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Age-related hearing loss is a risk factor for mobility problems and falls, possibly due to poor access 
to spatial sounds or the higher allocation of attention required to listen, thereby reducing cognitive 
resources to support mobility. Introducing stabilizing spatial sounds or reducing cognitive load through 
hearing aids could possibly improve balance performance; however, evidence is mixed. Few studies 
have evaluated the effects of hearing aids and spatial sounds on balance during realistic, multisensory, 
dual-tasking conditions. This study used virtual reality to simulate a listening-while-balancing task 
in 22 older adults with normal hearing and 22 hearing aid users, tested with their aids on versus off. 
Participants performed a competing digits listening task (two, four digits) and a standing postural 
task, alone and in combination (dual task) under different visual, postural, and acoustical loads. 
Listening accuracy and postural outcomes (centre of pressure mean velocity, anterior–posterior 
standard deviation, medial–lateral standard deviation) were collected. With respect to listening 
accuracy, as expected, normal hearing adults had higher listening accuracy than those with hearing 
loss (aided better than unaided) and both groups performed better with eyes closed (vs. open) and 
under lower postural loads (firm vs. compliant). With respect to postural performance, hearing aids 
did not remarkably improve balance overall, with no effects on dual-task costs to posture. Other 
factors related to the complexity of the conditions (i.e., listening, visual, postural demands) differently 
influenced dual-task costs to posture in individuals with and without hearing loss. Overall, these results 
contribute to our understanding of how age-related hearing loss and hearing aids affect balance-
related outcomes under realistic, complex, multisensory, multitasking conditions.
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Age-related hearing loss is associated with balance and mobility-related problems such as unstable posture1–6, 
slower walking speed7, greater risk of falls8–10, and higher vestibular perceptual thresholds11 and functioning12. 
Individuals with hearing loss are 3 times more likely to fall compared to those with normal hearing and with 
every 10 dB increase in hearing loss, there is a 1.4 times greater risk of falling9. However, the causal mechanisms 
underlying the associations between age-related hearing loss and mobility problems are poorly understood.

One hypothesis to explain this association is the cognitive load hypothesis. This hypothesis suggests that poorer 
hearing (such as declines in suprathreshold auditory processing) can lead to greater listening effort (requiring 
more cognitive resources to listen) at the expense of concurrently performed and competing mobility-related 
tasks13. Indeed, it is well-established that cognition is involved in the regulation of posture and gait, particularly 
in older adults14. In order to test the cognitive load hypothesis, our group and others have implemented multi-
tasking paradigms, requiring participants to listen and balance/walk at the same time, as a way of evaluating dual-
task costs (the cost of performing two tasks simultaneously compared to one) to posture and gait stability14–18. 
While many studies have demonstrated a postural prioritization in older adults14,16–18, far fewer studies have 
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investigated dual-task costs to posture in older adults with hearing loss specifically, for whom task prioritization 
may be more difficult to manage16,18.

Another hypothesis is the spatial sounds hypothesis, which suggests that hearing loss restricts the use 
of acoustical cues from the environment that can be used to perceive self-orientation in space, thereby 
compromising balance. Specifically, sound level differences between each ear (interaural level differences) and 
sound arrival time differences between each ear (interaural time differences;19,20) provide important information 
about direction and localization, which may be compromised by age-related hearing loss. However, the literature 
is mixed on whether spatial sound cues can indeed support or impede balance and very little is understood about 
how these effects change with older age. Most previous studies have focused on younger adults or have sampled 
across a broad range of ages, with some demonstrating that stationary sound cues in the environment may 
serve as auditory anchors to support balance and orientation by providing a “spatial map”21–27. Other studies 
have not observed similar posture-stabilizing effects of sound cues11,28,29. Some of these inconsistencies across 
studies may be related to the nature of the tasks used and/or the complexity of the experimental environment. 
In particular, very little is known about whether spatial sound cues are used to support balance in the context of 
more realistic environmental conditions (visual and acoustically complex) or under greater task demands (e.g., 
multi-tasking), particularly in older adults for whom these spatial acoustical signals may be less reliable due to 
for example, high-frequency hearing loss30.

Ecologically valid testing environments: virtual reality
While most everyday conditions occur in complex, multisensory environments, the majority of previous 
experimental research investigating the effects of hearing on balance have been conducted in highly controlled, 
isolated laboratory settings or sound booths, which rely on the use of less complex, low-level stimuli (e.g., white-
noise, pure tones). It is possible, that the most pronounced effects of dual-task costs to balance associated with 
hearing loss may be observed within complex, realistic, environments and/or when performing more ecologically 
valid tasks31–33. One method of increasing the ecological validity of testing paradigms, without compromising 
internal validity, is to use immersive, multisensory virtual reality environments. Such testing environments may 
allow for more reliable and accurate estimates of sensory-cognitive-motor interactions supporting listening-
while-balancing in older adults with hearing loss during more natural, everyday situations. Further, one factor 
that realistic virtual reality systems can also address is the role that complex visual information might play in 
older adults’ ability to manage competing demands during realistic listening-while-balancing tasks. Specifically, 
while it is known that vision provides strong cues to support balance (e.g., orientation cues, obstacle avoidance, 
safe navigation34), listening performance may actually be compromised by the introduction of irrelevant visual 
content, as it may compete for perceptual or attentional resources35.

The dual-task effects of cognitive tasks on postural control to balance36 and walking37 have previously 
been characterized as an inverted U-shaped function26,36–40. Specifically, dual-task effects on posture depends 
on whether the cognitive task introduces very low cognitive demands (postural task improvements) or high 
cognitive demands (lack of postural task improvements37). However, the relative extent to which cognitive 
demands are considered low vs. high differs across individuals based on their unique abilities. For example, 
how these patterns of dual-task effects are observed when performing concurrent listening tasks (e.g., tasks of 
central auditory processing) and postural tasks is not well known, particularly for older adults with typical age-
related changes to hearing, as well as older adults with age-related hearing loss. Age-related changes can include 
suprathreshold changes to central auditory processing within clinically normal ranges, as well as sensorineural 
hearing loss meeting the threshold for clinical impairment. Comparing older adults with and without age-related 
hearing loss would allow for the evaluation of how typical age-related changes to hearing (e.g., suprathreshold 
changes to central auditory processing) influence postural-related outcomes when having to manage listening 
while standing concurrently compared to clinically significant hearing loss (i.e., sensorineural hearing loss). 
Further, comparing performance of older adult hearing aid users with and without the use of their hearing aids 
could provide added insights into whether amplification reduces dual-task costs to balancing while listening.

The effects of hearing aids on balance and falls-risk
Hearing aids are largely designed to improve speech communication and have also been shown to improve 
performance across several different domains of cognitive abilities41. However, there is far less consensus 
on whether hearing aids support balance and/or reduce falls-risk21,33,42–56. It could be argued that binaural 
amplification of spatial sound cues could support localization and orientation behaviours. However, sound cues 
used for localization are not well-preserved by hearing aids, thereby potentially limiting their benefits for spatial 
orientation supporting balance57. In order to evaluate this, it would be important to compare the effects of 
hearing aids on balance when auditory landmarks are present versus absent.

