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ABSTRACT

Sensory impairment is common in ageing, as are approaches to treat it. However, the
impact of age-related sensory impairment upon multisensory perception remains unex-
plored, despite the multisensory nature of our environment. Here, we used data from The
Irish Longitudinal Study of Ageing (TILDA) to investigate whether common, age-related eye
diseases (cataracts, glaucoma and Age-Related Macular Degeneration, ARMD) and clinical
intervention to improve sensory function (cataract removal and hearing aids) influence
multisensory integration in older adults. Integration was measured using the Sound-
Induced Flash Illusion (SIFI), and the extent to which identifying two flashes was
improved by accompanying auditory information (“visual gain”). Visual gain was not
influenced by eye disease or treatment. For the SIFI, participants self-reporting cataracts,
ARMD or glaucoma were as susceptible as healthy controls, even when controlling for age,
sex, cognition, self-reported vision/hearing and visual acuity. In a second analysis using
retinal photographs, glaucoma and ARMD (hard drusen) did not influence susceptibility
relative to controls. However, participants with soft drusen ARMD were more susceptible to
the illusion at long Stimulus-Onset Asynchronies (SOAs) compared with controls.
Following this, we identified groups reporting bilateral cataract removal or hearing aid
acquisition >4 years and <2 years prior to assessment, enabling comparison of longer- and
shorter-term effects of interventions. Cataract removal groups did not differ from controls.
Longer-term hearing aid users were less susceptible to the SIFI at short SOAs compared
with controls. Our findings suggest that multisensory integration in ageing might be spe-
cifically influenced by ARMD (soft drusen) and hearing aid use.
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1. Introduction

Imagine you are crossing a road. As you approach the edge of
the pavement you perform a ritual that you have performed
from a very young age; stop, look and listen. In this situation,
you use information from multiple senses to increase the
likelihood of detecting an important event in the environ-
ment, an oncoming vehicle. A myriad of experimental evi-
dence shows that presenting congruent information to
multiple modalities conveys a significant perceptual advan-
tage, facilitating detection (Lovelace et al., 2003), identification
(Chen & Spence, 2011) and response times (Gondan et al., 2005;
Harrison et al., 2010; Miller, 1982) towards target stimuli.
Furthermore, due to the properties of multisensory neurones,
the advantage to be gained from multisensory input can be
even greater when the information available to each sense is
weak, a principle known as inverse effectiveness (Meredith &
Stein, 1983; Stanford & Stein, 2007; Stein & Stanford, 2008; but
see; Holmes, 2009). As such, if you are crossing the road on a
foggy day, using multiple senses may be even more advanta-
geous for perceiving a safe time to cross. In a similar manner,
the relative benefit from multisensory integration might be
even greater in individuals who experience degraded input in
one or more sensory systems, for example through age-
related sensory decline and eye disease.

The goal of the current study was to assess whether
multisensory integration in older adults is influenced by
common age-related eye diseases (cataracts, glaucoma and
Age-Related Macular Degeneration; ARMD) and clinical in-
terventions to improve sensory function (cataract removal
and hearing aid use) using data from The Irish Longitudinal
Study on Ageing (TILDA). Assessing the impact of sensory
function and clinical interventions is highly important, given
the ubiquitous nature of ocular pathologies and corrective
procedures for both vision and hearing in the older adult
population. Furthermore, whilst several lines of evidence
suggest that the relative increase in sensory integration in
ageing (discussed below) may serve a compensatory purpose
for perception (de Boer-Schellekens & Vroomen, 2014; de
Dieuleveult et al., 2017), other evidence suggests that
possible “over integration” might have adverse consequences,
as it is associated with fall risk (Setti et al., 2011), mild cogni-
tive impairment (Chan et al., 2015), and poorer global cognitive
scores (Hernandez et al., 2019). It is therefore essential to
understand whether impaired sensory function in ageing
impacts multisensory integration, leading to suboptimal
multisensory processing with possible clinical risk and,
furthermore, establish whether clinical interventions to
improve sensory function may promote multisensory inte-
gration to age-normal levels (Gieseler et al., 2018).

The primary measure of multisensory integration in the
TILDA study is known as the Sound-Induced Flash Illusion
(SIFI). In this illusion, presenting a single visual ‘flash’ with

two successive auditory ‘beeps’ results in the illusory percept
of two flashes (Shams et al., 2000; for reviews see; Hirst et al.,
2020; Keil, 2020). In the current study, we refer to the SIFl as a
measure of perceptual rather than sensory function. This is
because the SIFI represents the final experienced percept of
the individual, once senses have been combined in the brain,
rather than the function of peripheral sensory receptors.
Nevertheless, sensory function can impact on perception
through changes in the quality of the signals to be combined.

Perception in the SIFI is influenced by the reliability of in-
formation from each modality. For example, Shams et al.
(2005) found that the SIFI was strongest when the accuracy
for judging the presence of two beeps was higher than the
accuracy for judging two flashes. In other words, if auditory
information is more reliable for judgements of events than
vision, audiovisual perception is biased towards the infor-
mation in the auditory modality. SIFI susceptibility therefore
reflects a measure of multisensory integration in which
perception is influenced by the relative reliability between
vision and hearing. In line with this, recent evidence has
shown that susceptibility to the SIFI in the TILDA cohort is
mediated, although not fully accounted for, by unisensory
reliability in ageing (Hirst et al., 2019). The SIFI should there-
fore be stronger in those who have less reliable vision (i.e., due
to eye disease) although susceptibility might be shifted to-
wards age-normal levels through corrective procedures (such
as cataract removal).

In general, multisensory integration is thought to increase
in ageing (de Dieuleveult et al., 2017; Freiherr et al., 2013;
Laurienti et al., 2006). However, it is also important to under-
stand how the pattern of integration changes with age. The SIFI
can be used to measure age-related change in the width of the
Temporal Binding Window (TBW), which reflects the sensi-
tivity of the perceptual brain to temporal synchrony. That is,
when faced with two signals, integration is most beneficial if
these signals originate from a common source. One way of
determining this is if signals occur close in time. For example,
when following a conversation we expect the lip movements
of our companion and the speech sounds they produce to
occur close in time, whilst sounds originating from other
sources might be asynchronous to lip movements (see
Venezia et al. (2016) for details on audio-visual timing in
speech perception). Following this, it can be considered
optimal to integrate signals occurring close, or synchronously,
in time. In relation to the SIFI, susceptibility to the illusion
occurs when the first flash—beep pair and second beep are
presented within a short Stimulus Onset Asynchrony (SOA)
but susceptibility typically decreases at longer SOAs. In young
adults, SOAs greater than 70—100 msec reduce the illusion
(Shams et al., 2000), consistent with the proposed temporal
properties of multisensory neurones (Meredith et al., 1987).
However, in older adults, the illusion persists at SOAs longer
than 200 msec, reflecting an age-related widening, and
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arguably reduced efficiency, of the TBW (McGovern et al,
2014; Setti et al., 2011). In this study we therefore identify
whether eye disease and clinical interventions (cataract
removal and hearing aid use) impact the pattern of SIFI sus-
ceptibility from short to long SOAs.

