Research in Aging Participant Pool (WRAP; older adults; OA). The
WRAP program ensures that all recruited participants are healthy older adults over the age
of 60 with no significant medical concerns (i.e., Alzheimer’s disease, Parkinson’s disease,
stroke, epilepsy, etc.). Participants were further screened for mild cognitive impairment
and dementia using the Montreal Cognitive Assessment (MoCA; mean score = 27, SD =
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0.47) where a score of 26 or above out of 30 indicates normal cognition [331]. Self-reported
data acquired from medical history questionnaires was also assessed in order to ensure that
the eligibility criteria was met.

Male and female participants between 19 and 79 years of age were included in this study.
Participants included 30 young (17 females, mean age = 22.93, s.e. = 0.66) and 26 older
(19 females, mean age = 70.80, s.e. = 0.90) adults. All participants were required to have
normal or corrected-to-normal vision and hearing. Prior to study inclusion, participants
completed a self-reported clinical information form where they indicated (yes/no) if they
had normal or corrected-to-normal vision and if they had normal or corrected-to-normal
hearing (yes/no). If participants answered no to any of the above questions, they were
subsequently excluded from the study. In appreciation of their participation, participants
received a $10 per hour remuneration. This study was approved by the University of Wa-
terloo’s Human Research Ethics Committee in accordance with the Declaration of Helsinki,
and written informed consent was obtained from all participants before participation.

2.3.2 Experimental Setup

Each participant completed three experimental tasks while seated in front of a 23.6-inch
ViewSonic V3D245 computer monitor (resolution 1920 x 1080, 120 Hz) in a soundproof
booth with his/her head stabilized on a chin rest. Visual stimuli were presented on the
monitor at a viewing distance of 57 c¢m, in the form of white circles (0.4°). Auditory stimuli
were emitted from two speakers (Altec Lansing Multimedia computer speaker system,
ACS95W) adjacent to the monitor such that they were 66 cm apart. A Macbook Pro
(OS 10.9 Mavericks) that resided outside of the booth was used to run the tasks. VPixx
Technologies ProPixx hardware and DataPixx software version 3.01 were utilized for this
experimental procedure to ensure synchrony of the audio and visual stimuli (depending on
condition) with <1 ms accuracy. Participants were able to record their response for each
trial by using the RESPONSEPixx handheld five-button response box.

2.3.3 Procedure

Participants completed the SJ, TOJ, and RT tasks in a randomized order. For all tasks, a
central fixation cross (visual angle = 0.5°) was presented on the screen, and participants
were instructed to fixate on this cross throughout the experimental procedure. For all
three tasks, response from the participant initiated the next trial. In order to reduce
temporal predictability, each trial began with the stimulus being presented after a delay of
1000-3000 ms. Participants were presented practice trials prior to commencement of each
of the experimental tasks. Test performance during the actual experiment was monitored
on a laptop from outside the booth.
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Simultaneity Judgment

In the SJ task, participants were instructed to report, using different response buttons,
whether they perceived the auditory and visual stimuli as occurring simultaneously (right
button) or not (left button). Participants were explicitly told to respond as accurately as
possible as opposed to responding quickly. Visual stimuli were presented in the form of a
0.4° white circle [49.3 Candela per meter squared (cd/m?)| against a black background (0.3
cd/m?), which appeared 2° below the fixation cross for 17 ms. They were either preceded
or followed by an auditory beep (1850 Hz, 7 ms, 71.7 decibels) at the following SOAs: 0,
25, 50, 100, 150, 200, 300 ms. Ten trials were presented in a randomized order for each
condition for a total of 130 trials (see Fig. 2.1).

Temporal Order Judgment

The experimental design of the TOJ task was identical to the SJ task with the exception of
the task instructions. Here, participants were asked to report, using the response buttons,
whether they perceived the visual (right button) or the auditory (left button) stimulus as
appearing first; ‘synchronous’ or ‘I don’t know’ responses were not acceptable for this task
(see Fig. 2.1). Again, participants were explicitly told to respond as accurately as possible
as opposed to responding quickly.

Response Time Task

In the RT task, participants were told that they would either see a flash of light, hear
a beep, or a combination of the two. Participants were instructed to press the response
button as soon as they detected any one of the three experimental conditions: unisen-
sory Visual (V), unisensory Auditory (A) or multisensory audiovisual (AV). In order to
maintain consistency across all three tasks, the exact same stimuli and stimulus durations
were employed; however, for this task all AV stimuli were presented simultaneously. Each
stimulus was presented 100 times in a randomized order (300 trials in total). Trials were
divided into two blocks and participants were given a break in between blocks to reduce
fatigue (see Fig. 2.2).

2.4 Statistical analysis

2.4.1 Simultaneity and temporal order judgment tasks

To estimate the accuracy (PSS values) and the precision (TBW) with which participants
made their judgments for SJ and TOJ, psychometric functions were fitted to the par-
ticipant’s responses as a function of SOA using SigmaPlot version 12.5. Each task was
analyzed individually for each participant, with participant data fit to both Gaussian (for
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Which stimulus
occurred first?

Figure 2.1: SJ task (left) and the TOJ task (right), presented with the SOAs of +0, 25,
+50, £100, £150, £200, £3000 ms (-ve = sound appeared before light). In both tasks,
the first stimulus of the audiovisual pair can appear 1-3 sec following the fixation cross and
the second stimulus appears between 0 — 300 ms after the first stimulus. The figure depicts
the auditory stimulus (i.e., beep) as presented before the visual stimulus (i.e., flash). Note,
that the experimental design for the SJ and TOJ is identical, however the instructions vary

by task.
*D) - C( » Trial 1 (e.g., unisensory auditory)
F Random ITI (1-3s)

F Random ITI (1 -3s)
*))) + C(C* Trial 3 (e.g., multisensory AV)
[ J =

... to 300 trials

Random ITI (1-3s)

Trial 2 (e.g., unisensory visual)

Figure 2.2: Participants were presented with unimodal [auditory (A) or visual (V)] or
bimodal [audiovisual (AV)] stimuli and were asked to make speeded responses to all stimuli,
regardless of sensory modality by pressing a RESPONSEPixx button which triggered the
next trial. Two blocks of A, V, and AV stimuli (150 trials per block) were randomly
presented with random inter-trial-intervals (ITIs) of 1 — 3 s.

the SJ task; Eq. 1) and logistic (for the TOJ task; Eq. 2) functions:

Eql:y=a-e05—20)/07) (2.1)
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Where a is the amplitude, z¢ is the PSS and b is the standard deviation.
Eq.2:y=100/(1+ e -@==0/hg (2.2)

Where a is fixed to 1, zg is the PSS and b is the standard deviation.

The best fit parameters corresponding with the PSS and TBW were identified for
each participant separately, and those participants whose data was poorly estimated were
excluded from further analysis (r? < 0.2; YA =1;0A = 3).

As we were interested in the relationships between TBWs obtained from the two tasks
and not their absolute size, we chose to analyze the b values (i.e., standard deviation) of
these psychometric functions as a proxy for the size of the TBW to avoid discrepancies in
the literature that differ when defining the absolute size of the TBW.

Using a within-subjects design, paired t-tests were conducted to assess differences be-
tween TBWs and PSSs within each group. Independent t-tests were used in accordance
with Leven’s test for equality of variance to further assess differences between young and
older adults. Pearson’s correlations (o = 0.05) were assessed between the two tasks for all
participants while controlling for age. Furthermore, Pearson’s correlations (a = 0.05) were
conducted to determine age-specific relations.

2.4.2 Response time task
Error analysis, outlier removal, and mean RT analysis

As previously mentioned, participants responded to 300 trials in total (100 per condition).
Given recent reports implicating the use of RMI over RT facilitation for investigating
MST effects [106, , |, we applied a similar approach. RMI was first tested using
Gondan’s permutation test over the fastest quartile (0-25%) of responses and violation was
indeed observed for both young (¢4, = 4.42,t.: = 2.21,p < 0.001) and older (¢4 =
5.71, terir = 2.08,p < 0.001) adults [178, 179]. Data trimming procedures were not applied
(see[178, , , 295]); however very fast responses, slow responses, and misses (defined
as < 100 ms or > 1500 ms or not registered by the program respectively [< 3% for each
condition|) were set to infinity rather than excluded (see also [289] for a RMI tutorial).
To be consistent with other MSI studies, RT facilitation (multisensory condition — most
efficient unisensory condition) was also calculated.

Mean RT analysis

A 2 (age group: young or older) x 3 (condition: auditory, visual, or audiovisual) repeated-
measures mixed-design ANOVA was conducted to determine whether age and condition
significantly affected RT. Mauchly’s test of sphericity was conducted and the Greenhouse-
Geisser was used if necessary. Planned pairwise comparisons were also made to assess the
differences between young and older adults by condition.
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Test of the race model

As previously mentioned, the race model posits that the response to redundant signals is
produced by the modality that processes its respective signal the fastest and thus is the
“winner” of the race [379]. Race model violations are typically tested using cumulative
distribution function (CDF) models which compare the observed CDF distribution to the
predicted CDF distribution [3158]. Here, to compute the CDFs, each participant’s data was
sorted in ascending order for all three conditions (A, V, AV). Each participant’s RTs were
then quantized into 5th percentile bins until the 100th percentile was reached, yielding 21
bins in total.

Observed CDF distributions were formed using the following equation (Eq. 3):

Eq.3 . CDFobserved == P(RTAV S t) (23)

Where RT 4y represents the RT observed for the multisensory condition for any latency,
t [97, 291]. Predicted CDF models were formed using the following equation (Eq. 4):

Eq.4 : CDFpregicted = Min|P(RT4 < t) + P(RTy < t),1] (2.4)

Where RT4 and RTy represent the RTs observed for unisensory condition A (e.g.,
auditory) and V (e.g., vision), for any time, t [97, 291].

Differences between the observed CDF distribution and the predicted CDF distribution
were calculated for every participant across all percentile bins as follows (Eq. 5):

Eq.5: RTyy = P(RTay <t) —min[P(RT4 <t)+ P(RTy <t),1] (2.5)

When the observed CDF is less than or equal to the predicted CDF, the race model is
accepted. However, the race model is violated when the observed CDF is greater than the
predicted CDF. Thus, a negative value (or zero) indicates acceptance of the race model
while values greater than zero provide evidence for multisensory integration as they are
indicative of race model violations [97, 293].