It is also possible that hearing aids may support balance through reductions in listening effort (i.e., reduced 
cognitive load). Specifically, reductions in listening effort may minimize the competition for cognitive resources 
between listening-related tasks and concurrently performed mobility-related tasks. In order to evaluate this, it 
would be important to assess the effects of hearing aids on postural performance when performing listening 
tasks of varying difficulties (i.e., lower demands vs. higher demands) and compare these dual-task postural 
effects to postural conditions involving no competing listening task (e.g., a single-task with standing only).

Ultimately, the existing literature investigating the effects of hearing aids on balance and falls-risk is highly 
inconsistent33,42–45. While some studies have demonstrated improvements to balance and/or a link to falls-
risk with hearing aid use21,46–50, other studies have not observed beneficial effects or associations51–56. These 
inconsistencies may be related to the lack of experimental control over, or consideration of, factors such as the 
presence of spatial sound cues in the testing environment, competing visual distractions, postural loads, and/or 
the introduction of concurrent listening tasks varying in difficulty.
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Current research
The current study used an immersive, multisensory, virtual reality environment to address our primary objectives 
of examining the effects of hearing aids (aided vs. unaided) and hearing status (normal hearing older adults vs. 
older adults with hearing loss) on listening accuracy and dual-task costs to balance during realistic multisensory 
conditions. It was predicted that older adults with hearing loss would demonstrate greater dual-task costs to 
balance than older adults with normal hearing, particularly when unaided compared to when aided. Secondary 
objectives included the effects of listening, visual, postural, and acoustical loads on dual-task costs to balance 
and/or interactions of these factors with hearing loss/aid use. It was predicted that greater overall, cumulative 
demands would result in greater dual-task costs to balance, up to a threshold where the two tasks would no 
longer be manageable (resulting in low/no dual-task costs to posture, which will be prioritized over listening). 
This demand threshold was predicted to be lower in older adults with hearing loss compared to older adults with 
normal hearing.

Methods
Participants
Twenty-two older adults with normal hearing (Mage = 73.55 years, SD = 3.92; 14F, 8 M) and 22 older adults with 
age-related hearing loss who use bilateral hearing aids (Mage = 75.14 years, SD = 7.39; 12F, 10 M) participated 
in this study. Age was not significantly different between the two groups determined by a two-tailed t-test 
(p = 0.38). Participants were recruited through posters and flyers distributed throughout Toronto and online 
social media platforms. Participants were required to have corrected-to-normal or near-normal vision, speak 
English fluently and started learning English before age 5 (except for n = 1 in the hearing loss group who learned 
English between 25–30 years of age). The hearing loss group had worn their current hearing aids (n = 19 behind-
the-ear; n = 1 receiver-in-canal, n = 1 in-the-canal; n = 1 in-the-ear) for a minimum of 1 month (M = 2.33 years, 
range = 2 months-5 years). The average number of years of having used any hearing aids was 8.45 (SD = 12.22, 
range = 6 months–47 years). On average, participants used their hearing aids for 10.86 h per day (SD = 4.99, 
range = 0–18) and their hearing had been assessed by an audiologist within the previous 5.95 months on average.

Participants were excluded if they had a prior history of neurological diseases, psychiatric illnesses (unless 
controlled), mild cognitive impairment, dementia, a recent stroke, claustrophobia, motion sickness, seizure 
disorder or epilepsy, arthritis or severe injury of the leg or feet, or any mobility-related impairments (e.g., required 
use of mobility aids, diagnosed vestibular disorder, or major musculoskeletal problems) that would prevent them 
from participating in their everyday activities. During the baseline session, participants were required to have 
normal cognition, which was screened using the Montreal Cognitive Assessment (MoCA cutoff ≥ 2358), as well 
as corrected-to-normal or near-normal visual acuity as assessed using the Early Treatment Diabetic Retinopathy 
Study59 with − 0.2–0.5 logMAR units in the better-eye60. In order to stratify participants in the correct groups 
(hearing loss versus normal hearing), we assessed their hearing using SHOEBOX™ Audiometry61 and grouped 
participants with a pure tone average (PTA) cutoff of ≤ 25 dB HL in the normal hearing group62 and ≥ 26 dB 
HL in the hearing loss group with no asymmetry (no more than 15 dB right/left ear difference at more than 
two adjacent frequencies). Note that while the new World Health Organization standards recommend a cutoff 
of < 20 dB hearing loss63; we used the previously recommended cutoff of ≤ 25 dB hearing loss to be consistent 
and comparable with previous research in this area. Participants provided written consent at the beginning of 
each session and were compensated $20/hour for their time. This study was approved by the University Health 
Network’s (CAPCR ID: 11–033) and University of Toronto’s (RAISE ID: 39,734) Research Ethics Boards. All 
methods were performed in accordance with the relevant guidelines and regulations.

Baseline session
Additional assessments beyond those used to determine eligibility were administered to better characterize the 
participant sample with respect to sensory, cognitive, motor abilities that could influence the interpretation of 
the results (see Table 1 for a summary) and to conduct correlations between these baseline and experimental 
outcome measures (see Results section below for summary of results, Supplementary Baseline Measures section 
and Supplementary Figs. S1–3 for heatmaps online). A general Health History Questionnaire (HHQ) was also 
administered online using Qualtrics survey software (Qualtrics, Provo, Utah).

Experimental session
Virtual reality testing environment
The Experimental session was conducted in StreetLab, a fully immersive, projection-based, virtual reality 
simulator housed in the Challenging Environment Assessment Laboratory at the KITE-Toronto Rehabilitation 
Institute – University Health Network (see Fig. 1). This simulator has a high resolution, 240° horizontal by + 15° 
to − 90° vertical field-of-view projection system displayed on a curved screen. The virtual environment consisted 
of a 6-lane intersection in Toronto created using OpenScene Graph (www.openscenegraph.org). StreetLab was 
outfitted with an AMTI BP12001200 strain gauge force platform to collect posturography outcome measures (i.e., 
average center of pressure mean velocity and variability measures in the anterior–posterior and medial–lateral 
directions). A loose-fitting harness was used to ensure participants could not fall to the ground surface but did 
not provide body-weight support during the study while standing. A surround sound system with seven speakers 
(Meyersound MP-4XP; Meyersound Laboratories, Inc., Berkeley, CA) was used to present auditory stimuli. The 
speakers are at a distance of 2.14 m from the participant and are approximately aligned with the participant’s 
head. A subwoofer (Meyersound MP-10XP) is positioned in the floor under the centre speaker. Speakers are 
positioned at 0° azimuth across a horizontal plane at ± 28° (right front and left front), ± 90° (right side and left 
side), and ± 127° (right rear and left rear). A sound level metre was used to determine the lab’s ambient noise at 
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51 decibels sound pressure level during quiet standing conditions (for full acoustical information of StreetLab 
refer to64).

