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Abstract 

Background  Hearing loss predicts cognitive decline and falls risk. It has been argued that degraded hearing makes 
listening effortful, causing competition for higher‑level cognitive resources needed for secondary cognitive or motor 
tasks. Therefore, executive function training has the potential to improve cognitive performance, in turn improv‑
ing mobility, especially when older adults with hearing loss are engaged in effortful listening. Moreover, research 
using mobile neuroimaging and ecologically valid measures of cognition and mobility in this population is limited. 
The objective of this research is to examine the effect of at‑home cognitive training on dual‑task performance using 
laboratory and simulated real‑world conditions in normal‑hearing adults and older hearing aid users. We hypothesize 
that executive function training will lead to greater improvements in cognitive‑motor dual‑task performance com‑
pared to a wait‑list control group. We also hypothesize that executive function training will lead to the largest dual‑
task improvements in older hearing aid users, followed by normal‑hearing older adults, and then middle‑aged adults.

Methods A multi‑site (Concordia University and KITE‑Toronto Rehabilitation Institute, University Health Network) 
single‑blinded randomized controlled trial will be conducted whereby participants are randomized to either 12 weeks 
of at‑home computerized executive function training or a wait‑list control. Participants will consist of normal‑
hearing middle‑aged adults (45–60 years old) and older adults (65–80 years old), as well as older hearing aid users 
(65–80 years old, ≥ 6 months hearing aid experience). Separate samples will undergo the same training protocol 
and the same pre‑ and post‑evaluations of cognition, hearing, and mobility across sites. The primary dual‑task 
outcome measures will involve either static balance (KITE site) or treadmill walking (Concordia site) with a secondary 
auditory‑cognitive task. Dual‑task performance will be assessed in an immersive virtual reality environment in KITE’s 
StreetLab and brain activity will be measured using functional near infrared spectroscopy at Concordia’s PERFORM 
Centre.
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Background
There is a high prevalence of hearing impairment in older 
adults, with up to two-thirds of adults aged 70 years and 
older having bilateral peripheral hearing loss [1, 2]. Epi-
demiological studies have demonstrated an association 
between hearing loss and cognitive decline [3], incident 
dementia [4–7], frailty and increased risk of falling [8, 9], 
poor balance [10], and reduced gait speed [11]. Several 
mechanistic theories have been proposed to explain the 
association between hearing loss and cognitive decline 
(e.g., sensory deprivation, common cause, effortful lis-
tening) [12, 13]. Effortful listening theories argue that 
when an auditory signal is impoverished due to hearing 
loss, increased attentional resources must be allocated to 
hearing, drawing on the same resources needed for other 
ongoing tasks requiring higher-level cognitive process-
ing [12, 14, 15]. As higher level cognition is involved in 
the regulation of posture and gait in old age [16], com-
petition for cognitive resources due to hearing loss can 
therefore lead to reduced performance on mobility tasks 
requiring attention.

Empirical evidence supporting effortful listening
Substantial evidence exists in support of effortful listen-
ing theories, including studies that compare older adults 
with normal hearing versus older adults with hearing 
loss, as well as those that manipulate the level of cogni-
tive demand or listening effort. For example, in studies 
where the acoustic challenge is increased (e.g., degraded 
speech, speech-in-noise tasks), normal-hearing indi-
viduals exhibit greater difficulty processing linguistically 
complex sentences, poorer speech comprehension, and 
reduced memory for auditory information [17]. Addi-
tionally, studies utilizing a dual-task paradigm where a 
cognitive load is added to a mobility task have shown that 
older adults with hearing loss tend to prioritize posture 
or walking over cognitive performance (i.e., they have 
greater dual-costs in the cognitive domain) [18, 19]. In 
concordance with effortful listening theories, this may 
be due to the increased attentional resources needed 
by older adults with hearing loss to process the audi-
tory signal, thereby causing competition for higher level 
cognitive processes required during dual-tasking and 

promoting postural prioritization to maintain safe mobil-
ity. Finally, neuroimaging studies also lend support for 
this theory, with increased cortical activation found in 
regions implicated in cognitive control (e.g., prefrontal 
cortex) during effortful listening in both normal-hearing 
adults [20, 21] and older adults with hearing loss [22–24]. 
Taken together, this evidence supports effortful listening 
theories insofar as higher-level cognitive resources are 
needed to compensate for impoverished auditory inputs.