A second measure of integration we focus on is the ability
to utilise auditory information to benefit visual judgements.
We term this benefit “visual gain”. It is possible that increased
integration in ageing serves to compensate for unisensory
decline. In a systematic review of multisensory integration in
ageing in 20 studies, the benefit of multisensory stimuli was
greater in older compared with younger adults (de Dieuleveult
et al,, 2017). In the current study, we assess whether benefits
for multisensory integration are greater in individuals with
eye disease, through comparing unimodal and crossmodal
congruent conditions in the SIFI. We would expect that ac-
curacy for judging two flashes should be higher when two
flashes are also simultaneously presented with two beeps.
Furthermore, we might expect this difference to be greater in
those with visual impairment.

Despite the prevalence of sensory impairments, to our
knowledge no study has investigated the effect of eye disease
on the SIFI in an older adult population, despite clear pre-
dictions that this should alter sensory weighting during inte-
gration (Garcia et al., 2017; Hirst et al., 2019). Studies with
younger adults have investigated the effect of amblyopia
(Narinesingh et al., 2017), and monocular enucleation (Moro &
Steeves, 2018) with the former, but not the latter, suggesting
increased integration in the SIFI. Studies investigating the
effect of mild age-related hearing loss (Gieseler et al., 2020)
and hearing aid use in the SIFI (Gieseler et al., 2018) have
shown that participants with mild age-related hearing loss
were less susceptible to the SIFI compared with older adults
with a similar degree of hearing loss who habitually used
hearing aids (Hearing Aid Users, HAUs). This finding is
consistent with current models of multisensory perception, in
which more reliable auditory input (relative to vision) would
shift perception towards audition, which, in the SIFI, corre-
sponds to a stronger illusion.

The HAUs in Gieseler et al. (2018) included older adults who
had used hearing aids on average for 5.9 years (SD = 4.5).
Because TILDA is a longitudinal study, with self-reports of eye
disease status, cataract removal and hearing aid use recorded
every 2 years, we were able to identify two broad categories of
HAUs; longer-term (>4 years) and shorter-term (<2 years)
HAUs. This enabled us to investigate whether differences in
multisensory integration manifest within the first few years of
hearing aid use. Similarly, we aimed to examine whether
clinical intervention to improve vision (cataract removal)
might shift perception towards visual information in the SIFI.
The implications of this would be that the SIFI could be used to
measure sensory reweighting following interventions aimed
to improve sensory function. The data available within the
TILDA study allowed us to explore both of these possibilities,
in addition to the effect of eye disease.

Importantly, we recognise that the trajectory of adaptation
and recovery to hearing aids and cataract removal are
different: patients recover relatively quickly from cataract
surgery. Rosen, Rubowitz, and Assia (2009) found that 67% of
older adults over 90 years old showed improved visual acuity

6—8 months post-surgery. Conversely, adjustment to hearing
aids appears more demanding (Dawes et al., 2014; Dawes &
Munro, 2016). The time frames used to compare long and
short-term effects of intervention in the current study
(>4 years and <2 years) were selected due to the structure and
time frame of data collection within TILDA, which occurs once
every 2 years (see Donoghue et al.,, 2018 for a recent cohort
update). For this reason, our investigation of the effect of
cataract removal and hearing aid use remain exploratory in
nature. Nevertheless, this investigation provides important
insights into the long-term outcomes of common clinical in-
terventions to restore sensory function in ageing.
On the basis of existing literature, we hypothesised™:

1) Individuals with eye disease will be more susceptible to
SIFI and show larger visual gains (i.e., use audition to
improve visual judgements) compared with healthy, age-
matched controls.

Second, we focused on the effect of cataract removal and
hearing aid use. We hypothesised that participants with a
more recent intervention would give less weighting to the
previously impaired sense, compared with healthy controls
and individuals who have had longer to adapt to sensory
intervention. Based on this, our hypotheses were:

2) Individuals who received bilateral cataract removal most
recently relative to assessment (i.e., < 2 years) will show
integration in favour of audition (stronger SIFI suscepti-
bility and visual gain) compared with healthy controls and
those who received cataract removal >4 years prior to SIFI
assessment.

Individuals acquiring hearing aid devices most recently
relative to SIFI assessment (i.e., < 2 years) will show inte-
gration in favour of vision (weaker SIFI susceptibility and
reduced visual gains) compared with controls and those
who have used hearing aids for longer (i.e., > 4 years).

w
-~

These hypotheses are based on the main premise of reli-
ability weighting models of multisensory perception. Notably,
with regards to hypothesis 3, if recovery of visual function
following cataract surgery occurs quickly, as discussed, we
might expect no difference in performance between healthy
controls and patients with cataracts removed. Through
investigating these effects, we aimed to investigate and
identify any unexplored impact of eye disease and clinical
interventions to restore sensory function upon multisensory
integration in ageing. In turn, this may help in determining
whether the SIFI task could be used as an approach to assess
sensory reweighting during disease and following treatment.

! Project information, preregistration and materials can be
viewed at https://osf.io/7ubdn/. Following feedback, three de-
viations from our planned analysis were made i) we no longer
focus on hypothesis 2 in our preregistration, a time-stamped
justification is noted on our OSF project page; ii) we incorpo-
rated retinal photographs for more objective grouping; iii) we
used more flexible mixed-effects models in lieu of planned
ANOVAs. Critically (iii) did not change our findings reported in
models 1, 3 and 4 (model 2 pertains to retinal photographs).
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2. Method
2.1. Participants

Participants were drawn from wave 3 of the Irish Longitudinal
Study on Ageing (TILDA), a population representative sample
of individuals aged 50+ from across the Republic of Ireland.
Details of the sampling design have been provided in a pre-
vious study (Whelan & Savva, 2013). Participants completed a
Computer Assisted Personal Interview (CAPI) carried out by a
trained interviewer, in which they provided information
regarding doctor diagnosed eye disease and clinical in-
terventions (see Selection of intervention groups), as well as a
comprehensive clinic-based health assessment, in which the
SIFI was administered. Graded retinal photographs (used in
analysis 2) were obtained within the healthcare assessment at
wave 1 of TILDA. The study was approved by the Trinity Col-
lege Faculty of Health Sciences Ethics Committee and con-
ducted in accordance with the Declaration of Helsinki. Testing
protocols conformed to GDPR. All participants provided writ-
ten, informed consent when they first participated in the
study and consent was repeated at wave 3 (the focus of this
study). We report how we determined our sample size, all data
exclusions, all inclusion/exclusion criteria, whether inclu-
sion/exclusion criteria were established prior to data analysis,
all manipulations, and all measures in the study.