Although many researchers have previously utilized t-tests (i.e., paired t-tests compar-
ing observed versus predicted CDF or one sample t-tests along the difference curve) to
determine race model violations, it has been argued, that these tests are too conservative
[179]. As mentioned above, we used a data-driven approach to determine RMI violations
by conducting Gondan’s permutation test over the fastest quartile (0-25%) of responses,
where robust violations were evident for both young and older adults (see also Figure 2.7
below). In addition to performing Gondan’s permutation test of race model (Gondan &
Minakata, 2016), we calculated the AUC (which served as our independent variable) in
an effort to further quantify the magnitude of RMI violation over the first quartile of re-
sponses. As described in Mahoney & Verghese [289], the AUC was calculated for each time
bin over the 0-25th percentile, where the difference value obtained from the observed CDF
and the predicted CDF from the first time bin (i.e., 0%) was summed with the difference
value obtained from the second time bin (5%) and divided by two. This was repeated for
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the subsequent time bins until 25" percentile was reached. All the values obtained were
summed to generate a total AUC of the CDF difference wave during the 25" percentile.
To compare the AUC obtained from young and older adults, a Kruskal-Wallis test was
conducted in order to account for the non-normal distribution of the AUC data.

Relation between the SJ, TOJ, and RT tasks

In order to assess the relation between race model violations obtained from the RT task,
as well as the TBWs and PSSs obtained from the SJ and TOJ tasks, Pearson’s correla-
tions (a = 0.05) were determined between the AUC values, TBWs, and PSSs for young
adults. While Spearman’s correlations (a = 0.05) were determined between the AUC val-
ues, TBWs, and PSSs within older adults in order to account for the non-normal AUC data
distribution. In addition to the correlations, multiple regression analyses were conducted
while controlling for age in order to further assess the relation between AUC, TBWs, and
PSSs for the two tasks.

2.5 Results

2.5.1 Simultaneity and temporal order judgment tasks

Participants’ responses were fitted to either a Gaussian or a Sigmoidal logistic curve for SJ
and TOJ respectively using equations 1 or 2 from which PSSs and TBWs were extracted
for analysis. Figure 2.3 shows the average Gaussian functions (SJ) and Figure 2.4 shows
the average logistics function (TOJ) for young and older adults. The goodness of fit from
the SJ task for young (r? Mean: 0.85, Median: 0.88, SD: 0.09, s.e.: 0.02) and older adults
(r? Mean: 0.80, Median: 0.84, SD: 0.13, s.e.: 0.03) were similar [independent t-test: t(55)
= 1.68, p = 0.1; Cohen’s d = 0.46)|. The goodness of fit from the TOJ task for young (r?
Mean: 0.76, Median: 0.82, SD: 0.18, s.e.: 0.03) and older adults (r? M: 0.75, Median: 0.81,
SD: 0.21, s.e.: 0.042) were also similar [independent t-test: t(53) = .53, p = 0.6; Cohen’s
d = 0.14].

In line with our previous work [36], within the young group, the paired t-test revealed
that the TBW obtained from the SJ task (M = 160.07, s.e. = 8.39) was significantly wider
than the TOJ task (M = 103.04, s.e. = 10.51); (£(27) = 6.69, p < 0.001, Cohen’s d = 1.13;
Figures 2.3 and 4). Furthermore, a paired t-test between the two tasks for the PSS revealed
that the visual stimulus was required to appear before the auditory stimulus earlier in the
SJ task (M = 56.36, s.e. = 7.77) than the TOJ task (M = 10.31, s.e. = 14.17) in order
for simultaneity to be perceived; (#(28) = 2.81, p < 0.01; Cohen’s d = 0.75; Figures 2.3
and 2.4). Similarly, within older adults, a paired t-test revealed that the TBW was wider
in the SJ task (M = 186.26, s.e. = 14.35) compared to the TOJ task (M = 117.01, s.e. =
13.12); (¢(22) = 4.74, p < 0.001; Cohen’s d = 1.05; Figures 2.3 and 2.4). No significant
difference was found between the PSS for the SJ task (M = 82.70, s.e. = 9.36) compared
to the TOJ task (M = 53.91, s.e. = 23.52); (£(22) = 1.16, p = 0.26; Cohen’s d = 0.34;
Figures 2.3 and 2.4).
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Planned independent t-tests were conducted to determine age-related differences be-
tween the two tasks. While the TBWs were not significantly different between the two
groups (for both SJ (¢(50) = -.95, p = 0.35; Cohen’s d = 0.26) and TOJ (£(49) = -.84, p
= 0.40; Cohen’s d = 0.23)), on average, older adults (Mg; = 179.20, s.e. = 16.46; Mro,
= 117.01, s.e. = 13.13) exhibited wider TBWs compared to young adults (Mg, = 162.59,
s.e. = 8.48; Mroy = 103.04, s.e. = 10.51). In line with previous literature, no significant
effects of PSS were found between the young (Mg, = 56.35, s.e. = 7.76; Mro; = 10.31,
s.e. = 9.25) and older adults (Mg, = 79.26, s.e. = 14.17; Mro; = 53.91, s.e. = 23.51) for
SJ (t(50) = -1.84, p = 0.07; Cohen’s d = 0.51) and TOJ (¢(50) = -1.66, p = 0.10; Cohen’s
d = 0.45).

Age controlled partial correlations were first conducted on all participants for the TBW
as well as the PSS. In line with previous literature |[13], a significant positive correlation
was found between the TBWs obtained from both the tasks (r(49) = 0.50, p < 0.001).
As expected, no significant correlations were observed for PSS (r(49) = 0.03, p = 0.84).
Pearson’s correlations were then conducted within each group and the TBWs from the two
tasks within both young (7(28) = 0.61, p < 0.001) and older (r(23) = 0.44, p = 0.04) adults
were found to be significantly positively correlated. PSSs were not correlated between the
two tasks in both young (7(29) = -0.04, p = 0.85) and older adults (r(23) = 0.06, p =
0.77).
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Figure 2.3: SJ: here the Gaussian function is fit to the average (thick lines) and individual
(thin lines) data. Young adults (black) require the visual stimulus to occur approximately
58 ms before sound while older adults (grey) require the visual stimulus to occur approxi-
mately 82 ms before sound in order to perceive the two stimuli as simultaneous.

2.5.2 Response time task
Error analysis, outlier removal, and mean RT analysis

Both young and older adults made few errors with an overall accuracy of 99.98% and 99.99%
in each group respectively. Young adults maintained an accuracy of 99.4% in the auditory
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Figure 2.4: TOJ: the sigmoidal function is fit to average (thick lines) and individual (thin
lines) data. Here, young adults (black) require the visual stimulus to appear approxi-
mately 10 ms before sound while older adults (grey) require the visual stimulus to appear
approximately 49 ms before light in order to perceive the two stimuli as being simultaneous.

trials, 99.6% in visual stimuli, and 97.9% in the audiovisual trials. Older adults achieved
an accuracy of 99.6% in auditory trials, 99.8% in visual trials, and 98.0% in audiovisual
trials. In line with Couth and colleagues [106] our data also revealed most outliers to be
the slower responses (>1500 ms) with very few misses (<1% for all conditions). Outliers
were converted to infinity and only correct responses were included in the analyses.

Mean RT analysis

Results from the 2 (age group: young, older) x 3 (condition: audio, visual, audiovisual)
RM ANOVA revealed a significant main effect of group (F (1, 25) = 25.97, p < 0.001; 7)12,
= 0.51; Figure 2.5) and condition (F(1.30, 32.4) = 129.37, p < 0.001; n2 = 0.84). The
interaction between group and condition was also significant (F(1.54, 38.48) = 21.49, p <
0.001; 7713 = 0.46). In line with our hypothesis, planned pairwise comparisons revealed that
older adults (M = 369.26 ms, s.e. = 17.68) demonstrated significantly longer RTs compared
to young adults (M = 280.85 ms, s.e. = 14.03; p = 0.001). The pairwise comparisons also
revealed that responses to audiovisual trials (276.35 ms, s.e. = 12.02) were significantly
faster than auditory (324.80 ms, s.e. = 17.45) and visual trials (374.00 ms, s.e. = 11.23; p
< 0.001; see Figure 2.5).

The race model violation

The difference waveform, calculated by subtracting the predicted CDF from the observed

CDF, is indicative of whether or not the race model has been violated [97]. Evidence for the
co-activation model and thus support for multisensory integration is provided if a positive
value is obtained regardless of the significance of the magnitude [97, , |. Figure 2.7

indicates a violation of the race model and provides evidence for the co-activation model
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Figure 2.5: Averaged response time data (with Standard Error of Mean; SEM]| from the
auditory, visual, and audiovisual conditions for both young (black) and older (grey) adults.
Error bars are +1 SEM. Asterisks indicate statistical significance at p < 0.001 level.

over the first 25th percentile (highlighted in grey) in both young and older adults. These
findings are consistent with the main effect of condition (i.e., audio, visual, audiovisual)
and group (young and older) as found through the RM ANOVA conducted above with
mean RT. However, as mentioned above, Gondan’s permutation test was also conducted
to statistically assess race model violations and was significantly violated in both young
and older adults. We also conducted a Kruskal-Wallis test comparing the AUC values to
determine group differences; here, the AUC data obtained from older adults violated the
Shapiro-Wilk test due to two outliers; D(23) = 0.87, p < 0.01. A statistically significant
difference between the groups was determined (x? (1) = 8.48, p < 0.01) where young adults
showed a smaller mean rank score (21.05) compared to older adults (33.37) thus indicating
larger race model violations in older adults (see Figures 2.6 and 2.7).
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Figure 2.6: Cumulative probability graphs where the solid lines represent the observed
cumulative probability while the dashed lines represent the predicted cumulative probability
for young (black) adults and older (grey) adults.

2.5.3 Relation between the SJ, TOJ, and RT tasks

Prior to conducting the correlation analysis, data was checked for normality. All data
was normally distributed except for the AUC values obtained from older adults which
consisted of 2 outliers (females); even when removed, the data continued to be non-normally
distributed. Thus, Pearson’s correlations (« = 0.05) were determined between the PSSs and
the TBWs obtained from the SJ and TOJ tasks with the average AUC values obtained from
the RT task over the fastest (0-25%) percentiles within the young adults while Spearman’s
correlations (o = 0.05) were conducted for older group. A significant positive correlation
was found between the PSS obtained from the TOJ task and the AUC (r(29) = 0.49,
p < 0.01) in the young group. No other correlations were found for both the young
and older group (see Figures 2.8 and 2.9). Multiple regressions were conducted in order to
further substantiate these findings and in line with the results obtained from the correlation
analysis, it was found that the PSS estimates obtained from the TOJ task (8 = 1.19, p =
0.01) and age (8 = 0.49, p < 0.01) were significant predictors of AUC (see Figure 2.10).
Furthermore, a significant interaction between PSS obtained from TOJ and age was also
found (8 = -1.06, p = 0.02; see Figure 2.10).
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Figure 2.7: Test of the race model by group. The graph represents the probability difference
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conducted. Error bars are +1 SEM.
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Figure 2.8: Scatter plots of correlations between the AUC and the PSS for both young
(left) and older (right) adults. Notice that Spearman’s correlations were conducted for
older adults and thus the ranked data is reported for the group; note the two outliers (dark
grey) found within the older adult group. Pearson’s correlations were conducted for young
adults. Note: only the PSS obtained from the TOJ task is positively correlated with the
AUC. ** p < 0.01.
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Figure 2.9: Scatter plots of correlations between the AUC and the TBW for both young
(left) and older (right) adults. Notice that Spearman’s correlations were conducted for
older adults and thus the ranked data is reported for the group; two outliers found within
this group are highlighted in dark grey. Note that Pearson’s correlations were conducted

for young adults.
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Figure 2.10: Significant relations found between PSS (a) and TBW (b) obtained from the
SJ, TOJ, and AUC obtained from the RT task have been emphasized in this figure. Black
lines represent the analyses conducted with the TOJ task while grey lines represent the
analyses conducted with the SJ task. The regression analysis indicates that the average
PSS estimates obtained from the TOJ task and age are significant predictors of AUC
obtained from the RT task. Notice that such a relation does not exist for the SJ task.
Age controlled partial correlations conducted between SJ and TOJ are reported here; note
that the average TBWs from the two tasks are significantly correlated whereas the PSS
estimates from the two tasks did not reach significance. Thicker lines indicate significant
(p < 0.05) results from the regression and correlation analyses.