Procedure
Potential participants were pre-screened over the phone to ensure they met all self-reported inclusion and 
exclusion criteria. All pre-screened eligible participants first completed the in-person baseline session. 
Participants who obtained scores that met all eligibility criteria for audiometry, MoCA, and ETDRS were invited 
to complete the experimental session. When participants first arrived at the lab to complete the experimental 
session, an initial pre-screening “audibility task” was administered in StreetLab to ensure participants could 
hear the experimental stimuli (i.e., the digits presented, see Listening Task section below). This audibility task 
consisted of six trials at 100% volume, where two numbers were presented one after the other, one from the left 
speaker and one from the right speaker and participants were required to report back the digits as accurately 
as they could. Subsequently, all participants completed the full experimental session, which was comprised of a 
single-task condition (i.e., standing only) and a dual-task condition (e.g., listening-while-standing).

Standing task
For the standing task, participants were instructed to stand on the force plate, facing the screen with feet 
approximately shoulder-width apart with their hands down by their sides. Participants stood on either a firm 
surface (directly on the force plate; i.e., low postural load) for half of the trials, or on a compliant surface (a 
Temper® foam, i.e., high postural load) for the other half of the trials. Ground reaction forces at the feet were 
captured using an AMTI MSA-6 MiniAmp strain gauge amplifier. The outcome measures for the posturography 
data included average center of pressure mean velocity (mm/s) and variability (standard deviation) measures in 
the anterior–posterior (mm) and medial–lateral (mm) directions. Data for each balance trial was, on average, 
45.97 s (SD = 5.12 s).

Listening task
For the listening task, participants completed the dichotic digits task65, which assesses central auditory 
processing and involves listening to and repeating back a series of digits. Specifically, during the low listening 
load condition, two digits were presented simultaneously, while during the high listening load condition, four 
digits were presented in two sequential pairs (two simultaneous digits followed by two more simultaneous digits). 
Participants were asked to repeat back all digits in any order or to take their best guess if unsure. Participants 
were told that a closed set of digits from 1–9, excluding 7 (the only two-syllable digit in this range) would be 
randomly presented. In total, there were three listening task conditions: 1) low listening load (2-digits); 2) high 
listening load (4-digits) and 3) no listening (standing only, no-digits). Participants had a chance to practice the 
low and high listening loads (2 numbers simultaneously × 6 trials and 4 numbers in two sequential pairs × 6 
trials, respectively) prior to the main experimental trials. All listening conditions were counterbalanced for order 
across participants.

Since the physical act of talking can affect postural measurement, we ensured that there were an equal 
number of utterances during the response phase of each condition66. Specifically, in the no listening condition, 
participants were still asked to produce the word “beep” four times; during the low listening load condition 
(2-digits) participants were asked to repeat the two digits followed by the word “beep” two times. This ensured 
that for all three listening conditions, the amount of talking was equal (4 utterances). Participants completed six 
listening trials per condition.

The outcome measure for listening performance is digit recognition accuracy. Accuracy scores were calculated 
based on the percentage of the 6 trials in which participants reported both of the two digits correctly for low load 
trials and all four digits correctly for high load trials. Partially correct digit sets such as 1 out of 2 digits correct in 
the low load trials or 1, 2, or 3 digits correct in the high load trials were marked as “incorrect”. Percentages across 

Fig. 1.  (a) Exterior view of StreetLab. (b) Interior view of StreetLab showing a participant standing on the 
force plate, facing the projection screen displaying the simulated city intersection. Informed consent was 
obtained from the participant in panel B to be published in an online open access publication. Photos by Tim 
Fraser.
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the 6 trials were calculated for each condition to determine a digit recognition accuracy score, with higher scores 
reflecting better listening performance.

Dual-task condition: listening while standing task
During dual-task conditions, participants completed the standing and listening tasks simultaneously across all 
postural, visual, acoustical and listening load conditions (see below for details). Data for each balance trial was 
comprised of the duration it took the participant to complete all 6 listening trials per condition (M = 59.46 s, 
SD = 7.29 s).

Postural, Visual, Acoustical Manipulations and the Effects of Hearing Aids.

Postural load  Participants stood on a firm surface or on a compliant surface (50% each). It was expected that 
the compliant surface would be more challenging compared to the firm surface.

Visual load  Participants were asked to open their eyes or close their eyes (blindfolded) on different trials (50% 
each). It was expected that visual cues would support postural stability but could be detrimental to listening task 
performance.

Acoustical load  Trials included those with no background noise, white noise, and spatial noise. In the spatial 
noise condition, there were three noises that commonly occur at busy city intersections played simultaneously: a 
truck backing up (54 dB-A), pedestrian alert bells (59–64 dB-A) and running fountain water (52 dB-A). Partic-
ipants were asked to identify each spatial noise (briefly describe what they heard) and localize where the spatial 
sound was coming from (left, right, or centre) to measure their ability to identify and localize each spatial noise. 
If localizable, it was expected that spatial sounds could support postural stability by providing auditory anchors. 
While there is some evidence that even white noise may support balance (e.g., through stochastic resonance67), 
it is also possible that in the context of the current study, given that speech-based listening tasks were performed 
at the same time, background noise may interfere with listening68, thereby increasing cognitive load to the det-
riment of posture. While all normal hearing participants were able to identify all sounds, 36% (n = 16/44) of 
the participants in the hearing loss group were not able to identify all sounds. In terms of localization, 30% 
(n = 13/44) of participants in the normal hearing group and 66% (n = 29/44) of participants in the hearing loss 
group could not accurately localize all sounds.

Hearing aids  The effects of hearing aids on postural stability and listening performance were evaluated by 
having the hearing loss group complete all conditions with their hearing aids on (aided) and off (unaided); coun-
terbalanced across two days. The normal hearing group performed the same trials twice, once on each day. Day 1 
and day 2 were separated by 8.77 days on average. Breaks were offered throughout the experiment.

Anxiety, fatigue, and motivation ratings
Previous research has shown that emotions (e.g., anxiety) can influence postural stability [see69 for a review]. 
Hearing loss can contribute to anxiety and fatigue, and the degree of motivation can also influence performance13. 
In order to capture information about their general emotional status, each participant answered the following 
three questions at the end of the experimental session: (1) Please rate your level of anxiety on a scale from 1–10, 
with “1” being “not anxious” and 10 being “very anxious”, (2) Please rate your level of fatigue on a scale from 
1–10, with “1” being “no fatigue” and 10 being “very fatigued”, (3) Please rate your level of motivation on a scale 
from 1–10, with “1” being “no motivation” and 10 being “very motivated.”

Experimental design and statistical analyses
As mentioned above, the primary outcomes included the effects of hearing aids (aided vs. unaided) and hearing 
status (normal hearing vs. hearing loss) on dual-task costs to balance while listening. Secondary outcomes 
included the effects of listening, visual, postural, and acoustical loads on dual-task costs to balance and/or 
interactions of these factors with hearing loss/aid use. Specifically, the overall experimental design included the 
following primary factors: 3 participant groupings (normal hearing, hearing loss aided, hearing loss unaided) 
and 3 listening loads (no listening load, low listening load, high listening load). Secondary factors included 2 
visual loads (eyes open, eyes closed) × 2 postural loads (firm surface, compliant surface) × 3 acoustical loads 
(none, white, spatial background noise).