2.1.1. Selection of eye disease groups

Sample size was determined by the number of individuals
participating in the TILDA study (sampling procedure out-
lined in section 2.1) in addition to the inclusion/exclusion
criteria outlined (Figs. 1 and 2). For analyses 1 and 2, we
focused on the effect of eye disease on multisensory inte-
gration. For analysis 1, our grouping factor was self-
diagnosed eye disease, resulting in four groups; Control,
Cataracts, ARMD and Glaucoma (Fig. 1, upper). For analysis
2, our grouping factor was eye disease group diagnosed
using retinal photographs (see procedure for details of pro-
tocol) obtained at wave 1 of TILDA (four years prior to SIFI
assessment), this also produced four groups; Control, ARMD
(soft drusen), ARMD (hard drusen) and Glaucoma (Fig. 1,
lower). This second analysis was conducted to enable a
more objective grouping of eye disease, due to possible
limitations of self-reported diagnoses (Foreman et al., 2017).
Because cataracts cannot be diagnosed using retinal pho-
tographs, we limited this analysis to glaucoma and two
types of ARMD compared with controls.

Fig. 1 shows the questions asked regarding eye disease and
criteria used to select participants for comparison of eye dis-
ease groups, identified based on self-report (analysis 1) and
retinal photographs (analysis 2), in comparison to selected
control groups. Due to very large inequalities in the sample
size available for each group, participants were selected from
the larger groups to match the number of participants avail-
able in the smallest group (Glaucoma; n = 41 in analysis 1 and
n = 43 in analysis 2). Participants were selected to match the
age of the smallest group as closely as possible however age
was held as a covariate across analyses to control for
between-group differences (in addition to several other

covariates, discussed later). Due to the large number of par-
ticipants falling into the control group that also had retinal
photographs at wave 1, we were able to further exclude par-
ticipants from the control group that were diagnosed at wave
1 with possible eye diseases. Participants reporting use of a
hearing aid were not included in analyses investigating eye
disease. Descriptives for each group are shown in
Supplementary Tables 1 and 2

2.1.2.  Selection of intervention groups
The aim of analyses 3 and 4 was to explore the longer- and
shorter-term effects of clinical interventions to improve sen-
sory function (bilateral cataract removal and hearing aids)
upon multisensory integration. For analysis 3 our grouping
factor was time since cataract removal and for analysis 4 our
grouping factor was time since hearing aid acquisition, where
“time” refers to the TILDA wave at which treatment was re-
ported (see Fig. 2 for questions asked and selection procedure).
For both of these analyses grouping was determined by the
timing of data collection within TILDA, which takes place
every 2 years. We therefore isolated 4 groups, those receiving
intervention >4 years prior to SIFI assessment (i.e., reporting at
wave 1), 2—4 years prior (i.e., reporting at wave 2 but not wave
1), or <2 years prior (i.e., reporting at wave 3 but not wave 1 or 2)
and controls. Due to the limited number of participants falling
in the 2—4 year groups, we selected only participants in the
>4 year and <2 year groups to compare with controls, thus
enhancing the statistical power of our analyses. As with ana-
lyses 1and 2, participants were selected from the larger groups
to match the age of the smallest groups as closely as possible,
but age was held as a covariate in analyses. Descriptives for
each group are shown in Supplementary Tables 3 and 4

For analyses 3, the control group consisted of participants
who did not report cataracts (or any other eye diseases), and
therefore did not report bilateral cataract removal at any wave
of TILDA. We also removed participants from the control
group who were diagnosed at wave 1 with eye disease based
on their retinal photograph. The treatment groups for analysis
3 consisted only of participants reporting cataract removal for
both eyes and not reporting any other eye disease. For analysis
4, our control group consisted of participants who never re-
ported the use of a hearing aid, never reported any eye dis-
eases and were not diagnosed with eye diseases based on their
retinal photograph. The treatment groups in analysis 4 also
never reported any eye disease.

2.2. Procedure

2.2.1. The Sound-Induced Flash Illusion

The specific task based on the Sound-Induced Flash Illusion
(SIFI) used in TILDA was described elsewhere (see
Hernandez et al., 2019; Hirst, Setti, Kenny, & Newell, 2019).
Briefly, participants were seated in front of a computer (Dell
Latitude E6400 with Intel Core 2 Duo CPU, 2 Gb RAM, using
Windows 7 Professional OS) and instructed to look at the
fixation cross at the centre of the screen. All stimuli were
presented via Presentation software (https://www.neurobs.
com/). If the participant usually wore glasses or hearing
aids they also wore them during the SIFI assessment. A
fixation cross marked the start of each trial and appeared for
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Questions asked:

First interview: 4309 " n excluded due to missing data: 3
"Has your doctor ever told you that you have any of Completed wave 3 health 1 education level

the following eye diseases?" assessment 9 MpCA '

Following interviews: 2014 =9 visual acuity

. no.Sye dlseas.e rep9ned e C Completed SIFI ) "n excluded due to cut offs:
"Since your last interview, has a doctor ever told you

43 <50 years of age

2 registered legally blind

1 "Don’'t Know" to self-reported vision i
2 "Don’t Know" to self-reported hearing:

that you have any of the following eye diseases?"
IF eye disease reported at previous wave:
"Last time you were interviewed, you told us that you

3995
All required variables

had X do you stit have X7° 3423 79 reported "Other” eye disease
Available for analysis -.445 MoCA score <23
|
............................ A M Y \
"5 excluded due to ™ IF no eye IF "YES" to "still IF "YES" to IF "YES" to
i anomolous disease has cataract" "still has ARMD"  "still has glaucoma"
responses: at wave 2 AND "NO" to OR OR
i "YES"to"stilhas i AND any cataract surgery  "YES"to "YES" to
i cataractand "YES" : "YES"to OR ARMD at glaucoma at
to cataract surgery "NONE" at "YES" to cataract wave 3 wave 3
: : wave 3 atwave 3
AND "NO" to any
cataract surgery

comorbid self-

retinal photo
30 heari i

reported eye
D , diseases:
s T oxcloded due to: > 8 ARMD +glaucoma
L. : 44 no gradable : Y 20 glaucoma +
f control ( 159 ) ( 58 ) cataract
\ cataract ARMD 13 ARMD +cataract

d

2 -4~ 2039 33 excluded due to
N excluded dus to i \_control “hearing aiduse /¢
i diagnosis Y Oy e
i in retinal photo: H
: 4 41 41
5 diabetic retinopathy Final sample for analysis 1 P excluded due to:
o T 5 i579 no retinal photographs ]
10 Wrong field definition for photo:
2778 \_ i4 ungradable photo
~o ™\ with gradable retinal "47 cannot grade (photoguality) .-
not control in photographs (from wave j-
i analysis 1and no g < I * ¥
i diagnosis from 2342 .
retinal photo ¢ identified as 82 89 48 #n excluded due to comorbid eye diseases:
. : control in ARMD ARMD laucoma / : g glaucoma + ARMD
#7130 excluded due to analysis 1 (hard drusen) (soft drusen) 1 glaucoma + self-reported cataract
i hearing aid use P Y 7 3 ARMD (hard drusen) + glaucoma

2039 72 73 2 ARMD (hard drusen) + self-reported cataract
i nexcluded due to control ARMD ARMD 1 ARMD (soft drusen) + glaucoma
: { n) (s )

i diagnosis $ hard druse oft drusen 2 ARMD (soft drusen) + diabetic retinopathy

i inretinal photo: 1 ARMD (soft drusen) + self-reported cataract

i 124 ARMD 7S o S 25 2 ARMD (soft drusen) + self-reported glaucoma

{ 44 glaucoma ( AM) ARMD ( laucoma )

.5 diabetic retinopalh.y__.-" controf Qﬂr d drusen) A soft 32'?3\) Al 8 %1 6 excluded due to hearing aid use

Final sample for analysis 2

Fig. 1 — Selection criteria for participants available for comparison of eye disease based upon self-reported diagnosis
(analysis 1, upper figure) and retinal photographs (analysis 2, lower figure) from wave 3 of TILDA. MoCA = Montreal
Cognitive Assessment; ARMD = Age-Related Macular Degeneration; AM = Approximately matched (i.e., to ensure
comparable sample sizes between groups, participants were selected from the larger groups to match the age of the
smallest group as closely as possible. However age was held as a covariate across analyses).