Ecologically valid measurements of hearing, cognition, 
and mobility
While these findings elucidate a possible mechanism 
underlying the association between hearing loss and cog-
nitive and physical decline, some researchers have argued 
that the typical laboratory-based approaches used to 
measure hearing, cognition, and mobility lack ecological 
validity [25, 26]. One method to address this issue is the 
use of immersive, realistic, multisensory Virtual Reality 
(VR) environments, which may more accurately estimate 
a person’s cognitive, listening, or physical abilities during 
everyday behaviours e.g., [19, 27–29]. Moreover, while 
behavioural measures of hearing ability, like pure-tone 
audiometry, are useful for identifying the degree of hear-
ing loss, self-reported hearing measures may be more 
ecologically valid. Indeed, self-reported hearing meas-
ures often consider functional difficulties, such as fatigue 
due to listening effort, across a variety of settings, which 
may more accurately reflect everyday listening difficul-
ties [30]. Utilizing such techniques is therefore critical to 
enhance the ecological validity of hearing, cognitive, and 
mobility measures.

Interventions for hearing loss
Hearing loss can begin in mid-life and has been reported 
to be the potentially largest modifiable risk factor for 
dementia [5, 6]. Hearing aids are a readily available reha-
bilitation strategy used to amplify the auditory signal at 
differing frequencies in order to restore the audibility of 
sound, with demonstrated benefits in terms of improved 
communication [31–33]. Evidence suggests that hearing 
aids may improve executive functioning [34] and speech-
in-noise perception [35]. However, more randomized 
controlled trials are needed to corroborate the possible 

Discussion This research will establish the efficacy of an at‑home cognitive training program on complex auditory 
and motor functioning under laboratory and simulated real‑world conditions. This will contribute to rehabilitation 
strategies in order to mitigate or prevent physical and cognitive decline in older adults with hearing loss.

Trial registration Identifier: NCT05418998. https:// clini caltr ials. gov/ ct2/ show/ NCT05 418998
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benefits of hearing aids on cognition. Similarly, the cur-
rent evidence for the effect of hearing aids on mobility is 
mixed, with a need for more well-designed randomized 
controlled trials [36]. In addition to hearing aids, audi-
tory training may be used as a rehabilitation strategy to 
improve speech perception through bottom-up (i.e., 
sensory refinement of sounds) or top-down (i.e., cogni-
tive control) processes. A recent meta-analysis examin-
ing the pooled effect of auditory training on cognition 
in adults with hearing loss showed that auditory train-
ing led to transfer of learning to untrained cognitive 
tasks, particularly working memory and overall cognition 
[37]. However, none of the reviewed studies considered 
motor outcomes. As such, investigations into other inter-
ventions to prevent or mitigate cognitive and physical 
decline in older adults with hearing loss are warranted.

Improving higher level cognition through executive 
function training may be particularly beneficial as it 
directly targets the theoretical mechanisms of effort-
ful listening. Accumulating evidence suggests that in 
normal-hearing older adults, executive function training 
can improve cognitive, motor, and dual-task performance 
[38–45]. While more limited, there is also some evidence 
to suggest that combined exercise and cognitive train-
ing may benefit cognitive and motor functioning in older 
adults with hearing loss [46, 47]. Li et  al. [16] propose 
that cognitive interventions may increase compensatory 
scaffolding in response to declining motor and sensory 
systems with age via up-regulation of cortical activity in 
regions responsible for higher level cognitive function-
ing. However, the effect of executive function training 
on brain activity during dual-tasking in older adults with 
hearing loss has yet to be examined. Additionally, while 
some indicators of improved cognitive/mobility-related 
performance have been observed following lab-based 
training protocols, the broad application and generaliz-
ability of these training protocols is constrained. Instead, 
at-home cognitive training interventions would allow for 
more broadly accessible and scalable solutions for cogni-
tive training. Indeed, the COVID-19 pandemic acceler-
ated the development and use of tele-health applications 
increasing the feasibility of these approaches.