2.6 Discussion

The main objectives of this study were to identify whether an association exists between
the race model violation (as assessed via AUC) and measures obtained from the SJ and
TOJ tasks (i.e., PSS and TBW). We found a highly significant positive correlation between
race model violation and the PSS from the TOJ task in young adults, however, there was
no evidence of an association between the AUC and the PSS for the SJ task. Figure
2.8 clearly shows that within the young group, those who did not violate the race model
were more likely to require the sound to be presented before light in order to perceive the
two as being simultaneous for the TOJ task. Whereas those who required the light to be
presented before sound in order to perceive simultaneity were more likely to violate the
race model; however, for SJ, we found that all but one individual required the light to be
presented prior to the sound in order to perceive simultaneity and yet approximately 60%
violated the race model while the remaining 40% did not. This suggests that there is a
discrepancy regarding the underlying mechanisms such that race model violation is related
to audiovisual integration and perception for TOJ but not necessarily for SJ. This is in
line with previous literature which suggests that SJ and TOJ are subserved via different
neural mechanisms and therefore differ from one another [3, , , 30].
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What do our results reveal regarding changes in multisensory processing among older
adults? The very strong positive correlation that was found between AUC and PSS from
the TOJ task for young adults was not found for the older group. This could be related
to the fact that temporal order perception seems to be impaired with aging while simul-
taneity perception may be preserved [13]. Additionally, given that our current study as
well as previous research |13, 30| have not found significant differences in PSS estimates
between young and older adults, this could suggest that PSS may also be preserved with
aging. Thus, based on current and previous literature, one may speculate that if a relation
between PSS and AUC was to be found for the SJ task in young adults, such a relation
may have been found to persist with aging and may have been present in the older group.
However, this assertion must be specifically tested in larger studies with sufficient power.
Of further interest is the fact that not only do we not find a relation between PSS esti-
mates and AUC in older adults, we also find two non-integrators in the older adult group
who demonstrate that some older adults fail to integrate audiovisual information. This
is immensely interesting given that older adults tend to benefit more from multisensory
integration compared to their young counterparts [255, , , , |, but perhaps
is not surprising given Mahoney and colleagues recent reports of differential multisensory
integration patterns in aging [293, , , 295]. Recent research [319, , , 348| may
provide further insight into the lack of “integration” that is observed in some of our older
and young participants. These authors [319, , , | argue that the definition of mul-
tisensory integration that is commonly utilized in studies assessing the redundant signal
effect (RSE) assumes that the race model needs to be violated in order to demonstrate in-
tegration when this is not necessarily the case [350]. However, a potential limitation of this
proposed model is that it assumes that a ceiling effect (i.e., all participants respond with a
high accuracy rate, making few anticipatory or late responses) will be achieved. Previous
literature, however, indicates that a ceiling effect is not always achieved by older adults as
they tend to show more early, anticipatory, or late responses [291, , , , |. In
our current study, which uses a forced choice design, this is less of a concern as participants
approached ceiling performance (i.e., less than 1% misses). Future studies should further
investigate the relation between the current models being utilized as well as the proposed
model, especially as the adaptation of a common model would allow for a more nuanced
comparison not just between studies but also between different tasks (i.e., SJ, TOJ, RT).

SJ, TOJ, and RT tasks are three of the most common tasks utilized in the literature to
assess multisensory integration, however, no other study has compared measures obtained
from all three tasks (i.e., TBW, PSS, and RMI). We argue that understanding the relation
between race model violation, as assessed via the RT task, and TBW and PSS, as assessed
via SJ and TOJ tasks, can provide further information regarding MSI and the underlying
mechanisms that may change with age. Interestingly, literature from the SJ and TOJ tasks
argues that there is an impairment in older adult’s ability to perceive the temporal order of
events from multiple modalities due to a widening of the TBW (i.e., less precision) and a
larger shift from true simultaneity (i.e., less accuracy; [370, , , 80, 81, 43]. Whereas
studies testing RT argue that there is a greater enhancement in performance (i.e., faster
RTs) for multimodal stimuli especially in the aging population [255, , , , .
This suggests that different decision-making processes may be at play for the two categories
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of tasks (i.e., SJ/TOJ vs. RT).

What might explain these similarities and differences in temporal metrics of multisen-
sory processing? We know from early research that the superior colliculus is implicated
in processing both unisensory (i.e., audio or visual) and multisensory (i.e., audiovisual)
stimuli for simple RT tasks [310, , |. We also know from more recent research that
the superior colliculus is involved in assessing temporal order of auditory and visual cues
(in addition to the superior colliculus, the posterior parietal cortex, the superior tempo-
ral sulcus, and frontal cortices were also involved) |73, |. However, we find differences
in cortical activation between simple RT and temporal order perception as well. From
literature using simple RT tasks, we find evidence for early multisensory convergence in
cortical areas that were previously considered as being ‘unisensory’ [168, , |. For
example, using a simple RT task, Giard and Peronnet [168] found ERP activations rep-
resenting multisensory processing as early as 40 ms post-stimulus presentation over the
occipital region, indicating that multisensory integration takes place much earlier than ex-
pected. Forced-choice paradigms exploring synchrony and asynchrony perception on the
other hand provide evidence for activation in higher order regions. For example, in a study
conducted by Dhamala and colleagues [1260], participants were asked to judge whether
audiovisual stimuli were presented simultaneously, whether a sound was presented first,
a light was presented first, or if they could not tell. They found that while the primary
visual sensory cortices, parietal, and prefrontal cortices were involved in asynchrony per-
ception, only the left temporal and parietal cortices, as well as the right frontal cortex and
superior colliculus were involved in synchrony perception, with no activation of the visual
cortex |3, |. Our results align with previous research indicating that although there is
a relation between race model violation and asynchrony perception, such a relation may
not exist for synchrony perception. The different neural mechanisms that underlie the
behaviour observed for an RT task and synchrony perception may explain why no such
relation is found with aging. It is important to note however, that some behavioural mod-
els posit that perception (as measured by TOJ) and automatic response (as measured by
RT) may be subserved via similar internal mechanisms |75, , |. Our results provide
further evidence for a relation between the PSS estimates obtained from the TOJ task and
AUC from the RT task as found in young adults but also provide the critical information
that this relation fails to exist in older adults. Such a relation between race model violation
and PSS estimates indicates that the mechanisms that may be shared between perception
(as measured through TOJ) and action (as measured through RT) in young adults change
with age. Future research should assess these findings in greater depth; one method is to
add multiple SOAs to the RT task in order to make the three tasks more similar.

It has previously been reported that a wider TBW is associated with slower RT [255,

, |, however we failed to find such an association. This lack of correlation may be
explained by the design of the tasks as both the SJ and TOJ tasks consist of multiple
SOAs while in the RT task audiovisual stimuli were presented only simultaneously. As
mentioned previously, the addition of the same SOAs to the RT task may have increased the
similarities between the paradigms and would have allowed for a more nuanced comparison.
However, the aim of this study was to assess if a relation exists between the most commonly
utilized paradigms, thus, the design of the tasks used reflects what is commonly found in
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the literature. Future studies should consider the inclusion of SOAs for the RT task in
order to assess if the lack of relation found in our results changes with the design. Another
explanation for the lack of relation between TBW and the AUC in older adults was the lack
of a significantly wider TBW in older adults as compared to young adults. The predicted
relation was precedented on the idea that not only would older adults violate the race model
more so than young adults, but that they would also have significantly wider TBWs. It
is important to note that this lack of difference between young and older adults has been
seen before. Previously, with a similar sample size, Basharat and colleagues [30] yielded
similar results where older adults exhibited wider TBWs compared to young adults but
they were not statistically significant. Whereas Bedard and Barnett-Cowan [13]| found that
older adults had significantly wider TBWs compared to young adults on the TOJ task but
not on the SJ task. Their findings suggest that simultaneity perception may be preserved
with aging while temporal order perception is not. As the study conducted by Bedard and
Barnett-Cowan [13]| had a larger sample size and was well-powered, we speculate that the
larger sample size contributed to the significant differences observed for the TBW values
between the two groups.

In agreement with previous literature, the mean analysis of the response time data in-
dicates that older adults had significantly longer RTs compared to young adults regardless
of modality and that providing stimuli from multiple modalities significantly decreased
response time [255, , |. Furthermore, providing evidence for our hypothesis, the
results showed that although both young and older groups violated the race model, older
adults were more likely to do so. Various theories have been proposed to explain such
improvements in multisensory integration in the elderly. One possible explanation is the
principle of inverse effectiveness; it states that reduced sensitivity in the individual sensory
systems (i.e., decreased visual acuity [131], increased auditory thresholds [273])combined
with age-related alterations in cognitive processing (i.e., decline in executive function,
working memory, and attention [150, |) increases the magnitude of multisensory en-
hancement [192, 161]. Mozolic and colleagues [330] have provided another explanation for
the improvement observed in the older group; they state that older adults do not ade-
quately filter sensory noise and hence are more prone to distractions compared to young
adults. However, as the background sensory information becomes more relevant, older
adults benefit from enhanced processing of such information. It is clear that the neural
networks involved in multisensory integration change with age and these alterations directly
impact multisensory processing in the aging population. Using magnetoencephalography;,
Diaconescu and colleagues [127] compared neural activity of young and older adults to uni-
modal and multimodal audiovisual stimuli and found that young adults showed increased
activity in sensory-specific regions after multimodal stimuli were presented whereas older
adults showed activity in the inferior parietal and medial prefrontal areas. These results
provide evidence for posterior to anterior shift with aging (PASA) indicating that older
adults engage frontal brain areas to a greater extent than young adults in order to compen-
sate for impaired function in other brain areas 180, |. Age-related changes clearly have
large implications on multisensory processing and this study has provided further evidence
that older adults benefit more from multimodal cues.