All analyses were completed using R-studio (Version 1.4.1717). ANOVAs were used for all analyses and 
normality was assessed using a Shapiro-Wilk test. Homogeneity of variance and normality of residuals were 
visually checked and a Levene’s test was used to compare variances across groups objectively. All assumptions 
were largely met but an ANOVA was still deemed appropriate due to its robustness from minor deviations from 
normality and the equal sample sizes across groups (22 normal hearing; 22 hearing loss70). Post-hoc tests were 
conducted with a Tukey’s HSD correction. For the ANOVA analyses, outliers were not removed, and a few 
extreme values were included in analyses. This is because older adults are a heterogenous sample, and these 
extreme values were still deemed reflective of the population. However, for all graphs all data points below 
or above 3.5 standard deviations from the mean were winsorized to ensure that the scale of the y-axis was 
not so large as to compress the visualization of significant differences between conditions. For the ANOVAs, 
if participants could not complete the most challenging postural task (compliant surface) because it was too 
difficult, their postural value was replaced by the maximum value from the sample. If they could not complete 
a trial for any other reason (e.g., spatial sounds were too loud to tolerate for their hearing aids, n = 1 hearing 
loss) their values were replaced with the mean for that group and condition. For the postural data, MATLAB 
was used to remove the first five seconds of each trial and the remaining data points were processed using a 
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Butterworth filter with a sampling frequency of 1000 Hz. Anterior–posterior standard deviation (mm), medial–
lateral standard deviation (mm) and centre of pressure mean velocity (mm/s) were extracted for the duration 
it took to complete all 6 listening trials. Since there were no significant effects of background noise (acoustical 
load) for any outcome measures, the trials were pooled across each acoustical load condition.

To address our primary objective of examining the effects of hearing aids (aided vs. unaided) on dual-task 
costs to balance, we first examined the hearing loss group alone (aided vs. unaided). To address our other primary 
objective of examining differences between older adults with normal hearing (typical age-related changes) to 
older adults with age-related hearing loss in dual-task costs to balance, we ran another set of analyses, first 
comparing normal hearing participants to hearing loss participants when aided, and second, comparing normal 
hearing participants to hearing loss participants when unaided. For each set of comparisons, we first report 
the results of the listening task performance (% correct accuracy) as a manipulation check to confirm that 
manipulations to listening difficulty/load were observed as poorer listening task performance as was intended 
by the design.

With respect to the postural data, we compared dual-task postural outcomes (listening-while-standing) to 
single-task postural outcomes (no listening, just standing) to determine if there was a cost to balance when 
completing two tasks at the same time (dual-task costs). Dual-task costs were calculated by subtracting the 
single-task condition from the dual-task condition for each postural outcome measure (dual-task outcomes – 
single-task outcomes for each participant, averaged across participants in each group). Note that dual-task costs 
were not conducted for listening data, as we did not include a single-task listening outcome (a condition where 
participants were just listening and not standing). Since the postural stance used in this study was a shoulder-
width stance, it was expected that postural outcomes would be more evident in the anterior–posterior direction 
than the medial–lateral direction, given the relatively wide base of support along the medial–lateral axis71–74. 
Therefore, we have only reported centre of pressure anterior–posterior standard deviation (spatial measure) and 
mean velocity (temporal measure) in the main text, while medial–lateral standard deviation results are reported 
in Supplementary Figs. 4–5.

For both the listening task performance and dual-task postural performance measures, in order to address 
our primary objectives related to hearing aids and listening load we conducted a repeated measures ANOVA (in 
the case of aided vs. unaided) and for hearing status and listening load we conducted a mixed factorial ANOVA 
(in the case of normal hearing vs. aided and normal hearing vs. unaided) with the factors of group and listening 
load. In order to address our secondary objectives of exploring the effects of visual and postural manipulations 
we then conducted secondary analyses by integrating the additional factors of visual load (eyes open vs. closed), 
postural load (firm vs. compliant surface) to the ANOVAs described above. Correlations were conducted to see if 
there were any associations between baseline measures and experimental outcome measures (see Results section 
below for summary of results, Supplementary Baseline section and Figs. S1–3 for assessment descriptions and 
heatmaps online).

Results
Aided vs. unaided
Listening task performance
A 2 aid use (unaided vs. aided) × 2 listening load (high vs. low) repeated-measures ANOVA was conducted 
on listening accuracy (percent correct) in participants with hearing loss. A significant main effect of aid use 
was observed (F(1,20) = 6.04, p = 0.023, ηp2 = 0.232, Fig. 2), indicating that listening accuracy was higher when 
aided than when unaided. There was also a significant main effect of listening load (F(1,20) = 52.61, p < 0.001, 
ηp2 = 0.725, Fig. 2) indicating that listening accuracy was higher in the low load compared to the high load 
listening condition.

We repeated the same repeated-measures ANOVA, with the addition of visual (eyes open/closed) and postural 
(compliant/firm) loads as within-subject factors. There was a significant main effect of vision (F(1,20) = 8.83, 
p = 0.008, ηp2 = 0.306) demonstrating that eyes closed resulted in higher listening performance than eyes open. 
These effects were qualified by two significant interaction effects. First, a significant listening load x vision 
interaction (F(1,20) = 18.55, p < 0.001, ηp2 = 0.481) demonstrated that the beneficial effects of closing one’s eyes 
were only observed during low listening load conditions and not high listening load conditions (where listening 
accuracy was worse overall; (t(20) = 4.220, p = 0.0004, Fig. 2). Second, there was a significant listening load x 
postural load interaction (F(1,20) = 5.34, p = 0.032, ηp2 = 0.211) suggesting that listening accuracy was higher 
when standing on a compliant surface compared to a firm surface, but only during high listening loads (not low 
listening loads; (t(20) = 2.774, p = 0.0117)). There were no other significant main or interaction effects.

Having now established that the listening manipulations were consistent with expectations we next report the 
primary outcome of interest related to dual-task costs to balance.

Balance task performance
Centre of pressure anterior–posterior standard deviation  A 2 aid use (unaided vs. aided) × 2 listening load 
(high, low) repeated-measures ANOVA was conducted on dual-task costs to anterior–posterior standard devi-
ation in participants with hearing loss. There were no significant main or interaction effects. We repeated the 
same repeated-measures ANOVA with the addition of visual (eyes open/closed) and postural (compliant/firm) 
loads as within-subject factors. There were no significant main effects; however, there was a significant three-way 
interaction effect between aid use x listening load x postural load (F(1,20) = 4.81, p = 0.040, ηp2 = 0.194). Specif-
ically, it was observed that the effects of listening load and the effects of postural load were mostly observed for 
the aided condition. For example, high listening loads resulted in higher dual-task costs to posture (higher vari-
ability) than low listening loads when standing on a firm surface (t(20) = -2.724, p = 0.0131, see Fig. 3), but only 
when aided. Interestingly, in the high listening load condition only (not low load), compliant standing resulted 
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in lower dual-task costs to posture (less variability) than firm standing (t(20) = − 2.295, p = 0.0327, see Fig. 3), 
only when aided. It is possible that this most difficult condition of compliant standing while performing high 
load listening, resulted in a “rigidity” or “stiffening” strategy as a way of protecting posture under high degrees 
of listening and postural load. While we cannot assess rigidity directly in this study given that no measures of 

Fig. 3.  Dual-task costs for anterior–posterior standard deviation for the hearing loss group (unaided vs. aided) 
under different listening loads (high, low) and postural loads (compliant, firm). The violin plot represents 
the frequency of the data at a particular value along the y-axis with the standard error. The red dot represents 
the mean. The individual points represent each participant’s average for each listening and postural load 
combination. Statistical significance was determined using an ANOVA with a significance level of p < 0.05*.