Research objectives and hypotheses
Given the association between hearing loss and cognitive 
and physical impairment, there is great value in identify-
ing treatment strategies targeted at delaying or mitigat-
ing further decline. The primary objective of our research 
is to establish the efficacy of an at-home computerized 
executive function training program on complex auditory 
and motor functioning measured under both laboratory 
and simulated real-world conditions. Behavioural and 
neuroimaging data will be collected in middle-aged and 

older adults with normal hearing sensitivity thresholds, 
as well as older hearing aid users.

It is hypothesized that executive function training 
will lead to greater improvements in dual-task perfor-
mance compared to no training (i.e., wait-list control 
group). Furthermore, it is hypothesized that the great-
est improvements will be seen in older hearing aid users, 
followed by older adults with normal hearing, and then 
middle-aged adults. We also predict a differential pattern 
of neural plasticity as a function of age/hearing group fol-
lowing executive function training.

Methods/design
Design
We will conduct a multi-site, single-blinded, randomized 
controlled trial involving at-home executive function 
training over a 12-week period. A total sample of 60 par-
ticipants will be recruited at each testing site, comprised 
of 20 middle-aged adults (aged 45–60 years old) with nor-
mal hearing, 20 older-adults (aged 65–80 years old) with 
normal hearing, and 20 older-adults (aged 65–80  years 
old) with hearing impairment who use hearing aids (with 
a minimum of 6  months of experience using hearing 
aids). Participants will be randomized to either an execu-
tive function training group or a wait-list control group. 
The executive function training group will complete the 
home-based computerized cognitive training program 
during a 12-week period, while the wait-list control 
group will not complete any form of cognitive training 
during the 12 weeks. Participants in the wait-list control 
group will be offered the cognitive training program at 
the end of the study. Before and after the 12 week-period, 
participants in both groups will be asked to complete a 
series of cognitive, sensory, and mobility tests during two 
separate in-person sessions.

Settings
Data collection will be conducted at two separate sites: 
Montreal (Concordia University), and Toronto (KITE-
Toronto Rehabilitation Institute-University Health 
Network). Participants will be recruited through adver-
tisements displayed at Concordia University’s PERFORM 
Centre and at the Toronto Rehabilitation Institute, adver-
tisements displayed around the Montreal and Toronto 
communities (e.g., hospitals, community centres), print/
online advertorials targeting our target populations (e.g., 
Senior Times Montreal), and by contacting participants 
who previously completed other studies in our labs.

Participants
Participants will be asked if they were born biologi-
cally male or female and an equal number of males and 
females will be recruited into each group. Hearing loss is 
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known to be more common, more severe, and has an ear-
lier age of onset in males compared to females [48, 49]. 
A balanced design will therefore allow us to account for 
the known sex-related differences in hearing loss, in that 
we will be able to compare performance on our outcome 
measures across males and females.

Inclusion criteria
To be enrolled in the study, participants must be aged 
45–60 years old and have normal hearing, or 65–80 years 
old and have either normal hearing or bilateral hearing 
loss and use hearing aids (with a minimum of 6-months 
of experience using that set of hearing aids). Hear-
ing ability will be assessed using pure-tone audiometry. 
An audiometric pure tone threshold average (PTA) will 
be calculated for each participant across 500 Hz, 1 kHz, 
2  kHz, and 4  kHz. Participants will be included in the 
study if they have a PTA that is equal to or below 25 dB 
hearing level (HL) in the better ear for the normal-hear-
ing middle-aged and older adults, and above 25 dB HL in 
both ears for the older adult hearing aid users [50]. While 
the grades of hearing loss have recently been updated 
[51], which categorize normal hearing as < 20  dB HL, 
we have opted to use the previous threshold of ≤ 25  dB 
HL for comparability with previous studies. All partici-
pants must be fluent English speakers and readers (i.e., 
monolingual or second language acquired early in life). 
Participants are also required to be physically present at 
Concordia University’s Loyola Campus in Notre-Dame-
de-Grâce, Québec, Canada or the Toronto Rehabilitation 
Institute, University Centre in Toronto, Ontario, Canada, 
for a total of four in-person assessment sessions.