1000 msec. The visual and/or auditory stimuli were then Table 1 shows all possible trial types. Each trial type was
presented. The visual stimulus comprised a white disc (1.5° presented twice within a block and in random order. Before
visual angle, 32 fl luminance), projected onto a black back- each testing block, a practice phase was presented comprising
ground 5 cm below the central fixation cross for 16 msec. of one trial from each condition (with the exception of those
Viewing distance was approximately 60 cm. Auditory beeps indicated in Table 1). Participants were asked to count the
were brief bursts of 3500 Hz sounds (10 msec, 1 msec ramp), number of visual flashes. Once a response was provided, the
presented at approximately 80 dB via the inbuilt speakers in nurse, who sat near the participant, recorded the participant’s

the laptop. vocal responses by pressing corresponding number keys on a
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Questions asked:
“Have you had cataract surgery?"

3086
- Yes one eye
- Yes both gyes Selected for |
- No analyses 3and 4 :
- Don't Know (see Figure 1)
“Do you use any of the following aids or appliances to

help with hearing?" I
- Hearing aid (all of the time)

- Hearing aid (some of the time)

n excluded due to :
¢ 76 notinwave 1

96 reporting eye diseases (other than
cataracts) at wave 1 :

i 47 not in wave 2 :
i 52 reporting eye diseases (other than

cataracts) at wave 2

7 reporting use of amplifiers :
: 109 reported cataract at either wave :

- Amplifier 1 or 2 but did not report bilateral

- None of the above removal

BEOREKUOWEY $@ | 03000 “*tecccecssscsccssssssssssssesesesssssssasasenes®

2699 ] i : . : w
IF "Yes both eyes" : if "Hearing aid (all of the time)" OR
Available for analysis (“Hearing aid (some of the time)"
v i — v ¥ v
(At wave 1) At wave 2 At wave 3 Never and atwave 1) [atwave 2 but | (at wave 3 but | (Never reported
but not wave 1 but not never reporting not wave 1 not use of a
wave 1 or 2 ) {_eye disease wave 1 or 2 hearing aid

!

[ 48 26 34 2501 | inexcluded due to:: 81 36 2514 | i N excluded due to: 3
i i | >ayears 2-4 years <2 years control | i429nogradable : | 4years | |2-4 years control | i 417 no gradable
:excluded : Y y y retinal photograph y Y i retinal photograph
idueto i< I i
‘hearing : n excluded due to i n excluded due to
‘aiduse diagnosis from i diagnosis from
T - 1888 |0 oholo: 1934 | ! retinal photo:
sl control )£ 122 ARMD control )£ 116 ARMD
42 glaucoma 42 _glauc.oma
32 32 5 diabetic 68 8 68 5 diabetic
>4 yearsAM <2 years retinopathy >4 yearsAM <2 years controlAM | %.’T
105 excluded due

Final sample for analysis 3

to hearing aid use :

Final sample for analysis 4

Fig. 2 — Selection criteria for participants available for analysis 3 and 4. ARMD = Age-Related Macular Degeneration;
AM = Approximately matched (i.e., to ensure comparable sample sizes between groups, participants were selected from the
larger groups to approximately match the n of the smallest group in terms of age, to within 7 years. However age was held

as a covariate across analyses).

Table 1 — Parameters used for each condition. SOA = Stimulus-Onset Asynchrony, in which negative values indicate the
second beep was presented before the flash—beep pair (i.e., “pre” condition) and positive values indicate the second beep
lagged the flash—beep pair (“post” condition). Unimodal auditory conditions were presented in a separate block in which
subjects reported the number of beeps, all other conditions required subjects to count the number of flashes.* = notincluded

in the multisensory practice block.

Block Condition label Number of beeps Number of flashes SOAs (ms)
Multisensory Ilusory (SIFI) 2B1F 2 1 —230%, -150%,
—70%, 70, 150, 230
Non Illusory 2B2F 2 2 70, 150%, 230*
1B1F 1 1 n/a
Unimodal visual OB2F 0 2 70
OB1F 0 1 n/a*
Auditory Unimodal auditory 2BOF 2 0 70, 150, 230
1BOF 1 0 n/a

laptop. The space bar had to be pressed to continue to the next
trial. Unimodal auditory trials were presented first in a sepa-
rate block; in this block participants were asked to count the
number of beeps.

2.2.2. Retinal photographs and image classification

The procedure for obtaining retinal photographs and
grading eye disease was identical to that previously
described in the TILDA cohort (Akuffo et al., 2015). Fundus
photographs were obtained at wave 1 of TILDA with a NIDEK
AFC-210 non-mydriatic auto-fundus camera through a non-
dilated pupil. Retinal photographs were graded at MPRG,
Vision Research Centre, Waterford, Ireland, by a masked
grader (KOA) who was trained and certified at the MEH
Reading Centre. Grading was carried out under the

supervision of the MEH Reading centre manager (TP) using a
modified version of the International Classification and
Grading System for ARMD (Bird et al., 1995). Drusen repre-
sent lipid deposits under the retina recognised as hallmark
indicators of ARMD (Abdelsalam et al, 1999; Kang &
Grossniklaus, 2007). Drusen were categorised as “hard” or
“soft” based on their size and edge morphology. Hard drusen
were defined in TILDA as >10 deposits of size <63 um, soft
drusen were defined as one or more drusen of size >125 um.
Glaucoma was identified based on the presence of notching,
disc haemorrhages or vertical cup to disc ratio greater than
.6. Grading was conducted for both eyes and each partici-
pant was grouped based on the overall predominant age-
related macular degeneration in both eyes (representing
the dominant AMD phenotype for participant).
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2.3. Data analysis

Statistical analyses were performed in the R statistical pro-
gramming environment (R studio version 3.6.1; R CoreTeam,
2018). Analyses 1 and 2 examined the effect of eye disease
(self reported and diagnosed via retinal photography respec-
tively) on multisensory integration (SIFI susceptibility and
visual gain). As previously described, analysis 2 was con-
ducted to assess the association using an objective measure of
eye disease, due to possible limitations of self-reported di-
agnoses (Foreman et al., 2017). Analyses 3 and 4 investigated
the longer- and shorter-term effects of clinical interventions
(bilateral cataract removal and hearing aids respectively) to
improve sensory function upon multisensory integration.