 

Fig. 2.  Percent correct listening accuracy for the hearing loss group (unaided vs. aided) under different 
listening loads (high, low) and visual loads (eyes closed, eyes open). The violin plot represents the frequency 
of the data at a particular value along the y-axis with the standard error. The red dot represents the mean. The 
individual points represent each participant’s average for each listening and visual load combination. Statistical 
significance was determined using an ANOVA with a significance level of p < 0.05*.
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relative joint/body position or muscle activation were included, reduced variability of the centre of pressure at 
the feet may be associated with a use of this strategy75. Further, in the low listening load, compliant standing 
resulted in lower dual-task costs to posture (less variability) than firm standing (t(20) = -2.140, p = 0.0448, see 
Fig. 3) when unaided. There were no other significant main or interaction effects.

Centre of pressure mean velocity  A 2 aid use (aided vs. unaided) × 2 listening load (low vs. high) within-sub-
ject ANOVA was conducted on dual-task costs to mean velocity, demonstrating no significant main or in-
teractions effects. We repeated the same repeated-measures ANOVA with the addition of visual (eyes open/
closed) and postural (compliant/firm) loads as within-subject factors. Again, no significant main effects were ob-
served; however, there was a significant two-way interaction between vision x posture (F(1,20) = 7.69, p = 0.012, 
ηp2 = 0.278) and a significant three-way interaction between aid use x listening load x vision (F(1,20) = 5.03, 
p = 0.036, ηp2 = 0.201). Specifically, the vision x posture interaction demonstrated that having one’s eyes open 
resulted in lower dual-task costs to mean velocity (higher stability) than having one’s eyes closed, but only for the 
compliant standing condition and not the firm standing condition (t(20) = 2.211, p = 0.0388). The significant aid 
use x listening load x vision interaction demonstrated that only in the aided condition and only when their eyes 
were open was there an effect of listening load, whereby higher listening loads resulted in higher dual-task costs 
to mean velocity (less stability) than lower listening loads (t(20) = -2.673, p = 0.0146, see Fig. 4). There were no 
other significant main or interaction effects.

Normal hearing vs. hearing loss aided
Listening task performance
A 2 group (hearing loss aided, normal hearing) × 2 listening load (high, low) mixed factorial ANOVA was 
conducted on percent correct scores, where group was a between-subject factor and listening load was a within-
subject factor. There was a significant main effect of group (F(1,42) = 38.88, p < 0.001, ηp2 = 0.481) with the 
normal hearing group demonstrating higher listening accuracy than the hearing loss group. There was also 
a significant main effect of listening load (F(1,42) = 78.19, p < 0.001, ηp2 = 0.651) demonstrating that listening 
accuracy was higher in the low load compared to the high load listening condition.

We then repeated the same mixed factorial ANOVA with the addition of visual (eyes open/closed) and 
postural (compliant/firm) loads as additional within-subject factors. We found a significant main effect of vision 
(F(1,42) = 12.67, p < 0.001, ηp2 = 0.232, Fig. 5), with eyes closed resulting in higher listening performance than 
eyes open. However, these significant main effects were qualified by a significant two-way interaction effect 
(group x posture), and two, significant three-way interaction effects (group x listening load x vision and listening 
load x vision x posture). Specifically, the significant group x posture interaction (F(1,42) = 8.90, p = 0.05, 
ηp2 = 0.175) demonstrated that the effect of posture was only observed in the normal hearing group (who 
had much higher accuracy overall), whereby higher accuracy was observed when standing on a firm surface 
compared to a compliant surface (t(42) = -3.349, p = 0.0017). The hearing loss group had much worse accuracy 
overall, demonstrating no worsening of accuracy when standing on a compliant surface compared to a firm 

Fig. 4.  Dual-task costs for mean velocity for the hearing loss group (unaided vs. aided) under different 
listening loads (high, low) and visual loads (eyes closed, eyes open). The violin plot represents the frequency 
of the data at a particular value along the y-axis with the standard error. The red dot represents the mean. The 
individual points represent each participant’s average for each listening and visual load combination. Statistical 
significance was determined using an ANOVA with a significance level of p < 0.05*.
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surface (a possible “floor” effect in performance). The significant group x listening load x vision interaction 
(F(1,42) = 9.25, p = 0.004, ηp2 = 0.181) demonstrated that the beneficial effects of closing one’s eyes on listening 
accuracy was only observed during high listening load conditions for the normal hearing group (t(42) = 2.261, 
p = 0.0290) and only during the low listening load conditions in the hearing loss group (t(42) = 4.166, p = 0.0002). 
This may be because for the normal hearing group during low load listening, they were performing at, or near, 
ceiling, so there were no benefits to closing their eyes; whereas for the hearing loss group during high listening 
loads, they were at floor, so there were also no added benefits from closing their eyes. It may be that during 
these moderately difficult conditions (which may be scaled uniquely for each group) closing one’s eyes benefits 
listening accuracy. Finally, the significant listening load x posture x vision interaction (F(1,42) = 12.70, p < 0.001, 
ηp2 = 0.232) demonstrated that compliant standing resulted in higher listening accuracy than firm standing 
under high listening loads when eyes were closed (t(42) = 2.626, p = 0.0120, Fig. 5). In contrast, firm standing 
resulted in higher listening accuracy than compliant standing under low listening loads when eyes were closed 
(t(42) = -3.157, p = 0.0029, Fig. 5). There were no other significant main or interaction effects.

Balance task performance
Centre of pressure anterior–posterior standard deviation  A 2 group (hearing loss aided, normal hearing) × 2 
listening load (high, low) mixed factorial ANOVA was conducted on dual-task costs to anterior–posterior stand-
ard deviation, where group was a between-subject variable and listening load was a within-subject variable. 
There were no significant main or interaction effects. We then repeated the same mixed factorial ANOVA with 
the addition of visual (eyes open/closed) and postural (compliant/firm) loads as additional within-subject fac-
tors. There were no significant main effects. A significant listening load x postural load interaction was ob-
served (F(1,42) = 5.52,  p = 0.024,  ηp2 = 0.116).  Specifically, there were an effect of listening load during firm 
(but not compliant) standing, with high listening loads having more dual-task costs than low listening loads 
(t(1,42) = -4.083, p = 0.0002). There was also an effect of postural load during high listening loads (not low lis-
tening loads) with firm having more dual-task costs than compliant (t(42) = -2.962, p = 0.0050). There were no 
other significant main or interaction effects.