Given that poor multisensory processing has been correlated with speech comprehen-
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sion deficits [287, |, an inability to dissociate from irrelevant information [197], and
poor driving performance [381], measures of MSI present an easy assessment tool to be
utilized in the clinical setting. However, prior to the inclusion of these tasks in the clinic,
it is important for researchers to understand the relation between them. Our results indi-
cate that there is a relation between the point at which participants perceive simultaneity
and the likelihood of violating the race model which may change with age. Knowing this
information suggests that the ‘impairment’ and the ‘enhancements’ observed here may be
subserved by similar mechanisms, but further research is required to untangle why these
differences arise as we age. One explanation for the differences observed between young
and older adults may be related to a general cognitive decline due to structural changes and
loss of brain mass [330]. However, if general cognitive decline could completely explain the
differences in performance between the two groups, older adults would consistently perform
poorly regardless of whether unimodal or multimodal cues were presented. As indicated by
our results and previous research, older adults demonstrate greater multisensory enhance-
ment from bimodal cues compared to young adults and thus age-related changes cannot
fully be explained by general cognitive slowing [361]. Another explanation for why such
differences arise may be associated with age-related changes in gamma-aminobutyric acid
(GABA), the principal inhibitory neurotransmitter in the CNS [157, , 372|. Previous
research has found a reduction of approximately 5% in GABA concentration per decade
of aging after adolescence in the frontal cortex leading to a decline in inhibitory signals
[166]. This reduction in GABA may be associated with an inability to inhibit binding of
erroneous cues, thereby resulting in an increased inability to determine temporal order of
stimuli. In addition to between group differences, our results also indicate a large vari-
ation in multisensory perception within each group. In the future, this inter-individual
variability can be further investigated through genetic factors which may contribute to the
heterogeneity of the results and may explain the differences observed in young and older
adults.

2.7 Conclusion

Here, we have demonstrated that older adults are impaired in judging temporal order
and simultaneity, due to an extended TBW. However, older adults also exhibit greater
enhancement in performance on the RT task as indicated by a higher likelihood of race
model violation. Correlations conducted to assess the relation between the three tasks
reveal that the likelihood of violating the race model is associated with the point at which
simultaneity is perceived but only for the TOJ task. No such relation was found in the older
group. By utilizing the RT, SJ, and TOJ tasks, our work provides further evidence that the
underlying mechanisms that subserve these tasks change with age. Future studies should
attempt to determine the underlying neural mechanisms that subserve these three tasks
and to develop training paradigms that increase the accuracy and precision with which
the elderly bind multisensory information in order to reduce errors in temporal order and
simultaneity judgments.
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Chapter 3

Assessing the effects of exercise,
cognitive demand, and rest on
audiovisual multisensory processing in
older adults: a pilot study

Under review: Basharat A, and Barnett-Cowan M. Assessing the effects of exercise, cogni-
tive demand, and rest on audiovisual multisensory processing in older adults: a pilot study.
Multisensory Research (MSR-1686R1; [31]).

3.1 Abstract

A single bout of aerobic exercise is related to positive changes in higher-order cognitive
function among older adults, however, the impact of aerobic exercise on multisensory pro-
cessing remains unclear. Here we assessed the effects of a single bout of aerobic exercise on
commonly utilized tasks that measure audiovisual multisensory processing: response time
(RT), simultaneity judgment (SJ), and temporal order judgment (TOJ) in a pilot study.
To our knowledge this is the first effort to investigate the effects of three well-controlled
intervention conditions on multisensory processing: resting, completing a cognitively de-
manding task, and performing aerobic exercise for 20 minutes. Our results indicate that the
window of time within which stimuli from different modalities are integrated and perceived
as simultaneous (temporal binding window; TBW) is malleable and changes after each in-
tervention condition for both the SJ and TOJ tasks. Specifically, the TBW consistently
became narrower post-exercise while consistently increasing in width post-rest, suggesting
that aerobic exercise may improve temporal perception precision via broad neural changes
rather than targeting the specific networks that subserve either the SJ or TOJ tasks indi-
vidually. The results from the RT task further support our findings of malleability of the
multisensory processing system, as changes in performance, as assessed through cumula-
tive probability models, were observed after each intervention condition. An increase in
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integration (i.e., greater magnitude of multisensory effect) however, was only found after a
single bout of aerobic exercise. Overall, our results indicate that exercise uniquely affects
the central nervous system and may broadly affect multisensory processing.

3.2 Introduction

Humans are constantly presented with information regarding our external environment
that must be transduced and processed by different sensory modalities. The integration of
such information is necessary not only for the formation of a coherent representation of the
world but also for perceptual, motor, and higher-order cognitive systems to function and
adapt. There are multiple factors that the central nervous system (CNS) must take into
consideration when determining whether information should be integrated or segregated
and one such factor is the relative timing of events. Optimal integration from different
sensory modalities occurs when signals from these modalities are in close temporal register
[111] and their temporal structures are correlated [359]. Researchers have found that
the aging process can impact how the CNS integrates multimodal information and many
have turned towards better understanding this relation, especially as the aging population
continues to increase in Canada and worldwide. It is expected that the aging population
will comprise approximately 22% - 28% of the Canadian population and approximately
16% of the world population by 2050 [342, 12].

Various tasks have been utilized in the literature to investigate the differences in multi-
sensory processes in younger and older adults including a simple response time task (RT)
[255, , , , 106] as well as the simultaneity judgment (SJ) and the temporal order
judgment (TOJ) tasks [110, , 43, , 36]. As indicated in the prior chapters, older
adults, as compared to younger adults, are more likely to integrate and thus benefit more
from the presentation of multimodal as compared to unimodal cues (i.e., RT facilitation)
[255, , , , ]. The magnitude of such facilitation in integration has been found
to be related to cognitive function [290], balance [293, : |, and habitual physical
activity [294]. On the contrary, research using the SJ, TOJ, and various other temporal
perception tasks indicate a deficit in temporal order perception as it reveals that older
adults are more likely to integrate and perceive temporally disparate information from dif-
ferent sensory modalities as being simultaneous |13, 36, 37|, which, as mentioned previously,
can effect everyday functions and has been associated with decreased speech comprehen-
sion [287, 417], poor driving [381], and increased susceptibility to falls [116]. Given the
challenges associated with multisensory integration (MSI) in the aging population, some
researchers have turned towards designing rehabilitative interventions that may help to
improve the speed, accuracy, and precision with which older adults integrate multimodal
information and may thus improve the quality of life of this population.

While there are many training paradigms focused on improving cognitive and percep-
tual function, only few studies have focused primarily at improving multisensory process-
ing. Training paradigms focused on improving multisensory processing, performed in a
controlled environment typically led to improvements in performance on the trained task,
however, there have also been some instances of transfer effects of training on one task
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leading to improvements in a different task when feedback was provided in both young
and older adults [375, , , , , |. Such research using perceptual training
paradigms shows that not only is multisensory integration a malleable process, but that
the effects of training persist for at least a week [375] and that the effects of training can
affect performance on other perceptual tasks that are not directly trained [118, |. Al-
though promising, such training paradigms require participants to complete training in a
controlled lab setting over long periods of time. As such, the applicability of such reha-
bilitation paradigms is limited; thus, adopting strategies that utilize training paradigms
which can be performed at home or outside of a lab setting should be prioritized.

As adults age, so too do their auditory, visual, somatosensory, and vestibular systems.
Indeed, many researchers have demonstrated a robust association between sensory and
cognitive function where sensory acuities reliably explain large amounts of variance in age-
related cognitive decline [271, 25, , , 16]. Thus, sensory degradation can not only
affect how the CNS integrates and responds to sensory information, but can also affect the
amount of resources available for cognitive functioning and complex motor activity [294]. A
growing body of literature indicates that physical activity is beneficial for brain health and
cognitive function throughout the lifespan |96, , , , |, and indeed protects the
brain from the effects of aging by enhancing mental resources [19], by reducing depression,
anxiety, and chronic stress as well as by improving self-efficacy [130]. Physical activity
(PA), which refers to any bodily movement that is produced by the skeletal muscles and
results in energy expenditure, is recommended for all age groups and genders and is a key
predictor of healthy aging [110]. Note that exercise is a subset of physical activity as it is
a planned, structured, and repetitive process that aims to maintain and improve physical
fitness [77]. The vast body of literature relating to PA indicates numerous physical and
psychological health benefits of PA for older adults including improvements in cognition,
working memory, mood, functional abilities, quality of life, and maintenance of indepen-
dence |50, , |. As such, PA has been recognized as a valuable strategy to promote
healthy aging, as well as a therapeutic and preventative strategy for older adults living
with mild cognitive impairment (MCI) and dementia [118, , 56]. The World Health
Organization (WHO), Canadian Society for Exercise Physiology (CSEP), as well as the
American College of Sport Medicine (ACSM) recommend that all healthy adults (young
and older) should participate in moderate aerobic activity for 150 minutes per week or 75
minutes of vigorous aerobic activity per week or a combination of both [364, , , |.
However, despite strong evidence supporting broad physical and cognitive benefits of phys-
ical activity, older adults tend to be the least physically active population with very low
percentages of older adults being sufficiently active [167].

Although much of the literature investigating the link between exercise and cognitive
function has focused on chronic exercise, literature from single-bouts of aerobic exercise is
also promising. One of the most researched mechanisms attributed to cognitive function
enhancement after a single bout of physical activity is arousal [250, 81, |. Changes
in heart rate, skin conductance, and changes in plasma catecholamines are typically uti-
lized in human participants to measure arousal, which is associated with the activation of
the sympathetic nervous system [371, |. Behavioural arousal is controlled by a group
of brainstem nuclei, sometimes referred to as the ascending arousal system, that consist
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of neuronal cell bodies which project axons to various brain regions and influence CNS
activity by secreting modulatory neurotransmitters (NT) [99, 133]. Indeed, nonhuman an-
imal model studies have found increases in modulatory N'T concentration during and after
exercise in various regions. A single session of aerobic exercise influences norepinephrine
concentration or metabolism in the parietal [245] and frontal cortex [357, 358], as well as in
the anterior hypothalamus [510, |, and the striatum [306] but not in the hippocampus
[L73]. Aerobic exercise influences dopamine concentration or metabolism in the striatum
[306, , 197] as well as in the anterior hypothalamus [510, , 194], and the hippocam-
pus [173]. Finally, aerobic exercise influences serotonin concentration or metabolism in the
parietal [245] and frontal cortex [170] and the hippocampus [1706, , 177] but not the
in anterior hypothalamus [510, , |. Of interest to this dissertation are the changes
in norepinephrine, serotonin, and acetylcholine in the parietal cortex, a region that is
thought to play a crucial role in MSI [245, 3, , |. Additional physiological changes
that are thought to induce the effects related to exercise include increased production and
concentration of neurotrophic factors including brain-derived neurotrophic factor (BDNF),
insulin-like growth factor (IGF-1), and vascular endothelial growth factor (VEGF) which
play a neuromodulatory role in promoting and maintaining synaptic connectivity, learning
and memory formation [105, 81, 371].