2.3.1. Outcome measures

SIFI suceptibility represented accuracy for judging how many
flashes were presented when one flash was presented with
two beeps (2B1F). Lower accuracy, judging one flash as two,
thus indicates higher SIFI suceptibility and stronger
integration.

Visual gain represented accuracy for judging how many
flashes were presented when 2 flashes were presented
unimodally, with no beeps (0B2F), versus crossmodally, with
two beeps (2B2F). We compared unimodal and crossmodal
conditions both with 70 msec SOA, because flashes were
never presented unimodally with SOAs of 150 or 230 msec.
Visual gain was therefore reflected as better accuracy for
judging two flashes presented with two beeps compared with
judging 2 flashes presented alone. Equivilent auditory gain
was not explored because participants were never asked to
judge the number of beeps under multisensory conditions.

2.3.2. Statistical models

Both SIFI susceptibility and visual gain were proportion cor-
rect. As there were two trials per condition, these variables
were considered discrete (i.e., participants scored 0, .5 or 1
proportion correct). Generalised logistic mixed-effect models
were therefore used to predict accuracy for all analyses. These
models were implemented using “glmer” in the “Ime4” pack-
age (family = “binomial”) (Bates et al., 2015).

For all our analyses (1—4), dependent variables were SIFI
susceptibility and visual gain. They were investigated in
separate models. For analyses 1, the fixed effect was self-
reported eye disease (4 groups: Cataracts, ARMD, Glaucoma
and controls). For analyses 2, the fixed effect was eye disease
diagnosed via retinal photography (4 groups: ARMD (soft
drusen), ARMD (hard drusen), Glaucoma and controls). For
analyses 3 and 4, fixed effects were bilateral cataract removal
and hearing aids respectively (3 groups: >4 years, <2 years and
controls). For all analyses, control groups were set as the
reference level. When the dependent variable was SIFI sus-
ceptibility, the models also included as fixed factors “SOA” (3
levels: 70, 150 and 230 msec) and flash beep pairing (2 levels:
Pre and Post, with “Pre” indicating the second beep preceeded
the flash—beep pair). An SOA x Group (self-reported eye dis-
ease; objectively diagnosed eye disease; cataract removal;
hearing aid respectively) interaction term was also added to
the models. When the dependent variable was visual gain, the

models also included the factor “sensory condition” to
compare accuracy for judging two flashes presented unim-
odally (OB2F) or crossmodally (2B2F) at the single SOA of
70 msec (therefore 2 levels: 0B2F and 2B2F). A Sensory
Condition x Group interaction term was also added to these
models. For all models, the significance of the interaction
term, grouping factor and SOA (where applicable) were
assessed through likelihood ratio tests. For analyses 3 and 4, if
the factor of group was significant, we further compared
longer-term and shorter-term groups through resetting the
reference level as the shorter-term group (rather than the
controls). A Bonferroni corrected alpha of .025 was used to
adjust for multiple comparisons.

All our models included the covariates age, sex, education
(Primary, Secondary or Third/higher), MoCA score, accuracy
for judging 1 flash in the 1B1F condition, self-reported vision
and hearing (ranging from 1 = Excellent to 5 = Poor), visual
acuity score [calculated as 100—50 * LogMAR visual acuity
score so that higher scores indicate better acuity as in
Donoghue et al. (2013)], accuracy for judging 2 beeps at
70 msec (2BOF) and accuracy for judging 2 flashes at 70 msec
(0B2F). This final factor was not included as a predictor in the
analyses with visual gain because this score formed the
unimodal dimension of the dependant variable. For all our
models, participant ID was the random intercept. All mea-
sures were centred and scaled prior to analysis to limit mul-
ticoliniarity. In the results section, we report models fully
adjusted for these covariates and focus on the association
between our outcomes measures and fixed effects; the indi-
vidual effects of covariates can be found in the Supplementary
Material.

3. Results
3.1. Eye disease groups

Fig. 3 shows the predicted probability of making a correct
response on illusory 2B1F trials (lower accuracy corresponds
to stronger SIFI susceptibility) and on unimodal visual (0B2F)
versus crossmodal (2B2F) trials (better accuracy for cross-
modal vs unimodal conditions indicates visual gain) in self-
reported eye disease groups (analysis 1) and eye disease
groups identified by retinal photograph (analysis 2).

3.1.1.  SIFI susceptibility

Accuracy in the 2B1F condition was significantly influenced by
SOA in both analysis 1 and 2. Including the term “SOA” in the
model significantly improved model fit (analysis 1;
Xz(z) = 155.57, p < .001, analysis 2; Xz(z) =124.67, p < .001). The
odds of making a correct response was significantly lower at
both 150 msec (analysis 1; OR = .17, CI = .09—.31, p < .001,
analysis 2; OR = .24, CI = .14—.41, p < .001) and 230 msec SOA
(analysis 1; OR = .21, CI = .11-.37, p < .001, analysis 2; OR = .29,
CI = .17-.50, p < .001) relative to the 70 msec SOA reference
condition. The odds of making a correct response was lower
when the second beep preceded the flash—beep pair, i.e., in
the ‘pre’ than ‘post’ condition (analysis 1; OR = .57,
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Fig. 3 — Predicted probability of making a correct response in participants self-reporting eye disease (analysis 1, panels a
and b) and diagnosed with eye diseases from retinal photographs (analysis 2, panels c and d). ARMD = Age-Related Macular
Degeneration. Results are shown for the illusory 2B1F condition (panels a and c) and for the crossmodal 2B2F condition and
unimodal 0B2F condition (panels b and d respectively), in which stimuli were always presented with 70 msec SOA. Error

bars reflect 95% confidence intervals of the models.

CI = .44—-.73, p < .001, analysis 2; OR = .57, CI = .45-.73,
p < .001).

In analysis 1, including the grouping factor of self-
reported eye disease did not significantly improve model
fit (X2<3) = 1.595, p = .660) and neither did the self-reported

eye disease by SOA interaction term (Xz(s) = 5.518,
p = .479). In analysis 2, including the grouping factor of

diagnosed eye disease group did not significantly improve
model fit (X2(3) = 4.737, p = .192), but the interaction term
between diagnosed eye disease group and SOA significantly
improved model fit (XZ(G) =19.175, p = .004). This interaction
occurred because in the ARMD (soft drusen) group the odds
of making a correct response at 230 msec was 36% lower
than would be predicted based on performance at 70 msec
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SOA compared with controls (OR = .36, CI = .15-.83,

p = .016; Fig. 3c).