Centre of pressure mean velocity  A 2 group (hearing loss aided, normal hearing) × 2 listening load (high, low) 
mixed factorial ANOVA was conducted on dual-task costs to mean velocity, where group was a between-subject 
variable and listening load was a within-subject variable. There were no significant main or interaction effects. 
We then repeated the same mixed factorial ANOVA with the addition of visual (eyes open/closed) and postur-
al (compliant/firm) loads as additional within-subject factors. There were no significant main effects. Howev-
er, there was a significant three-way interaction effect between group x listening load x vision (F(1,42) = 6.07, 
p = 0.018, ηp2 = 0.126). Specifically, in the hearing loss aided group only, and only during low listening loads, 
there was an effect of vision, whereby closing the eyes resulted in higher dual-task costs to mean velocity than 
having the eyes open (t(42) = 2.379, p = 0.0220, see Fig. 6). Further, for the hearing loss aided group only and 

Fig. 5.  Percent correct listening accuracy collapsed across the hearing loss group (aided) and normal hearing 
group under different listening loads (high, low) and visual loads (eyes open, eyes closed). The violin plot 
represents the frequency of the data at a particular value along the y-axis with the standard error. The red 
dot represents the mean. The individual points represent each participant’s average for each listening and 
visual load combination. Statistical significance was determined using an ANOVA with a significance level of 
p < 0.05*.
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only with eyes open, high listening load resulted in a higher dual-task cost to velocity mean than lower listening 
loads (t(42) = − 3.155, p = 0.0030, see Fig. 6). Moreover, the normal hearing group had less variability compared 
to the hearing loss (aided) group, but only with eyes closed during low listening load (t(42) = 2.356, p = 0.0232, 
see Fig. 6). There were no other significant main or interaction effects.

Normal hearing vs. hearing loss unaided
Listening task performance
A 2 group (hearing loss unaided, normal hearing) × 2 listening load (high, low) mixed factorial ANOVA was 
conducted on percent correct scores, where group was a between-subject factor and listening load was a within-
subject factor. The same results were observed here as were reported in the normal hearing vs. hearing loss aided 
analyses reported above. Specifically, there was a significant main effect of group (F(1,41) = 45.47, p < 0.001, 
ηp2 = 0.526) with the normal hearing group demonstrating higher listening accuracy than the hearing loss group. 
There was also a significant main effect of listening load (F(1,41) = 80.14, p < 0.001, ηp2 = 0.662) demonstrating 
that listening accuracy was higher in the low load compared to the high load listening condition.

We repeated the same mixed factorial ANOVA with group and listening load, with the addition of visual 
(eyes open/closed) and postural  (compliant/firm) loads as additional within-subject factors. Again, we found a 
significant effect of vision (F(1,41) = 16.36, p < 0.001, ηp2 = 0.285) with eyes closed resulting in higher listening 
performance than eyes open (t(41) = 4.044, p = 0.0002). Also, we found a significant main effect of posture 
(F(1,41) = 4.89, p = 0.033, ηp2 = 0.106) with firm resulting in higher listening performance than compliant 
(t(41) = -2.210, p = 0.0327). Also, we found a significant four-way interaction with group x listening load x vision 
x posture (F(1,41) = 5.24, p = 0.027, ηp2 = 0.113) demonstrating similar results to those reported for the normal 
hearing vs. hearing loss aided comparison above. There were no other significant main or interaction effects.

Balance task performance
Centre of pressure anterior–posterior standard deviation  A 2 group (hearing loss unaided, normal hearing) × 2 
listening load (high, low) mixed factorial ANOVA was conducted on dual-task costs to anterior–posterior 
standard deviation, where group was a between-subject variable and listening load was a within-subject varia-
ble. There were no significant main or interaction effects. We then repeated the same mixed factorial ANOVA 
with the addition of visual (eyes open/closed) and postural (compliant/firm) loads as additional within-subject 
factors. There was a significant main effect of posture (F(1,41) = 5.78, p = 0.021, ηp2 = 0.123), where compliant 
standing resulted in lower dual-task costs to variability (a potentially stiffer posture) compared to firm standing. 
There was also a significant group x listening load x posture interaction (F(1,42) = 4.96, p = 0.031, ηp2 = 0.108). 
Specifically, it was observed that the effect of posture was only observed for the hearing loss group, such that 
standing on a compliant surface resulted in lower dual-task costs to variability (potentially stiffer posture) than 
standing on a firm surface (t(41) = − 2.273, p = 0.0284) in low load listening only. Further, the effect of listening 
load was only observed for the normal hearing group during firm standing, whereby higher listening loads re-

Fig. 6.  Dual-task costs for mean velocity for the hearing loss group (aided) compared to the normal hearing 
group under different listening (high, low) and visual loads (eyes closed, eyes open). The violin plot represents 
the frequency of the data at a particular value along the y-axis with the standard error. The red dot represents 
the mean. The individual points represent each participant’s average for each listening and visual load 
combination. Statistical significance was determined using an ANOVA with a significance level of p < 0.05*.
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sulted in higher dual-task costs (higher variability) than lower listening loads (t(41) = − 2.023, p = 0.0497). There 
were no other significant main or interaction effects.

Centre of pressure mean velocity  A 2 group (hearing loss unaided, normal hearing) × 2 listening load (high, 
low) mixed factorial ANOVA was conducted on dual-task costs to mean velocity, where group was a be-
tween-subjects variable and listening load was a within-subject variable. There were no significant main or in-
teraction effects. We repeated the same mixed factorial ANOVA with the addition of visual (eyes open/closed) 
and postural (compliant/firm) loads as additional within-subject factors and there were no significant main 
effects, but there was a significant two-way interaction between listening load x vision (F(1,41) = 7.44, p = 0.009, 
ηp2 = 0.154), where low listening load had lower dual-task costs to velocity (higher stability) compared to high 
listening load, but only when eyes were closed (t(41) = − 2.605, p = 0.0127) and not when eyes were open. There 
were no other significant main or interaction effects.

Correlations
Correlations were conducted to explore whether there were any associations among baseline measures 
(demographic, sensory, cognitive, motor) and experimental outcome measures (visual, postural, and listening 
loads). While no pronounced and highly consistent patterns were observed, the most notable associations 
were between baseline assessments of cognitive functions and certain experimental postural outcomes. For 
example, there were negative correlations showing that better cognitive performance on RAVLT was associated 
with less postural variability (less dual-task costs in anterior–posterior sway) particularly when unaided (see 
Supplementary Baseline section and Figs. S1–3 for heatmaps online for more details).

Anxiety, fatigue and motivation
Three ANOVAs were conducted with anxiety, fatigue, and motivation ratings (averaged across day 1 & 2 and 
aided/unaided) as the dependent factors and group (normal hearing vs. hearing loss) as the independent factor. 
Although not significant, the normal hearing group had less anxiety (M = 1.97/10) and slightly more motivation 
(M = 8.84/10) compared to the hearing loss group (M = 2.53/10, M = 8.31/10, respectively). However, the hearing 
loss group reported significantly more fatigue (M = 4.26) compared to the normal hearing group (M = 2.29), 
(F(1,42) = 12.902, p < 0.001, ηp2 = 0.235). When we examined whether there was an effect of aid use, there were 
no significant effects of aid use on anxiety, motivation, or fatigue.