As there may be common underlying neural mechanisms that are responsible for age-
related declines in sensory, cognitive, and motor function (i.e., common cause hypothesis)
[271, 25], physical activity, including a single bout of aerobic exercise, may positively im-
pact integration from multimodal cues in addition to improving higher-order cognitive
function |96, , 84, , 371]. Indeed, Mahoney and colleagues [291] showed a relation
between the amount of physical activity an individual engaged in over a month and the
amount of RT facilitation that was observed on multimodal compared to unimodal stimuli.
In their study [294], 147 older participants completed a visuosomatosensory RT task where
they were asked to respond to the unimodal (asterisk on the screen or electrical pulse) and
multimodal (combined asterisk and electrical pulse) stimuli as quickly as possible. They
found that older adults who reported less engagement in physical activity showed a larger
magnitude of multimodal facilitation compared to those who reported a higher degree of
participation in physical activity. These results however were somewhat counter-intuitive,
especially given that previous research has shown that physical activity is beneficial for
cognitive performance in physically fit individuals |81, 96], yet Mahoney and colleagues
[294] found that those who were less physically active tended to benefit more from mul-
tisensory integration. Note that those who benefited more from the presentation of the
multimodal cues (i.e., those who reported less PA) showed non-significant faster response
times to the multimodal and the unimodal somatosensory conditions. The response time
profiles differed primarily for the unisensory visual condition, where those who benefited
more from sensory integration had significantly longer response times to the visual cues
as compared to those who benefited less (i.e., those who reported more PA). However,
there was no statistically significant difference between the two groups. To further assess
this possible relation, here, we conducted an exploratory analysis to determine whether a
similar relation exists between the amount of physical activity reported and the magnitude
of RT facilitation.
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Few studies have explored the direct effect of exercise on perception and those that have
assessed this relationship have focused on the visual modality [113, , |, with one study
recently conducted that focused primarily on audiovisual modalities [351]. Davranche and
Audiffren [113] (n = 16) as well as Davranche and Pichon [I11] (n = 7) showed that
critical flicker fusion (CFF) is improved with aerobic exercise. Furthermore, Lambourne
and colleagues [251] (n = 19) found that CFF also improved during a 40-minute exercise
session and returned to baseline within 30 minutes of exercise cessation. The work done by
Lambroune and colleagues [251]| along with the studies mentioned above suggest that en-
hancements in perceptual processes may be related to exercise induced arousal in younger
adults. In a more recent study conducted by O’Brien and colleagues [351], healthy older
adults (n = 58) completed the audiovisual sound induced flash illusion (SIFI) before and
after an exercise session and found that 60 to 80 minutes of exercise improved sensitivity to
the perceptual task but only if participants completed “open skill” exercises (i.e., activities
that are unpredictable and demanding such as tennis and badminton; n = 18) compared
to the control group (n = 21). They did not find such an effect for participants who per-
formed “closed skill” exercises (i.e., sports that are more predictable such as swimming and
running; n = 19). This however may be related to a lack of control over the intensity of the
exercise sessions, as participants completed the physical activity on their own accord and
returned to the lab to be tested once they had completed their exercise session. Further-
more, participants in the control group played card games, which requires the involvement
of cognitive function that may also be utilized in “closed skill” exercise; this may partially
explain the lack of an effect found for the “closed exercise” group. Nevertheless, the existing
literature indicates that a single bout of aerobic exercise can impact cognitive and percep-
tual processes and potentially result in improved multisensory processing. Thus, we aimed
to conduct a pilot study that can be used by future researchers to determine the feasibility
of designing and implementing an aerobic exercise study to guide their work. Here, we
predicted that a single bout of aerobic exercise would improve audiovisual multisensory
processing as measured through the RT, SJ, and TOJ tasks (i.e., narrower TBW, point of
subjective simultaneity (PSS) closer to true simultaneity, and increased RT facilitation as
assessed through the area under the curve; AUC). Furthermore, we explored the effects of
our control conditions including completion of a cognitively demanding task and reading
on the RT, SJ, and TOJ tasks to determine how they impact perception and multisensory
processing. Additionally, there is evidence to suggest that chronic exercise habits impact
integration processes and thus we conducted an exploratory analysis to investigate this
relation with the hypothesis that partaking in physical activity more frequently will be
associated with better integration.

A repeated measures, within factors power analysis was conducted to determine the
sample size required to reach a small to moderate effect with the population of interest
(older adults). This analysis revealed that for 1 group of participants, where data was
collected across three sessions, with an alpha of 0.05, and a power of 0.80, we would
need to collect data from 27 to 161 participants for a medium (n?> = 0.01) or small (n?
= 0.06) effect, respectively [371, |. We were however restricted, due to the pandemic,
with respect to participant recruitment; initially we recruited 31 participants and collected
data from 14 of the eligible participants, alas, we were able to include data from only 11
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participants just prior to not having access to this population, as the remaining participants
either did not meet the inclusion criteria for our study (n = 17) or the quality of their data
was compromised and could not be included (n = 3).

3.3 DMaterials and Methods

3.3.1 Participants

Participants (n= 31) were recruited from the Waterloo Research in Aging Participant Pool
(WRAP; older adults; OA). The WRAP program ensures that all recruited participants
are healthy older adults over the age of 60 years with no significant medical concerns (i.e.,
Alzheimer’s disease, Parkinson’s disease, stroke, epilepsy, etc.) via self-reported medical
history and we further verified health status by screening for mild cognitive impairment
and dementia using the Montreal Cognitive Assessment (MoCA; A score > 26/30 would
screen out most people with MCI) [334] and by reviewing self-reported information acquired
from medical history questionnaires. In addition to self-reported declaration of normal or
corrected-to-normal vision and hearing, visual and auditory acuity tests were conducted
using the Freiburg Visual Acuity and Contrast Test (FrACT; [22]) and the UHear applica-
tion [155, 59] to ensure that all participants could perceive the auditory and visual stimuli
as suprathreshold.

Male and female participants between the ages of 60 and 80 years were included in
this study (n = 31; females = 19, mean age = 71.53, s.e. = 0.82). All participants
were required to have self-declared normal or corrected-to-normal vision and hearing and
normal cognition. Prior to study inclusion, participants completed a self-reported clinical
information form where they indicated (yes/no) if they had normal or corrected-to-normal
vision [do you have normal or corrected-to-normal vision (yes or no)|, if they had normal
or corrected-to-normal hearing [do you have normal or corrected-to-normal hearing (yes or
no)|, and if they had normal cognition [do you have any neurological conditions including
stroke, epilepsy, Parkinson’s disease, cognitive impairment, or dementia (yes or no)|. If
participants answered no to any of the above questions, they were subsequently excluded
from the pilot study. Furthermore, participants were required to complete an auditory
acuity, visual acuity, and cognitive (MoCA) test in order to participate. Participants were
required to have visual acuity that was better or equal to 20/32 (or Logarithm of the
Minimum Angle of Resolution (LogMAR) score of 0.2 or lower) in both eyes as measured
through the Freiburg Visual Acuity & Contrast Test (FrACT; Bach, 1996; mean score right
eye = 0.131, s.e. = 0.047; mean score left eye = 0.12, s.e. = 0.047; mean score both eyes
= -0.017, s.e. = 0.036). Additionally, hearing was tested using the UHear application in
a sound-proof booth, and following the definition of the application for normal hearing,
individuals who were unable to hear a 2000 Hertz (Hz) tone at 25 decibels (dB) in both
ears were excluded. After exclusion, including the MoCA assessment (mean = 28.89, s.e. =
0.42), the eligible sample consisted of 14 older adults (females = 8, mean age = 69.29, s.e.
= 1.06). Participants were also screened for their ability to perform physical activity within
the lab using the Get Active Questionnaire (GAQ); average minutes/week = 200.79, s.e. =
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30.56) and the Physical Activity Scale for the Elderly (PASE; mean score = 148.33, s.e.
= 17.67). The GAQ and PASE also provide self-reported measures of each participant’s
habitual exercise habits. In appreciation of their participation, participants received a $10
per hour remuneration. This study was approved by the University of Waterloo’s Human
Research Ethics Committee in accordance with the Declaration of Helsinki, and written
informed consent was obtained from all participants before participation.

3.3.2 Study Design

Participants completed three sessions in the lab, each including a different intervention
(exercise, cognitive task, or rest) in a randomized order; the randomization function in
Microsoft Excel was utilized to ensure that the sessions were completed in a randomized
order by each participant. The sessions were held in the mornings and in order to reduce
learning and training effects, the sessions were each held approximately one week apart.
Participants were asked to refrain from caffeine consumption if they didn’t normally con-
sume caffeine in the morning and from engaging in any physical activity they wouldn’t
normally engage in, the morning of each session.

3.3.3 Intervention Sessions

The experimental measures (SJ, TOJ, RT) were consistent across the three sessions and
only the intervention (exercise, cognitive task, or rest) differed. In the first session, partici-
pants were required to provide written informed consent and had their eligibility confirmed.
After this, participants completed the PASE and the GAQ to assess their baseline physical
activity status. Participants were then asked to complete the SJ, TOJ, and RT tasks in
a randomized order before and after they completed the intervention. Each intervention
was approximately 20 minutes long. In the exercise intervention condition, participants
completed a 3-minute warm-up, 20 minutes of cycling at a moderate intensity (40-60%
Heart Rate Reserve; HRR; Eq. 1, 2, 3, and 4), and a 3-minute cool-down on a recumbent
bike. Participants were asked to wear a Polar Heart Rate monitor in order to obtain their
resting heart rate and to monitor their heart rate throughout the exercise session. Ratings
of perceived exertion (RPE) were recorded every 60 seconds using the Borg’s 20-point scale
[55] to ensure that the participants’ perceived exertion fell within the range of moderate
exertion (RPE of 12-15). The effort level and peddling rate were modified accordingly if
the RPE reported by the participant did not fall within the desired range (12-15).

Eq.1: HRR = (Age — predictedH Rypar — H Ryest) (3.1)
Eq. 1 Calculation for Heart Rate Reserve (HRR) where the formula “220 — HR (heart

rate)” was used to estimate the age-predicted H R, for each participant. Note, the resting
heart rate [H R,..s| was obtained using the Polar Heart Rate monitor prior to exercise.

Eq.2: %WHRR = (desiredintensityr H RR) (3.2)
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Eq. 2 Calculation of exercise intensity as % HRR. As our target intensity was between
40% - 60% HRR, this calculation was performed twice, once for the lower limit of the desired
intensity and once for the upper limit of the desired intensity range, for each participant.

Eq3:THR =[(%HRR) + HR,cs] (3.3)

Eq 3. Calculation of the Target Heart Rate (THR). This calculation, like the calculation
above was calculated twice for both the 40% and 60% HR.

Eq4:THR = [(0.4(Age — predicted H Rypar — H Ryest)) + H Ryest] (3.4)

to
[(0.6(Age — predicted H Rypar — H Ryest)) + H Ryest] (3.5)

Eq. 4 and 5 The combination of the equations above to showcase the calculations
conducted for moderate intensity of 40% and 60% HRR.