3.1.2. Visual gain

Participants were less likely to judge 2 flashes correctly under
unimodal than crossmodal conditions (analysis 1; OR = .13,
Cl = .06—.28, p < .001, analysis 2; OR = .16, CI = .07—.33,
p < .001). The low unimodal accuracy for perceiving two
flashes at 70 msec SOA is in line with reduced visual temporal
sensitivity in ageing (e.g, reduced flicker sensitivity
Lachenmayr et al., 1994). A benefit of crossmodal stimulus
presentation for judging the number of flashes, visual gain,
was therefore evident. In analysis 1 and 2, including eye dis-
ease group did not significantly improve model fit (analysis 1;
x2(3) =.298, p = .960, analysis 2; X2<3) =6.038, p = .110) nor did
the interaction between eye disease and stimulus condition
(x%6) = 3-138, p = .371, analysis 2; x5 = 1.178, p = .758).

3.2 Intervention groups

3.2.1.  SIFI susceptibility
For both analysis 3 and 4 considering SOA significantly
improved model fit (Fig. 4; analysis 3; X2<2> = 70.968, p < .001,
analysis 4; x2(2) =217.78, p < .001). The odds of making a correct
response in the 2B1F condition was significantly lower at both
150 msec (analysis 3; OR = .30, CI =.16—.56, p < .001, analysis 4;
OR = .31, CI = .2—.48, p < .001) and 230 msec (analysis 3;
OR = .30, CI = .16—-.56, p < .001, analysis; 4 OR = .34,
CI =.22—.53, p <.001) relative to the 70 msec SOA reference. As
in our first set of analyses, correct responses were less likely if
the second beep preceded the flash beep pair (analysis 3
OR =.52,CI=.38-.72,p < .001, analysis 4 OR = .57, CI = .46—.71,
p < .001).

In analysis 3, the effect of cataract removal group failed to
reach significance (XZQ) =2.006, p = .367) as did the interaction

between group and SOA (X2(4) = 4.159, p = .385). In analysis 4,
including the HAU group in the model improved model fit
(X2<2) =7.882,p =.019) as did the SOA by HAU group interaction

(XZ(G) =23.52, p <.001). The main effect of HAU group occurred

because the long-term HAUs were more accurate than the
controls (OR = 5.72, CI = 2.48—13.22, p < .001) and the <2 year
group (OR = 3.26, CI = 1.46—7.30, p = .004); the difference be-
tween the <2 year group and control group failed to reach
significance (OR = .57, CI = .26—1.24, p = .155).

The interaction between HAU group and SOA occurred
because long-term HAUSs were less accurate at 150 msec than
would be predicted by the model given their higher accuracy
relative to the reference groups at 70 msec (control as ref:
OR = .43, CI = .22—-.85, p = .015, <2 year as ref: OR = .86,
CI = .44-1.72, p = .677) and 230 msec SOA (controls as ref:
OR = .21, CI = .11-42, p < .001, <2 year as ref: OR = .37,
CI = .18—.74, p = .005). Thus, long-term HAUs were less sus-
ceptible to the SIFI at shorter SOAs but appeared susceptible to
the illusion at longer SOAs. Short-term HAUs did not signifi-
cantly differ from controls overall (OR = .57, CI = .26—1.24,
p = .155). Furthermore, considering our Bonferroni corrected
alpha of .025 for this analysis, the predicted odds of making a
correct response in the <2 year group did not significantly

differ from what would be expected, considering baseline
differences with controls, at 150 msec (OR = 2.00,
Cl = 1.04-13.83, p = .038) and 230 msec (OR = 1.76,
CI = .93—3.34, p = .083).

3.2.2. Visual gain

As with our first set of analyses, participants were less likely to
judge 2 flashes correctly under unimodal versus crossmodal
conditions (analysis 3; OR = .13, CI = .06—.32, p < .001, analysis
4; OR =.17,CI =.09-.30, p < .001). Including intervention group
in the models failed to significantly improve the fit of the
model for cataract removal in analysis 3 (XQ(Q) =4.926, p = .085)
and HAU in analysis 4 (x3, = 4.085, p = .1297) as did the
interaction between intervention group and sensory condition
(analysis 3; X2(2) = 2.853, p = .240, analysis 4; Xz(z) = 2.575,
p = .276).

4, Discussion

In this study, we explored whether multisensory integration is
influenced by common age-related eye disease (self-reported
and diagnosed via retinal photography), as well as clinical
interventions to improve sensory function in ageing (bilateral
cataract removal and hearing aid use). Multisensory integra-
tion was measured using both susceptibility to the Sound-
Induced Flash Illusion (SIFI) and improved visual judgements
under crossmodal versus unimodal conditions (visual gain).

In analysis 1, the self-reported eye disease group did not
influence integration, in terms of SIFI susceptibility or visual
gain. Similarly, in analysis 2, the performance of participants
diagnosed with glaucoma or ARMD (hard drusen) using retinal
photographs, did not significantly differ from controls. How-
ever, participants with ARMD (soft drusen) appeared more
susceptible to the SIFI at long SOAs, given that performance at
short SOAs was similar to controls. In analysis 3, self-reported
bilateral cataract removal did not influence SIFI susceptibility
nor visual gain in comparison with controls. However, in
analysis 4, there was an effect of hearing aid use and an
interaction between HAU group and SOA. Long-term HAUs
were less susceptible to SIFI at short SOAs compared with
controls although they did show SIFI susceptibility at longer
SOAs. We interpret these findings as indicating subtle differ-
ences in multisensory perception in those diagnosed with
ARMD (soft drusen) as well as showing an impact of longer-
term hearing aid use on multisensory integration. In our
interpretation of these results, we consider stronger illusion
perception at longer SOAs to reflect continued integration,
based on previous evidence that the time window in which
the SIFIis perceived reflects the width of the TBW (for a review
see Hirst et al., 2020).

4.1. Eye disease and multisensory integration

To our knowledge, the current study was the first to investi-
gate the effect of age-related eye disease on multisensory
perception by measuring SIFI susceptibility and visual gain in
an older adult population. Previous studies have investigated
the effect in young adults with amblyopia (Narinesingh et al.,
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Fig. 4 — Predicted probability of making a correct response in participants self-reporting bilateral cataract removal (analysis
3, panels a and b) and hearing aid use (analysis 4, panels c and d). Results are shown for the illusory 2B1F condition (panels a
and c) and for the crossmodal 2B2F condition and unimodal 0B2F condition (panels b and d respectively), in which stimuli
were always presented with 70 msec SOA. Error bars reflect 95% confidence intervals of the models.

2017) and monocular enucleation (Moro & Steeves, 2018). The
former of these found sustained SIFI susceptibility at longer
SOAs, whilst the latter observed no evidence of SIFI suscep-
tibility in participants with one eye. The literature examining
the effects of eye disease on the SIFI phenomenon is therefore
sparse and equivocal. In the present study, we hypothesised
that older adults with eye disease would show stronger SIFI

susceptibility and stronger use of auditory information to aid
visual judgements (visual gain). These hypotheses were made
on the knowledge that sensory function in ageing has been
shown to systematically alter susceptibility to SIFI in line with
reliability weighting (Hirst et al., 2019) and the idea that
increased integration in ageing might serve a compensatory
function (de Dieuleveult et al., 2017).
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In contrast to our hypotheses, we found that self-reported
eye disease did not significantly influence multisensory inte-
gration. Because self-reported eye disease might be consid-
ered unreliable (Foreman et al., 2017) we followed this with an
analysis using retinal photographs derived at wave 1 of TILDA,
4 years prior to the administration of the SIFI assessment. The
findings from these analyses supported our previous result
that participants with glaucoma did not differ from controls in
SIFI susceptibility or visual gain. In terms of ARMD, we found
that participants graded as having soft drusen lesions, but not
hard drusen lesions, were more susceptible to SIFI at longer
SOAs than predicted, given their baseline performance.
Whilst hard drusen may occur at a younger age and generally
have good prognosis, soft drusen are identified as larger le-
sions that precede ARMD and the associated risk of visual loss
(Abdelsalam et al., 1999).