Exclusion criteria
Participants will be excluded from the study if they have 
a learning disability, attention-deficit hyperactivity disor-
der, any major psychiatric illnesses (e.g., severe anxiety or 
depression), any previously diagnosed form of cognitive 
impairment, or any neurological, cardiovascular, ortho-
pedic, or musculoskeletal conditions that may impede 
their mobility, concentration, or everyday functioning. 
Additionally, participants will be administered the Mon-
treal Cognitive Assessment (MoCA) [52], a screening 
tool for mild cognitive impairment. A score of 26/30 or 
below on the MoCA may indicate possible mild cogni-
tive impairment (MCI). However, more recent research 
has shown that a cut-off of 23/30 has better diagnostic 
accuracy and a lower false positive rate in detecting MCI 
[53]. As such, all participants must score above or equal 
to 23/30 on the MoCA, as well as perform within the age-
normative range on all other neuropsychological tests 
(see details below). If a participant’s score on the MoCA 
falls below 23/30, or they demonstrate below average 

performance on any other neuropsychological test, they 
will be excluded from the study. Participants must not 
engage in any other cognitive training programs for the 
entire duration of the study and must maintain a consist-
ent physical health lifestyle (i.e., not start a new intensive 
strength training regime midway through the study). Par-
ticipants are also required to have normal or corrected-
to-normal distance visual acuity and will be excluded if 
they score above 0.08 on the ETDRS Visual Acuity Chart 
[54], corresponding to a Snellen acuity equivalent of 
20/24 or 6/7. This is an exclusion criterion as our study 
protocol has some visual requirements that participants 
need to be able to accomplish (e.g., neuropsychologi-
cal testing, executive function training). Additionally, 
research has demonstrated that visual impairment, like 
hearing loss, is a potentially modifiable risk factor for 
dementia [55], so we want to control for this possible 
confound. Lastly, participants exhibiting poor mobility 
and balance on the Mini-BESTest [56], with a score fall-
ing below 16 out of 28, will not be included in the study 
due to an indication of potential motor difficulties [57].

Sample size
Sample size calculation is based upon prior intervention 
studies that utilized the same cognitive training proto-
col and that reported pre- and post-training changes in 
our primary outcome measures (e.g., gait or postural 
variables, auditory working memory) for healthy older 
adults. Specifically, Pothier et al. [58] used the same exec-
utive function training as the current study combined 
with placebo stretching as one of four training groups 
and reported a significant Time (pre- vs. post-training) 
by Training Group interaction (total n = 90, d = 0.304, 
actual power = 0.96). For the group receiving the same 
cognitive training as the current study, a moderate effect 
of Time on gait speed was found (n = 23, d = 0.478), with 
an average increase of 0.13 m/s following training. Addi-
tionally, Bruce et  al. [46] used a similar cognitive train-
ing protocol as the current study in combination with 
recumbent bicycling (delivered either sequentially or 
simultaneously), where a significant main effect of Train-
ing Group (sequential vs. simultaneous training format) 
was found for auditory n-back accuracy (n = 42, d = 0.718, 
actual power = 0.95). The effect size for auditory n-back 
improvement was large, whereas the effect size for gains 
in mobility was small to moderate. This is consistent with 
results from Downey et al. [40] where the same cognitive 
training protocol as the current study was utilized, dem-
onstrating a large effect size for improvements in n-back 
dual-task costs (g = -0.83), but a small effect size for gains 
in walking speed dual-task costs (g =  − 0.11). The recom-
mended (G*Power) sample size to achieve a power of 0.95 
at an alpha level of 0.05 for the Training Group x Time 
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interaction for walking speed is 18 per group. Therefore, 
we aim to recruit 20 participants in each of the three 
groups (normal-hearing middle-aged adult, normal-hear-
ing older adults, older hearing aid users) to allow for 10% 
attrition and a balanced design.