In the cognitive task condition, participants completed a dual-task paradigm for 20
minutes where they were asked to identify which celestial body (planet, star, or sun)
and/or animal (snake, dog, or bird) appeared in the centre of the screen. The paradigm
involved three different trial types; single-pure (SP), single-mixed (SM), and dual-mixed
(DM) [17, 48, 16, 209]. In the SP trials, a single stimulus consisting of either an animal or
a celestial body was presented and participants were asked to match the image presented
in the centre of the screen to the corresponding animal (always presented on the left side
of the screen) or celestial body (always presented on the right side of the screen). In the
SM trials, both an animal and celestial bodies appeared on the left and right side of the
screen, however, only one image appeared in the centre of the screen that participants were
asked to match to its corresponding image on either the left or right side of the screen. In
the DM condition, two stimuli were presented at the same time in the centre of the screen
(one animal and one celestial body; see Figure 3.1). Participants were asked to respond
as quickly and accurately as possible to both the stimuli without prioritizing responding
to either animal or celestial body images. They were also asked to avoid grouping their
answers (e.g., selecting images on the right and left side of the screen at the same time
for the DM task), as that would suggest that they waited to recognize both the stimuli
prior to making their response. The task was completed on an ipad and each stimulus was
presented for 2750 ms, and the next trial appeared regardless of whether a response was
recorded or not [209)].

In the rest condition, participants read a chapter titled ‘Aging: the Wise Way’ from
a book titled ‘Spark: the Revolutionary New Science of Exercise and the Brain’ for 20
minutes.

3.3.4 Measures

Similar to the methods mentioned in chapter 2, each participant completed three exper-
imental tasks while seated in front of a 23.6-inch ViewSonic V3D245 computer monitor
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A

For this block, will appear on the
screen. Here are the three possible symbols that
could appear:

Q

Press 'Next' to continue.

For this block, will appear on the
screen. Here are the three possible symbols that
could appear:

Press 'Next' to continue.

Cc

For this block, and
appear on the screen, sometimes
, at other times

WSy Cxa

Press 'Next' to continue.

D

For this block, and
appear on the screen, sometimes
, at other times

HSYC ke

Press 'Next' to continue.

Figure 3.1: Screenshots of the Cognitive task. Panel A and B represent the single-pure
(SP) trials, panel C represents single-mixed (SM) trials, and panel D represents dual-mixed
(DM) trials. Participants were asked to respond as quickly and accurately as possible by
pressing the images on the left and right side of the iPad screen that matched with the
images presented in the center of the screen. See text for further details.
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(resolution 1920 x 1080, 120 Hz) in a sound-proof booth with his/her head stabilized on
a chin rest before and after each intervention. Visual stimuli were presented on the mon-
itor at a viewing distance of 57cm, in the form of white circles (0.4°). Auditory stimuli
were emitted through two speakers (Altec Lansing Multimedia computer speaker system,
ACS95W) adjacent to the monitor such that they were 66 cm apart. A Macbook Pro
(OS 10.9 Mavericks) that resided outside the booth was used to run the tasks. VPixx
Technologies, ProPixx hardware, and DataPixx software version 3.01 was utilized for this
experimental procedure to ensure the synchrony of the audio and visual stimuli (depending
on task and condition) with <1 millisecond (ms) accuracy. Participants were able to record
their response for each trial by using the RESPONSEPixx handheld 5-button response box.

3.3.5 Procedure

Participants completed the SJ, TOJ, and RT tasks in a randomized order. For all tasks, a
central fixation cross (visual angle = 0.5°) was presented on the screen, and participants
were instructed to fixate on this cross throughout the experimental procedure. For the SJ
and TOJ tasks, response from the participant initiated the next trial. In order to reduce
temporal predictability, each trial began with the stimulus being presented after a delay of
1000 — 3000 ms. Participants were presented practice trials prior to commencement of each
of the experimental tasks. Test performance during the actual experiment was monitored
on the Macbook pro that resided outside the booth.

Simultaneity Judgement

In the SJ task, participants were instructed to report, using different response buttons,
whether they perceived the auditory and visual stimuli as occurring simultaneously (right
button) or not (left button). Participants were explicitly told to respond as accurately as
possible as opposed to responding quickly. Visual stimuli were presented in the form of a
0.4° white circle [49.3 Candela per meter squared (cd/m?)| against a black background (0.3
cd/m?), which appeared 2° below the fixation cross for 17 ms. They were either preceded
or followed by an auditory beep (1850 Hz, 7 ms, 71.7 dB) at the following stimulus onset
asynchronies (SOAs): 0, 25, 50, 100, 150, 200, 300 ms. Ten trials were presented in a
randomized order for each condition for a total of 130 trials (see Figure 3.2).

Temporal Order Judgement

The experimental design of the TOJ task was identical to the SJ task with the exception
of the task instructions (see Figure 3.2). Here, participants were asked to report, using the
response buttons, whether they perceived the visual (right button) or the auditory (left
button) stimulus as appearing first. Again, participants were explicitly told to respond as
accurately as possible as opposed to responding quickly.
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Which stimulus
occurred first?

Figure 3.2: SJ task (left) and the TOJ task (right), presented with the SOAs of 0, £25,
+50, £100, £150, £200, £300 ms (-ve = sound appeared before light). In both tasks, the
first stimulus of the audiovisual pair can appear 1-3 sec following the fixation cross and the
second stimulus appears between 0 — 300 ms after the first stimulus. The figure depicts
the auditory stimulus (i.e., beep) as presented before the visual stimulus (i.e., flash). Note,
that the experimental design for the SJ and TOJ is identical, however the instructions vary
by task.

Reaction Time Task

In the RT task, participants were told that they would either see a flash of light, hear a beep,
or a combination of the two. Participants were instructed to press the response button as
soon as they detected any one of the three experimental conditions: unisensory visual (V),
unisensory auditory (A), or multisensory audiovisual (AV). In order to maintain consistency
across all three tasks, the exact same stimuli and stimuli durations were employed, however,
for this task all AV stimuli were only presented simultaneously. Each stimulus type was
presented 100 times in a random order (300 trials in total). Trials were divided into 2
blocks and participants were given a break in between blocks to reduce fatigue (see Figure
3.3).

3.4 Statistical Analysis

Note, that the same analysis procedures were utilized in this chapter as the chapter before.
The primary difference will be the impact of the intervention (e.g., cognitive task, exercise,
rest) on the parameters obtained from the SJ, TOJ, and RT tasks (a pre- and post-
intervention comparison).
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F Random ITI (1-3s)
*))) - (((> Trial 1 (e.g., unisensory auditory)
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' Trial 2 (e.g., unisensory visual)
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((( > Trial 3 (e.g., multisensory AV)

... t0 300 trials

Figure 3.3: Participants were presented with unimodal [auditory (A) or visual (V)| or
bimodal |audiovisual (AV)] stimuli and were asked to make speeded responses to all stimuli,
regardless of sensory modality by pressing a RESPONSEPixx button. Two blocks of A,
V, and AV stimuli (150 trials per block) were randomly presented with random inter-trial-
intervals (ITIs) of 1 — 3 s.

3.4.1 Simultaneity and Temporal Order Judgement Tasks

The same methods of analyses from chapter 2 were followed in this chapter to obtain psy-
chometric parameters. To estimate the accuracy (PSS values) and the precision (TBW)
with which participants made their judgments for SJ and TOJ tasks, psychometric func-
tions were fitted to each participant’s responses as a function of SOA using SigmaPlot
version 12.5. Each task was analyzed individually for each participant, with participant
data fit to both Gaussian (for the SJ task; Eq. 6) and logistic (for the TOJ task; Eq. 7)

functions:

Eq6:y=a- e 05(==20)/0)?) (3.6)

Where a is the amplitude, zg is the PSS and b is the standard deviation.

Eq.7:y=100/(1 4 @0/t (3.7)

Where a is fixed to 1, xg is the PSS and b is the standard deviation.

The best fit parameters corresponding with the PSS and TBW were identified for
each participant separately, and those participants whose data was poorly estimated were
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excluded from further analysis (r? < 0.2;n = 3).

As we were interested in the relationships between TBWs obtained from the two tasks
and not their absolute size, we chose to analyze the b values (i.e., standard deviation) of
these psychometric functions as a proxy for the size of the TBW to avoid discrepancies in
the literature when defining the absolute size of the TBW.

Using a within subject design, a 2 (task: SJ or TOJ) x 2 (time: pre- versus post-
intervention) x 3 (intervention: exercise or cognitive task or rest) repeated measures (RM)
ANOVA was conducted to assess the impact of task, time, and intervention type for the
TBW and PSS. Mauchley’s test of sphericity was conducted, and if the dependent vari-
ables were not proportional to the identity matrix, the Greenhouse-Geisser adjustment was
used. Planned pairwise comparisons were made to assess differences between the tasks and
intervention.

3.4.2 Response Time Task

Error analysis, outlier removal, and mean RT analysis

As previously mentioned, participants responded to 300 trials in total (100 per condition).

Data trimming procedures were not applied (see [178, , , , , 37]; however
responses faster than 100 ms, slow responses (>1500 ms), and misses (not registered by
the program) were set to infinity rather than excluded (see [289] for a RMI tutorial and

[37] where this method of data trimming was recently used).

Mean RT Analysis

A 2 (time: pre- versus post-intervention) x 3 (modality: auditory, visual, or audiovisual) x
3 (intervention: exercise or cognitive task or rest) RM ANOVA was conducted to determine
whether time, modality, or type of intervention significantly affected RT. Mauchly’s test
of sphericity was conducted and the Greenhouse-Geisser was used if necessary. Planned
pairwise comparisons were also made to assess the differences between time, modality, and
interventions.

Test of the Race Model

For the RT task utilized in our pilot study, we presented participants with auditory and
visual cues either separately or concurrently and asked participants to respond as quickly
as possible, regardless of the stimulus. The presentation of simultaneous signals provides
redundant information to the CNS, which typically yield faster response times (i.e., RT
facilitation) as compared to their unimodal counterparts. To understand why this may be
the case, we utilized the race model inequality (RMI), as proposed by Miller [318], to test
whether a ‘race’ was occurring between the pair of multimodal stimuli wherein the winner’s
time determined the observed response time [379] or if integration, rather than separate
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processing of the two stimuli was taking place. As the race model describes separate,
context-invariant (i.e., processing time of one signal is unaffected by the presentation of
another signal) processing of redundant signals, a violation of the RMI suggests that either
the race model is violated or that the context invariant assumption is not supported. Thus,
a violation has been interpreted to indicate that redundant sensory cues were combined by
the CNS to elicit RT facilitation. Given that RMI may be violated at any latency, RMI
has typically been tested using t-tests at different time points and the race model has been
rejected if the test is significant for at least one of the tested time points; the utilization of
multiple t-tests, however, results in increased risk of Type I error. Therefore, permutation
tests have been suggested by Gondan and Minakata [179] to control for this error. Gondan
and Minakata [179] argue that if the permutation is significant, it indicates that either the
race model is wrong, the context invariance assumption is indefensible, or both. In this
study, RMI was first tested over the fastest quartile (0 - 25%) of responses using Gondan’s
permutation (see Table 3.1; [178, |). More recently, however, it has been argued that
the magnitude of the race model violation (i.e., AUC) obtained from the RMI can provide
further information regarding age-related alterations of multisensory integration [288, |.