There are several reasons why soft ARMD might link with
increased illusion perception. First, ARMD has been associ-
ated with slower visual processing speed, for example, those
with ARMD show delayed latency of event-related potentials
associated with face perception (Vottonen et al., 2017) and
also manifest increased temporal threshold for letter detec-
tion (Cheong et al.,, 2007), which has been linked to slower
reading speed. Slower visual processing in ARMD could
further reduce the temporal reliability of visual information
and result in increased illusion perception at longer SOAs in
the SIFL. To our knowledge, visual processing speed has not
been explicitly associated with the SIFI, therefore this repre-
sents an interesting avenue for future research. Second, it has
been hypothesised that macular degeneration may result in
reduced connectivity between the visual cortex and associa-
tion brain regions which are known to have multisensory
functions, such as the intra-parietal sulcus (Beauchamp et al.,
2010), resulting in reduced visual weighting. Our findings
provide partial support for this prediction, as soft drusen le-
sions were associated with stronger influence of audition at
long SOAs in the SIFI. Prolonged susceptibility to the SIFI at
long SOAs is a characteristic feature of ageing (e.g., McGovern
et al.,, 2014), that has been associated with fall risk (Setti et al.,
2011; Stapleton et al., 2014), mild cognitive impairment (Chan
et al., 2015) and lower scores of general cognitive function
(Hernandez et al., 2019). Importantly, the different pattern of
multisensory integration in soft drusen reached significance
even controlling for demographic, cognitive and sensory fac-
tors. This finding may therefore provide preliminary evidence
of the SIFI as a behavioural probe of early changes in percep-
tual function in specific ocular pathology. However, contrary
to what would be expected based on compensatory accounts
of enhanced integration in ageing (de Boer-Schellekens &
Vroomen, 2014; de Dieuleveult et al., 2017), we did not observe
any statistically significant differences in visual gain in any
eye disease group compared with controls.

Interestingly, we found no effect of glaucoma, a disease
affecting peripheral vision, in analysis 1 or 2. A possible
explanation of this is that visual field loss in glaucoma has
been reported to be largely heterogeneous (Rudolf et al., 2008;
Yousefi et al., 2018) and superior visual field loss is common.
As such, it is possible that the region of visual space in which
the visual stimulus was presented (the lower visual field)
remained intact, despite possible glaucoma. A remaining

question for empirical work is therefore to address whether
glaucoma influences multisensory integration when visual
information is presented in a targeted region of the visual field
known to be affected by the disease. Furthermore, in the
current study, information regarding the duration of visual
loss in clinical groups was not available. Future research
should therefore examine whether the stage of disease pro-
gression, the duration of visual impairment and the specific
region of the visual field affected by disease influences the
effect of eye disease on multisensory perception.

4.2. Cataract removal and multisensory integration

Several studies have investigated the effects of bilateral
cataract removal on multisensory integration (Chen et al.,
2017; de Heering et al., 2016; Guerreiro et al., 2016; Putzar
et al., 2007), although most investigated congenital cataracts,
removed early in development. Here we investigated how
cataract removal may influence multisensory integration in
later life, an important topic given the prevalence of cataract
removal in older adults. We did not find an effect of bilateral
cataract removal group on SIFI susceptibility or visual gain.

The time frames selected to study cataract removal in this
study were constrained by the timing of data collection
within TILDA, which occurs every 2 years. However, several
lines of evidence suggest that recovery from cataract removal
occurs within the first year post-operation (Rosen et al., 2009).
This recovery can also be observed in the neuroplastic
changes that occur following surgery. Six weeks following
unilateral cataract surgery, older adults show increases in
occipital V2 grey matter, consistent with increased binocular
integration following surgery (Lou et al., 2013). At 6 months,
the structure and function of visual and cognitive brain re-
gions shown to be affected by cataracts appear comparable to
healthy controls (Lin et al., 2018). It has been shown that
adults aged 46—69 years with retinitis pigmentosa (duration
of blindness ranged 16—26 years) show age-normal levels of
multisensory integration 1.5 years following retinal pros-
thesis implantation (Stiles et al., 2019). Collectively, and
positively, this evidence suggests that recovery of visual
function may happen within a shorter timeframe than we
were able to probe in this study.

One interpretation of our findings is therefore that older
adults reporting cataract removal manifest age-normal levels
of multisensory function within the first few years post-
surgery (in line with evidence of quick recovery from cata-
ract surgery and the finding that multisensory function is
resorted to normal following retinal prosthesisi.e., Stiles et al.,
2019). However, as we did not find any effect of self-reported
cataracts on multisensory integration in analysis 1, we
cannot rule out that age-related cataracts do not influence
multisensory perception as measured using the SIFI. An
important question for further research is therefore to map
multisensory integration prior to and in the immediate period
following cataract surgery.

4.3. Hearing aid use and multisensory integration

Long-term Hearing Aid Users (HAUs) showed higher accuracy
for judging 1 flash presented with two beeps, at 70 msec,
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compared with the controls and short-term HAUs. Although
long-term HAUs were less susceptible to the SIFI at short SOAs
compared with controls and short-term HAUs, they still
appeared susceptible to long SOAs.

One explanation for reduced illusion susceptibility at short
SOAs in long-term HAUs might be that these individuals are
less able to perceive two auditory beeps, and are therefore less
likely to respond “two flashes” (i.e., more likely to provide the
correct “one flash” response) under illusory conditions. Hear-
ing impairment is associated with reduced auditory gap
detection (Feng et al., 2010; Madden & Feth, 1992) and HAUs in
this study showed lower accuracy for judging two beeps under
unimodal conditions at short SOAs (Supplementary Table 4).
Nevertheless, accuracy for unimodal judgements of two beeps
and two flashes at 70 msec were held as covariates within our
model and the difference between HAUs and controls
remained significant. Thus, altered temporal resolution alone
mightnotbe enough to account for between-group differences.
Furthermore, hearing aid use has been shown to improve gap
detection at 3 and 5 months following acquisition in older
adults aged 60+ (Fonseca & Costa-Ferreira, 2015; Lessa & Costa,
2016). Itis possible that the current findings indicate that HAUs
arelesslikely to give weighting to audition during multisensory
integration and therefore be less susceptible to the SIFI.