Discussion
This study incorporated a realistic simulation to examine the effects of hearing aids (aided vs. unaided) and 
hearing status (normal hearing vs. hearing loss) on listening accuracy and dual-task costs to balance. To 
address secondary objectives, we explored whether the effects of visual, postural, and acoustical loads affected 
listening accuracy and dual-task costs to balance and/or interacted with the effects of hearing loss/aid use. When 
examining listening performance, as expected, the hearing loss group demonstrated better accuracy when aided 
compared to unaided and higher accuracy was observed in the normal hearing group compared to the hearing 
loss group. Both groups had higher accuracy in the easier low listening load condition (compared to high), when 
their eyes were closed (compared to open) and when the standing surface was firm (compared to compliant). 
When looking at postural performance, a key finding was that hearing aids did not remarkably improve balance 
overall. Other factors related to the complexity of the conditions (i.e., visual load, postural load, listening load) 
differently influenced individuals with and without hearing loss with respect to balance-related outcomes. There 
was some evidence that an inverted U-shaped function was observed for some postural parameters, with the 
difficulty threshold of these functions being lower for individuals with hearing loss compared to those with 
normal hearing. Interestingly, we did not find any effects of spatial sounds on postural outcomes indicating that, 
under these complex, conditions, spatial sound cues did not appear to stabilize posture.

Effects of hearing aids and hearing loss on listening under different cognitive, motor, and 
perceptual loads
As mentioned above when examining listening performance, as expected, individuals with hearing loss 
performed better when aided than when unaided. Further, older adults with normal hearing demonstrate higher 
listening performance overall compared to the those with hearing loss. Lower listening loads also resulted in 
better listening performance than higher listening loads. These findings verified that relative listening demands 
were effectively modulated as intended, thereby supporting that these manipulations served as a valid strategy 
for evaluating the effects of varying listening loads on postural outcomes. Perhaps the most interesting and novel 
result, was that the presence of a complex, realistic visual environment negatively influenced listening accuracy. 
Specifically, both the normal hearing and hearing loss groups (aided and unaided) demonstrated better listening 
accuracy when their eyes were closed compared to open. This suggests that the visual inputs, which were not 
relevant to listening performance in this situation, may have introduced distractions or perceptual loads that 
negatively affected listening accuracy. This negative effect of visual inputs on listening accuracy is very different 
from situations when visual inputs can be helpful for augmenting auditory information to support behaviors 
– such as when navigating traffic or during speech communication. In fact, there are typically multisensory 
benefits observed when sensory inputs are redundant or complementary (e.g., reading lips while listening to 
voices76–78). However, in the case of the current study, visual inputs were irrelevant to the listening task, and as 
such may have interfered with listening accuracy. This finding is consistent with previous work demonstrating 
that auditory-visual speech perception is negatively affected by non-relevant visual distractions and that older 
adults may be more susceptible to visual distractions compared to younger adults79.
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Effects of hearing aids and hearing loss on dual-task costs to posture under different 
cognitive, motor, and perceptual loads
Previous literature examining the effects of hearing aids on postural outcomes have been mixed, with some 
studies demonstrating improvements21,46–50 and others showing no effects51–56. The current study was unique in 
that it evaluated the effects of hearing aids on postural outcomes during complex, multisensory conditions that 
more closely mimic the types of conditions and challenges that older adults experience during their everyday 
lives. It was initially predicted that hearing aids could support postural outcomes by either providing access to 
spatial sound cues and/or by reducing listening load; however, results demonstrated that spatial sound cues 
had no effects on posture for either the normal hearing group or hearing loss group, irrespective of whether 
they were aided or unaided. We also observed that while listening accuracy was indeed higher when aided 
compared to unaided, suggesting that perhaps listening load was reduced through hearing aid use, there were 
no clear associated benefits on posture. By examining the effects of amplification in the context of other balance-
relevant factors (e.g., visual load and postural load), this provides a more holistic understanding of how these 
factors interact. For example, in the current study it was observed that the presence of irrelevant, complex visual 
information resulted in poorer listening performance, perhaps due to increased distractions, and yet complex 
visual information is known to provide very important orientation cues to support balance; two effects that may 
ultimately cancel each other out with respect to evidenced changes in postural-related outcomes.

In this study, it was initially predicted that higher cognitive, sensory, and postural demands would result in 
progressively larger dual-task costs to postural outcomes, particularly for older adults with hearing loss. For 
example, it was expected that higher (compared to lower) listening loads, standing on a compliant (compared 
to firm) surface, and closing (compared to opening) one’s eyes would lead to overall less stable posture (e.g., 
higher center of pressure variability and velocity), and that these additional loads would lead to compounded 
effects on postural stability when combined. However, the observed results were more complex and nuanced, 
demonstrating that, in several cases, the lowest dual-task costs were actually observed during both the easiest 
and hardest conditions. These results may reflect an inverted U-shaped function for the effects of sensory/
cognitive/postural demands on dual-task costs rather than a linear relationship26,36–40. More specifically, when 
dual-task demands were low (e.g., low listening load, eyes open), there may have been minimal adverse effects on 
posture; in fact, low load tasks may actually result in dual-task benefits by shifting away from attentionally-driven 
postural control, which can decrease postural efficiency, towards automated control processes75,80–84. Conversely, 
when dual-task demands were too high (e.g., high listening load, eyes closed), participants may have disengaged 
from the highly effortful cognitive-listening task and abandon this task all together in favour of protecting the 
prioritized task, which may be more safety critical (i.e., maintaining balance13,15–18). This redistribution in the 
allocation of cognitive resources would result in dual-task cost values near zero; specifically evidenced by no 
differences between single-task and dual-task performance given that the listening task is abandoned and is 
no longer consuming cognitive resources. As a result, the most pronounced dual-task costs would be observed 
during the moderately difficult tasks (e.g., low listening load, eyes closed; or high listening load, eyes open). 
Indeed, this is the exact pattern that we observed in the current study for certain postural parameters (see Fig. 
3 aided, Fig. 4 aided, Fig. 6 aided). Importantly, however, what is considered “moderately” difficult is entirely 
relative and depends on many factors, including individual capabilities across different domains of functioning. 
For example, what is moderately difficult for some individuals (e.g., older adults with hearing loss) may be more 
easily managed by other individuals (e.g., older adults with normal hearing). As such, older adults with hearing 
loss may have an inverted U-shape function that is shifted along the dual-task demand scale (lower demand 
thresholds), compared to the normal hearing older adult function, which is partially represented in the current 
data as an incomplete function (see Fig. 6).