Condition Before Intervention After Intervention
Rest tmaz = 9.37, tepir = 2.61, p < 0.01 1,00 = 3.27, toe = 2.61, p < 0.05
Cognitive tmaz = 6.09, tor = 2.49, p < 0.01 £, = 5.06, o = 2.51, p < 0.01
Exercise tmaz = 9.35, teir = 2.61, p < 0.01  t,,0, = 4.24, o = 2.67, p < 0.01

Table 3.1: Gondan’s permutation test results obtained for the rest, cognitive, and exercise
intervention conditions.

In order to determine the AUC, cumulative distribution function (CDF) models must
be computed, which compare the observed CDF distribution to the predicted CDF distri-
bution [318].

Here, each participant’s data was sorted in ascending order for all three conditions (A,
V, AV). Each participant’s RTs were then quantized into 5th percentile bins until the 100th
percentile was reached, yielding 21 bins in total.

Observed CDF distributions were formed using the following equation (Eq. 8):

Eq.8 : CDFppserped = P(RTay < t) (3.8)

Where ‘P’ represents the probability and RT4y represents the RT observed for the
multisensory condition for any latency, t [97, 291].
Predicted CDF models were formed using the following equation (Eq. 9):
Eq.9: CDFyegictea = Min|P(RT4 < t)+ P(RTy <1),1] (3.9)
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Where RT4 and RTy represent the RTs observed for unisensory condition A (e.g.,
auditory) and V (e.g., vision), for any time, t [97, 291].

Differences between the observed CDF distribution and the predicted CDF distribution
were calculated for every participant across all percentile bins as follows (Eq. 10):

Eq.10 : RTay = P(RTay < t) — min[P(RT4 < t) + P(RTy < t), 1] (3.10)

When the observed CDF is less than or equal to the predicted CDF, the race model is
accepted. However, the race model is violated when the observed CDF is greater than the
predicted CDF. Thus, a negative value (or zero) indicates acceptance of the race model
while values greater than zero provide evidence for multisensory integration as they are
indicative of race model violation [97, 293].

As mentioned above, instead of using conservative tests (i.e., t-tests), a data-driven
approach was utilized to determine RMI violations by conducting Gondan’s permutation
test over the fastest quartile (0-25%) of responses, where robust violations were evident for
all the intervention conditions (see above for calculations and Table 3.1 and Figure 3.11
below).

In addition to performing Gondan’s permutation test of race model [178, |, we also
calculated the AUC (which served as our independent variable) to further quantify the
magnitude of RMI violation over the first quartile of responses. As described in Mahoney
and Colleague’s work [289], the AUC was calculated for each time bin over the 0-25th
percentile, where the difference value obtained from the observed CDF and the predicted
CDF from the first time bin (i.e., 0%) was summed with the difference value obtained
from the second time bin (5%) and divided by two. This was repeated for the subsequent
time bins until 25th percentile was reached. All the values obtained were summed to
generate a total AUC of the CDF difference wave during the 25th percentile. A 2 (time:
pre- versus post-intervention) x 3 (intervention: exercise or cognitive task or rest) RM
ANOVA was conducted with AUC values in order to compare the effect of time and different
interventions on the AUC.

3.4.3 Relation Between the Race model and Multisensory Pro-
cesses

In order to assess the relation between race model violations, SJ, and TOJ, Pearson’s
correlations (a = 0.05) were determined between the AUC values, TBWs, and PSSs before
and after each intervention.

3.4.4 Relation between Physical Activity and Multisensory Pro-
cesses

In order to assess whether one’s habitual exercise habits were related to multisensory
processes, exploratory correlational analyses (« = 0.05) were conducted between the PASE
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scores, the GAQ, and the TBW, PSS, and AUC values obtained from the SJ, TOJ, and
RT task for each intervention condition.

3.4.5 Relation between the Cognitive Dual-Task and Multisensory
Processes

In order to assess whether performance on a cognitively demanding dual task was related
to multisensory processes, exploratory correlational analyses (o = 0.05) were conducted
between the score on the dual-task, and the TBWs and PSSs obtained before and after
each intervention.

3.4.6 Bayes Factors

Bayes factors (BFs), can be interpreted as the relative evidence of one hypothesis (i.e.,
alternative) over another (i.e., null; [181]), were calculated for the SJ, TOJ, and RT tasks
as an additional means to determine whether exercise was significantly different from the
other interventions. A BF can be any positive number ranging from 0 to infinity where a
BF of 1/3 - < 1/100 provides moderate to extreme evidence for the null hypothesis while
a BF of 3 - > 100 provides moderate to extreme evidence for the alternative hypothesis

[259, 45d].

3.5 Results

3.5.1 Simultaneity and Temporal Order Judgment Tasks

Participants’ responses were fitted to either a Gaussian or a sigmoidal logistic curve for
SJ and TOJ respectively using equations 2 or 3. The PSS and TBWs were extracted for
analysis; figure 3.4 shows the Gaussian functions (SJ) while figure 3.5 shows the logistics
function (TOJ) for all the intervention conditions. Figures 3.6 and 3.7 show the average
Gaussian and logistic functions respectively for all three of the conditions; as expected,
pre- and post-intervention goodness of fit were not significantly different from one another
for all the conditions. See Tables 3.2, 3.3, and 3.4 for the goodness of fits for the rest,
cognitive task, and exercise interventions, respectively.

A 2 (task: SJ or TOJ) x 2 (time: pre- versus post-intervention) x 3 (intervention:
exercise or cognitive task or rest) RM ANOVA was conducted for the TBW which revealed
a main effect of task (F(1,10) = 16.93, p < 0.01, 772% = 0.63, observed power = 0.96; BF}
= 289.304). As expected [30, 37|, planned pairwise comparison showed wider TBWs for
the SJ (mean = 153.99, s.e. = 13.0) compared to the TOJ (mean = 78.46, s.e. = 18.57;
p < 0.01) task. The interaction between intervention and time was non-significant post
Greenhouse-Geisser correction (F(1.17, 11.73) = 3.25, p = 0.09, 77;3 = (.24, observed power
= 0.406), and there was no main effect of intervention (F(1.18, 11.84) = 1.11, p = 0.33, 72
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= 0.10, observed power = 0.17 ; BFjy = 0.202) or time (F'(1, 10) = 0.340, p = 0.573, 7712,
= 0.03, observed power = 0.08; BFjq = 1.877). Note, however, that the best model with
the largest Bayes Factor (BFyy = 3.355 x 10®) was one that included all three factors of
task, time, intervention, and interactions between these factors: task and time, task and
intervention, time and intervention, and finally task time, and intervention. This provides
‘extreme evidence’ [259] for the alternative hypothesis that performance on the SJ and TOJ
tasks is affected by exposure to various intervention types. Figure 3.8 was thus created
to further understand the relation between the TBWs obtained pre- and post-intervention
for both the SJ and TOJ tasks respectively. A comparison of the means obtained for each
intervention condition revealed the largest TBW for the rest condition, followed by the
exercise condition, with the narrowest TBW found for the cognitive task condition for the
SJ task (see Table 3.5). For the TOJ task, however, the exercise condition yielded the
narrowest TBW followed by the rest condition, and the cognitive task yielded the widest
TBW (see Table 3.5). Further, a comparison of the TBWs obtained before and after each
intervention revealed that the TBWs only narrowed consistently after exercising for 20
minutes, while consistently increasing in width after resting for 20 minutes for both the SJ

and TOJ Tasks (see Table 3.6).

A 2 (task: SJ or TOJ) x 2 (time: before completing the intervention or after the in-
tervention) x 3 (intervention: exercise or cognitive task or rest) RM ANOVA analysis was
conducted for the PSS, which failed to reveal a main effect of task task (F(1, 10) = 2.68,
p = 0.13, ng = 0.21, observed power = 0.32; BF}q = 348.81), intervention (F'(1.29, 12.88)
= 1.33, p = 0.29, 12 = 0.12, observed power = 0.25; BFj, = 0.109) and time (F(1, 10)
= 1.85, p = 0.20, 7712, = 0.16, observed power = 0.23; BFyy = 0.219; see also Tables 3.7
and 3.8). Note here that although significant main effects of time and intervention were
not found, the pre-intervention PSS scores for the TOJ task indicate that participants re-
quired sound to be presented before the flash to perceive simultaneity and this shifted after
exercising where participants required the flash to be presented before sound to perceive
simultaneity. As task was found to have the largest Bayes factor, we created figure 3.8
for a further comparison between the pre- and post- PSS scores obtained by subtracting
the pre-intervention scores from the post-intervention scores for each condition for both
the SJ and TOJ tasks to better understand the changes associated with each task and
intervention.
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Figure 3.4: SJ: Gaussian function is fit to the average (thick black lines) and individual
(thin coloured lines) data. Data from before (solid fits) and after (dashed fits) the rest
condition (blue) is represented in panel A, while data from the cognitive task (green)
and exercise (red) conditions are presented in panels B and C, respectively. The PSS is
represented in the dashed (black) vertical line for each condition. Before rest, participants
required the visual stimulus to occur 83 ms before sound, while requiring the visual stimulus
to occur 79 ms before sound after rest in order to perceive the two stimuli as simultaneous.
Before participating in the cognitive task, participants required the visual stimulus to occur
74 ms before sound, while requiring the visual stimulus to occur 81 ms before sound after
the cognitive task in order to perceive the two stimuli as simultaneous. Before aerobic
exercise, participants required the visual stimulus to occur 86 ms before sound, while
requiring the visual stimulus to occur 79 ms before sound after aerobic exercise in order to
perceive the two stimuli as simultaneous.
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Figure 3.5: Sigmoidal function is fit to the average (thick black lines) and individual (thin
coloured lines) data. Data from before (solid fits) and after (dashed fits) the rest condition
(blue) is represented in panel A, while data from the cognitive task (green) and exercise
(red) conditions are presented in panel B and C respectively. The PSS is represented in
the dashed (black) vertical line for each condition. Before rest, participants required the
visual stimulus to occur 12 ms before sound, while requiring the visual stimulus to occur
25 ms before sound after rest in order to perceive the two stimuli as simultaneous. Before
participating in the cognitive task, participants required the visual stimulus to occur 38
ms before sound, while requiring the visual stimulus to occur 25 ms before sound after the
cognitive task in order to perceive the two stimuli as simultaneous. Before aerobic exercise,
participants required the auditory stimulus to occur 50 ms before light, while requiring the
visual stimulus to occur 22 ms before sound after aerobic exercise in order to perceive the
two stimuli as simultaneous. 59
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Figure 3.6: Average SJ Gaussian fits from the rest (blue), cognitive (green), and exer-
cise (red) conditions. Where solid lines represent pre- and dashed lines represent post-
intervention fits. Note the overlap between the conditions.