Gieseler et al. (2018) showed that mild hearing loss initially
results in reduced SIFI susceptibility, but that susceptibility
may be restored to age appropriate levels through hearing aid
use (see also Gieseler et al., 2020 for a recent study on the ef-
fects of mild hearing loss on SIFI perception). Several impor-
tant differences exist between our study and that of Gieseler
et al. (2018), which might account for different results. First,
our control and HAU groups were not matched with respect to
hearing loss. HAUs did, however, self-report their hearing as
worse relative to controls (Supplementary Table 4) and it has
been suggested that self-report appears a valid indicator of
hearing abilities (Kenny Gibson et al., 2014). Nevertheless, we
did not have an objective audiometric assessment of each
participant’s hearing ability, therefore we cannot ascertain
the extent to which the groups differed in hearing function
nor can we rule out the possibility of undetected hearing im-
pairments in our control group. Second, we were not able to
determine the precise nature of hearing aid use in terms of
duration of use, pattern of use and type of hearing aid used.
Gieseler et al. (2018) described habitual hearing aid use with an
average duration of use for 5.9 years (SD = 4.5). It is possible
that the HAUs in our ‘>4 year’ group had been using hearing
aids for longer than the HAUs in the Gieseler et al. (2018) study.
Furthermore, our HAU groups may have contained unilateral
or bilateral HAUs. Remaining questions in the field of hearing
aid use are therefore whether duration of use, pattern of use,
type of hearing aid used and asymmetry in hearing function
influence multisensory perception.

Nevertheless, our findings suggest differences in multi-
sensory perception in long-term HAUs possibly indicative of
reduced temporal resolution. Multisensory integration likely
plays an important function in HAUs including speech
comprehension (Stevenson et al, 2017) and memory for
speech information (Frtusova & Phillips, 2016). Identifying
whether long-term hearing aid use impacts the ability to
integrate multisensory inputs and whether this has negative

consequences is therefore an important avenue for future
research.

4.4. Further considerations

Several further observations were made in the current study
that should be considered. Firstly, in this study and previous
analyses of the TILDA data (Hernandez et al., 2019), we found
that susceptibility was lowest at 70 msec. This is a different
pattern of effects to that seen in young adults (Shams et al.,
2000) but is a characteristic pattern that has been reported
across multiple studies of ageing (Hirst et al., 2020). It is likely
that this results from a reduced ability to discriminate two
beeps presented within a short SOA with older age. Second,
we observed that susceptibility to the illusion was higher in
the ‘pre’ than ‘post’ condition, when the second beep pre-
ceded the flash—beep pair. Hernandez et al. (2019) reported a
similar pattern of effects in the larger TILDA cohort (see
Figure 2 of Hernandez et al., 2019) however the effect was not
statistically tested. Interestingly, this effect differs from pre-
viously reported effects in which the “right side” of the TBW
plot, that is when the beep follows the flash, appears wider
(Conrey & Pisoni, 2006; Dixon & Spitz, 1980; Stevenson et al.,
2012, 2010; Van Atteveldt et al., 2007; van Wassenhove et al.,
2007; Vroomen & Keetels, 2010). It is likely that the asym-
metrical pattern of the TBW changes with age. In childhood,
the TBW appears more symmetrical compared with young
adults (Hillock et al., 2011). However, despite a likely change in
the symmetry of the TBW across the lifespan, few studies
have investigated this in ageing. A recent review of the SIFI
showed that 9 studies have manipulated SOA in the SIFI with
older adult groups, with only 3 of these (including the TILDA
study) including an SOA condition in which the beep preceded
the flash—beep pair (Hirst et al., 2020). It might, therefore, be of
interest to understand whether symmetry in the TBW
assessed using the SIFI changes in ageing.

In order to collect data on multisensory function within a
large-scale cohort study such as TILDA, the duration of testing
is necessarily limited. The SIFI task within TILDA thus con-
tained fewer conditions than other SIFI studies. Only three
SOAs were tested across trials, each with a “Pre” and “Post”
version, each trial was repeated only twice and we did not
have any illusory “fusion” conditions (e.g., presenting 2
flashes with 1 beep). With regards to “fusion” trials, fusion
effects are consistently less reliable compared with fission
(see Hirst et al., 2020 for areview). Shams et al. (2002) originally
reported no fusion effects and interpreted this to support the
conclusion that the illusion does not result from a response
bias where participants respond to the auditory modality.
Importantly, even when fusion is observed, this illusion does
not increase with age as fission does (McGovern et al., 2014),
thus the TILDA study includes fission trials only. However,
this does limit our analysis, as we cannot use fusion to test
response bias as in Shams et al. (2002). Nevertheless, given
previous evidence that older adults also show SIFI changes
consistent with changes in perception and not response bias
(McGovern et al., 2014), and because the task explicitly in-
structs participants to report how many visual flashes they
see, we do not believe the current results reflect participants
responding to audition only.
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With regards to SOA, it has been shown that the number of
SOAs tested can directly influence performance on the SIFI
(Chan et al., 2018), such that the inclusion of more SOAs en-
ables the updating of perceptual priors, thus weakening SIFI
susceptibility. Although Chan et al. (2018) found this occurred
in both young and older adults, this effect was smaller in older
adults, suggesting reduced ability to update perceptual priors
based upon new information with ageing. It is possible that
using more SOAs, and more trials, may have revealed differ-
ences between groups in terms of the ability to update
perceptual priors based on new information. This is a ques-
tion that can only be addressed by rigorous empirical
assessment. Nevertheless, the SIFI effects observed in the
TILDA study illustrate that multisensory integration can be
determined via a brief assessment. This finding provides a
promising outlook for assessing multisensory function in
cases where prolonged testing is not possible or practical.
Whilst the current study provides cross-sectional insight on
the effect of eye disease, cataract removal and hearing aids on
multisensory perception, an important future direction for the
current work will be the longitudinal assessment of SIFI sus-
ceptibility as planned in the next wave of the TILDA study.

5. Conclusions

The aim of the current study was to examine whether age-
related eye diseases (cataract, glaucoma, ARMD) and hearing
impairment and clinical interventions to restore sensory
function (cataract removal and hearing aids) alter multisen-
sory perception in ageing. In contrast to our hypotheses, SIFI
susceptibility in participant’s self-reporting cataracts and
participants with glaucoma (self-reported and determined by
retinal photograph) did not significantly differ from that of
their age-matched, healthy controls. However, subtle differ-
ences were observed in ARMD, such that participants diag-
nosed with soft drusen, but not hard drusen, were more
susceptible to the SIFI at long SOAs. This suggests the SIFI
might provide an early indicator of changes in perceptual
function in specific types of ARMD. Future research is needed
to examine whether stages of eye disease, disease duration,
and region of visual damage influence multisensory integra-
tion. We also found no differences between individuals who
had received bilateral cataract surgery, at any duration, and
healthy controls, suggesting that, if cataracts do influence
multisensory perception in ageing, this does not have long-
term effects following removal. Finally, we observed that
long-term hearing aid use resulted in less illusion suscepti-
bility compared with controls. Importantly, as optimal
multisensory integration is likely beneficial to HAUs, for
example during speech comprehension, future research must
tease apart the mechanisms underlying the impact of hearing
aid use on multisensory function.
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