This interpretation of an inverted U-shaped function is clearly supported by cross-referencing the patterns 
observed for listening performance to those observed for the dual-task costs. Specifically, we would expect the 
poorest listening accuracy to be observed under the most demanding conditions (e.g., high listening load, eyes 
open, unaided), which would support a task-abandonment interpretation. We indeed observed this pattern in 
the current study (see Fig. 2), where performance was near floor (M = 17% correct for the hearing loss group 
when unaided). Similarly, we would expect to see the highest listening performance during the least demanding 
conditions (e.g., low listening load, eyes closed, aided), whereby the dual-task costs would be minimized (or 
dual-task benefits observed). This pattern was again observed in the current study (e.g., M = 42% correct for 
hearing loss group when aided).

Limitations and future directions
Effects of spatial sounds
In order to evaluate the effects of spatial sounds on balance we presented sound cues from three stationary sound 
sources within a semi-naturalistic, reverberant environment. Due to the nature of the experimental environment, 
the perceptual locations of the sound cues could not be precisely controlled compared to, for example, perfectly 
sound-attenuated and acoustically controlled spaces. Indeed, when asked to localize the sound cues, many 
participants in both groups were not able to accurately localize each sound when individually and sequentially 
presented in the virtual environment (30% of the normal hearing group and 66% of the hearing loss group). It is, 
therefore, possible that manipulating the factor of spatial sound cues (no noise vs. white noise vs. spatial noise) 
had no influence on any postural outcomes due to uncontrolled acoustical factors. That said, by using a highly 
immersive, multisensory, non-acoustically controlled virtual reality simulation, we were perhaps better able to 
recreate common real-world conditions that are indeed reverberant and noisy in nature, making these results 
potentially more generalizable to the effects observed during everyday experiences.
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Hearing aids
In the current study, we did not control for the type of hearing aids participants used and instead allowed 
them to wear their current, familiar, hearing aids, whatever the type. While this ensured that participants were 
comfortable with and well-adapted to their hearing aids, there was a great deal of heterogeneity in terms of, for 
example, the length of time they used their current hearing aids (M = 2.33 years, range = 2 months-5 years), 
frequency of use (M = 10.86 h/day, SD = 4.99, range = 0–18), fit (hearing had been assessed by an audiologist 
within the previous 5.95 months on average), and model type (n = 19 behind-the-ear; n = 1 receiver-in-canal, 
n = 1 in-the-canal; n = 1 in-the-ear). Factors related to hearing aid use/types may be relevant for mobility-related 
outcomes. For example, recent evidence suggests that consistency of hearing aid use may be a predictor of falls-
risk47, such that more consistent use is associated with lower falls-risk. Therefore, novice hearing aid users may 
not benefit from their aids in terms of supporting balance to the same extent as more experienced users. Also, 
hearing aids have various features, such as directional microphones, which are designed to amplify sounds from 
the front/facing direction of the user (typically directed towards a conversational partner) in order to improve 
speech intelligibility in noise. However, this also has the effect of reducing peripheral and spatial sound cues 
that could be important for mobility/navigation that occur from all different directions85. Across the general 
population of hearing aid users, there remains heterogeneity in hearing aid types and use habits, which could 
be related to a number of factors, such as cost and access to hearing care services86. Therefore, the results of 
the current study may reflect the general influence of hearing aids on balance across the population, rather 
than what might be observed under “ideal”, highly controlled conditions (i.e., experimentally controlled hearing 
aid types/models, fit quality, use frequency). Recent research has also shown that hearing-related interventions 
(hearing aids with audiology counselling) may reduce cognitive decline, but primarily in older adults who are 
at higher risk of cognitive decline (e.g., due to poor cardiovascular health), compared to those who are at lower 
risk87. Therefore, similar effects may be observed with respect to falls risk mitigation whereby perhaps it is the 
individuals who are at greater risk of falling due to other comorbidities or health conditions who benefit most 
from hearing health interventions, such as hearing aids.

Emotional factors
Research has shown that emotional factors (e.g., anxiety, fatigue, motivation) can influence both postural 
outcomes69 and listening performance and effort13. In the current study, when exploring the emotional status of 
participants with respect to anxiety, fatigue, and motivation, we collected this information at the end of each of 
the two testing days. However, participants’ levels of anxiety, fatigue and motivation may have fluctuated across 
the experimental conditions, particularly as the conditions varied by visual, listening, acoustical or postural 
loads and across dual- vs. single-task conditions. Therefore, collecting emotional ratings specifically after each 
block (i.e., immediately after each condition type), rather than at the very end of the study, would provide a 
better indication of participants’ specific emotional status with respect to specific task conditions.

Study sample
Due to the strict participant eligibility criteria of this study, we recruited community-dwelling older adults who 
had generally very high levels of sensory, cognitive, and motor functioning and very few serious health conditions. 
However, “older adults” as a population are highly heterogeneous and often experience a spectrum of abilities 
(e.g., different hearing, cognitive, motor abilities, and other common age-related health conditions). Therefore, 
while we aimed to control the variability within each of our two groups, the overall sample used in this study 
provides a biased representation of how sensory, cognitive, and motor abilities interact and/or are compromised 
during complex, everyday behaviours. It is likely that these results offer a conservative underestimation of how 
these various sensory, cognitive, postural factors influence dual-task costs to balance in the broader population.

Listening-alone task
As we were primarily interested in the effects of hearing and listening on balance-related outcomes, we prioritized 
measuring dual-task costs to balance and did not measure dual-task costs to listening. In order to measure dual-
task costs to listening, a “listening only” task would need to be included. In previous studies using a very similar 
paradigm15,88, a seated listening task was implemented to represent single-task listening (in comparison to dual-
task listening-while-standing). In these studies, there were minimal differences observed between listening task 
performance during single (seated) and dual (standing) trials. As such, given that dual-task costs to posture were 
our primary outcome measure, that there was a lack of previously observed differences in similar studies between 
single- and dual-task listening performance, and to keep our relatively lengthy protocol within reasonable limits 
(e.g., to limit fatigue etc.), we did not include a listening alone condition in the current study. Nevertheless, we 
recognize that this limits the ability to consider how proportional dual-task costs compare for listening relative 
to postural performance.

Conclusions
This study implemented a listening-while-balancing task varying in listening, visual, acoustical, and postural 
loads in older adults with normal hearing and hearing loss (aided vs. unaided). Overall, normal hearing adults 
had higher listening accuracy than individuals with hearing loss (aided better than unaided) with both groups 
generally demonstrating higher listening accuracy in the less demanding conditions (low listening load, firm 
surface, eyes closed) compared to the more demanding conditions (high listening load, compliant surface, eyes 
open). When looking at postural performance, hearing aids did not remarkably improve balance overall. Other 
factors related to the complexity of the conditions (i.e., visual load, postural load, listening load) differently 
influenced dual-task costs to posture in individuals with and without hearing loss with respect to balance-related 
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outcomes. Overall, these results contribute to our understanding of how age-related hearing loss and hearing 
aids affect balance-related outcomes under realistic, complex, multisensory, multitasking conditions.

Data availability
The datasets generated during and/or analysed during the current study are not publicly available due to the 
Research Ethics Board at KITE-Toronto Rehabilitation Institute and University of Toronto but are available from 
the corresponding author on reasonable request.
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