60



Averages for all Intervention Conditions

1.0 -
0.8 |
2
(I
S 06
—
e
o _______________________
2
S 04 -
©
S |
<]
o |
0.2 1 : B Rest
| B Cognitive Task
| B Exercise
0.0 ! T T 1
-300 -200 -100 0 100 200 300

SOA (ms; -ve = sound first)

Figure 3.7: Average TOJ sigmoidal fits from the rest (blue), cognitive (green), and ex-
ercise (red) conditions. Where solid lines represent pre- and dashed lines represent post-
intervention fits. Notice that pre-exercise fits are different from the remaining conditions
(i.e., requiring sound to be presented prior to light compared to all the other conditions
that required the light to be presented before sound to perceive simultaneity).
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Figure 3.8: Difference scores for the rest (blue), cognitive (green), and exercise (red) con-
ditions obtained for the SJ and TOJ tasks. Both TBWs (A; top two panels) and PSSs (B;
bottom two panels) are presented here, where a positive value indicates a widening of the
TBW and a negative value indicates a reduction in TBW post intervention completion,
while a positive value indicates the PSS moving further away from zero or true simultane-
ity and a negative value indicates the PSS moving closer to zero or true simultaneity post
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Condition SJ Task TOJ Task
Before Rest r2 Mean = 0.91, Median = 0.91  r? Mean — 0.87, Median = 0.93,

SD = 0.03, s.e. = 0.01 SD = 0.12, s.e. = 0.04
After Rest r2 Mean = 0.91, Median = 0.91, 72 Mean = 0.88, Median = 0.91,
SD = 0.05, s.e. = 0.01 SD = 0.09, s.e. = 0.03
T-test t(10) = 0.05, p = 0.96; Cohen’s  t(10) = -0.26, p = 0.80; Cohen’s
d = 0.00; BFg = 0.30 d = 0.09; BFjy = 0.31

Table 3.2: Comparison of goodness of fits obtained before and after the rest condition for
the SJ and TOJ tasks. T-tests reveal no significant differences between the pre- and post-
rest intervention for both the SJ and TOJ tasks. Bayesian paired sample t-tests further
reveal Bayes factors of less than 1, providing additional evidence for the null hypothesis
that there are no differences between the psychometric fits obtained pre- and post-reading.

Condition SJ Task TOJ Task

Before Cog. r2 Mean = 0.90, Median = 0.91, 72 Mean = 0.84, Median = 0.91,
SD = 0.05, s.e. = 0.01 SD = 0.20, s.e. = 0.06

After Cog. r2 Mean = 0.88, Median = 0.91, 72 Mean = 0.86, Median — 0.88,
SD = 0.08, s.e. = 0.02 SD = 0.18, s.e. = 0.05

T-test t(10) = 1.50, p = 0.16; Cohen’s  t(10) = -0.39, p = 0.71; Cohen’s
d = 0.30; BFy — 0.72 d = 0.10; BFy — 0.32

Table 3.3: Comparison of goodness of fits obtained before and after completion of the
cognitive task for the SJ and TOJ tasks. Bayesian paired sample t-tests further reveal
Bayes factors of less than 1, providing additional evidence for the null hypothesis that
there are no differences between the psychometric fits obtained pre- and post-exposure to
the cognitive task. Note that ‘Cog.” = Cognitive Task.

Condition SJ Task TOJ Task

Before Exer r2 Mean = 0.90, Median = 0.89, 72 Mean = 0.80, Median — 0.93,
SD = 0.04, s.e. = 0.01 SD = 0.25, s.e. = 0.08

After Exer r?2 Mean = 0.89, Median = 0.90, 7% Mean — 0.87, Median = 0.92,
SD — 0.05, s.e. — 0.01 SD — 0.12, s.e. — 0.03

T-test t(10) = 1.35, p = 0.21; Cohen’s  t(10) = -0.85, p = 0.41; Cohen’s
d = 0.22; BFyy = 0.62 d = 0.36; BFg = 0.40

Table 3.4: Comparison of goodness of fits obtained before and after aerobic exercise for
the SJ and TOJ tasks. Bayesian paired sample t-tests further reveal Bayes factors of less
than 1, providing additional evidence for the null hypothesis that there are no differences
between the psychometric fits obtained pre- and post-exercising. Note ‘Exer’ = Exercise.
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Condition

SJ TBW

TOJ TBW

Rest
Cognitive Task
Exercise

Mean = 158.83, s.e. = 13.91
Mean = 150.19, s.e. = 12.90
Mean = 152.94, s.e. = 14.30

Mean = 70.16, s.e. = 11.71
Mean = 105.60, s.e. = 36.54
Mean = 59.63, s.e. = 12.56

Table 3.5: Comparison of the mean TBWs obtained for the SJ and TOJ tasks for each

intervention condition.

Condition

SJ TBW

TOJ TBW

Before Rest

After Rest

Before Cognitive Task
After Cognitive Task
Before Exercise

After Exercise

Mean = 154.35, s.e. = 13.531

Mean = 163.32, s.e. = 16.29
Mean = 147.66, s.e. = 11.43
Mean = 152.71, s.e. = 15.15
Mean = 153.90, s.e. = 15.33
Mean = 151.97, s.e. = 14.60

Mean = 69.43, s.e. = 14.14
Mean = 70.88, s.e. = 11.67
Mean = 121.59, s.e. = 50.63
Mean = 89.61, s.e. = 24.45
Mean = 61.92, s.e. = 12.01
Mean = 57.34, s.e. = 17.74

Table 3.6: Comparison of the mean TBWs obtained before and after each intervention for
the SJ and TOJ tasks for each intervention condition.

Condition

SJ PSS

TOJ PSS

Rest
Cognitive Task
Exercise

Mean = 81.30, s.e. = 20.36
Mean = 77.05, s.e. = 22.51
Mean = 82.59, s.e. = 22.87

Mean = 18.50, s.e. = 38.83
Mean = 31.90, s.e. = 25.87
Mean = -13.68, s.e. = 22.91

Table 3.7: Comparison of the mean PSSs obtained for the SJ and TOJ tasks for each

intervention condition.

Condition SJ PSS TOJ PSS
Before Rest Mean = 83.35, s.e. = 18.85 Mean = 11.69, s.e. = 39.36
After Rest Mean = 79.25, s.e. = 22.54 Mean = 25.31, s.e. = 39.31
Before Cognitive Task Mean = 73.61, s.e. = 17.95 Mean = 38.43, s.e. = 34.56
After Cognitive Task Mean = 80.48, s.e. = 27.41 Mean = 25.36, s.e. = 21.38
Before Exercise Mean = 86.13, s.e. = 23.65 Mean = -49.58, s.e. = 44.44

After Exercise

Mean = 79.04, s.e. = 22.24

Mean = 22.22; s.e. = 39.10

Table 3.8: Comparison of the mean PSS values obtained before and after each intervention
for the SJ and TOJ tasks for each intervention condition.
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3.5.2 Reaction Time Task
Error Analysis, Outlier Removal, and Mean RT Analysis
The group maintained an overall accuracy of 99.76% for the auditory trials, 96.81% for

visual trials, and 99.76% for the audiovisual trials. Refer to table 3.9 for the accuracy
achieved before and after each intervention for auditory, visual, and audiovisual trials.

Auditory Visual Audiovisual

Intervention Accuracy (%) Accuracy (%) Accuracy (%)
Before Rest 99.72 97.64 99.72
After Rest 99.91 97.82 99.91
Before Cognitive Task 99.50 95.50 99.70
After Cognitive Task 99.70 95.20 99.80
Before Exercise 99.72 97.96 99.72
After Exercise 100 97.09 99.72

Table 3.9: The accuracy achieved for auditory, visual, and audiovisual trials before and
after each intervention condition (rest, cognitive task, aerobic exercise).

Mean RT Analysis

A 2 (time: pre- versus post-intervention) x 3 (modality: auditory, visual, or audiovisual)
x 3 (intervention: rest or cognitive task or exercise) RM ANOVA revealed a main effect
of modality (F(1.30, 11.54) = 75.06, p < 0.0001, ng = 0.89, observed power = 0.99; BFjg
= 8.137 x 10%'). In line with previous research, planned pairwise comparisons revealed
significant differences at the level of p < 0.01 between the RTs for each modality, with
the longest RT for the visual modality (mean = 363.16 ms, s.e. = 17.05), followed by
the auditory modality (mean = 313.02 ms, s.e. = 19.08), and the shortest RT for the
audiovisual modality (mean = 271.70 ms, s.e. = 15.19; p < 0.0001; see Figure 3.9). No
other main effect or interactions were significant. A main effect of time (F'(1, 9) = 2.09, p
= 0.18, 7 = 0.189; observed power = 0.25; BFj, = 0.340) and intervention (F(1.28, 11.53)
= 1.56, p = 0.24, 7712, = 0.15; observed power = 0.23; BFjy = 0.437) were not found. Note
that the Bayes Factor analysis revealed that although modality provided decisive evidence
that the mean response time was impacted by modality type, intervention and modality
combined were found to be the best model with a BFjy of 1.933 x 1034, suggesting that
the intervention type also impacted performance on the task.
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Figure 3.9: Average response time (RT) data (with SEMs) from the auditory, visual, and
audiovisual conditions from the rest, cognitive task, and exercise interventions. Error bars
are + 1 SEM. Asterisks indicate statistical significance at p < 0.01 level.

The Race Model Violation

To assess the RMI, the difference waveform was calculated by subtracting the predicted
CDF from the observed CDF for all the intervention conditions ([97]; see Figure 3.10).
Evidence for the co-activation model and thus support for multisensory integration is
provided if a positive value is obtained, regardless of the significance of the magnitude
(197, , , 37]; see Figure 3.11). The figure below indicates violation of the race model
and provide evidence for the co-activation model over the first 25th percentile (highlighted
in grey) for all the intervention conditions. Further, in order to statistically assess race
model violations, Gondan’s permutation tests |1 79] were conducted and significant viola-
tions were found for all the intervention conditions (see ‘error analysis, outlier removal,
and mean RT analysis’ section above). We then conducted a 2 (time: pre- versus post-
intervention) x 3 (intervention: rest or cognitive task or exercise) RM ANOVA comparing
the AUC values between the interventions, however, no significant differences were found
for time (p = 0.12, 7712, = 0.22, observed power = 0.33; BFj, = 1.261), intervention (p =
0.92, 7712, = 0.009, observed power = 0.062; BFjy = 0.128), and the interaction between
time and intervention (p = 0.31, 77 = 0.11, observed power = 0.24).
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