Measures
Primary outcome measures
The primary outcome measures will include tests of sin-
gle- and dual-task cognitive, gait, and postural perfor-
mance in a laboratory environment, including simulated 
realistic conditions. The outcome measures of interest 
will include cognitive accuracy and reaction times, tem-
poral gait characteristics, posturography variables, and 
dual-task cost scores. The older hearing aid users will be 
required to wear their hearing aids during all testing pro-
cedures. Two sets of research assistants will be present at 
each testing site—one to work with the participant and 
provide instructions for the tasks, and the other to work 
with the technical apparatus and ensure that the data are 
being captured and recorded appropriately.

PERFORM Protocol at Concordia University in Montréal
Auditory 2-Back Task. An auditory 2-back task [41] will 
be used to measure working memory performance under 
single- and dual-task conditions. Randomly ordered sin-
gle digits will be presented at a rate of every two seconds, 
with each trial lasting 30 s. Single digits (1–10, excluding 
7) will be presented through two loudspeakers (Logitech 
Z623 2.1), at ear-level in height, at a 45-degree angle rela-
tive to the listener. Using two hand-held USB response 
buttons (Black Box ToolKit hand-held USB response but-
ton), participants will make a button response to indi-
cate whether the number they are currently hearing is 
the same or different than the number presented n steps 
previously. Response buttons will be held in both hands, 
with each connected to a USB response box with a 2-m 
cable to allow for natural arm swing while walking. Par-
ticipants will first complete an auditory 1-back task (i.e., 
indicate whether the number is the same or different than 
the number presented 1 step previously) in order to indi-
vidually adjust the volume of the speakers. The decibel 
level will be continuously reduced until the participant is 
unable to attain 100 percent accuracy on the 1-back task 
or until they indicate that listening becomes effortful (i.e., 
will be asked if they needed to strain in order to under-
stand the digits). Participants will first complete this task 
while standing and then while walking to ensure audi-
bility with the added background noise of the treadmill. 
The amplitude of the stimuli will be set for the duration 
of the experiment at the decibel level from the walking 
trial where the participant achieved 100 percent accuracy 
and did not report that listening was effortful. During 

the 2-back task, participants will use the response but-
tons to indicate if the number is the same or different 
than the number presented 2 steps previously. Accuracy 
and reaction times will be measured. During the single-
task 2-back condition, participants will complete the 
2-back task while standing, with their feet on the sides 
of the treadmill. Participants will be required to hold the 
response buttons during the entire duration of the exper-
iment in order to control for hand positioning but will be 
allowed to rest their arms on the treadmill railings during 
single-task 2-back conditions in order to provide postural 
support.

Walking Task. Participants will be required to walk on a 
treadmill at a self-selected speed at zero percent incline. 
Specifically, the speed of the treadmill will be gradually 
increased until the preferred speed is chosen and there 
are no signs of the participant sweating or being out of 
breath. The speed of the treadmill will be set at this speed 
for the duration of the experiment (i.e., will be the same 
speed across both single-task and dual-task conditions). 
During single-task conditions, participants must walk on 
the treadmill at their self-selected speed. During dual-
task conditions, participants will simultaneously com-
plete the 2-back task while walking. In order to measure 
the temporal characteristics of gait (i.e., mean and vari-
ability of step time, stride time), two electronic pressure 
sensors (TeleMyo Direct Transmission System) will be 
taped to the toe and heel of each shoe sole. Note that the 
treadmill will be running at the selected speed through-
out the entire experiment in order to equate the same 
level of background noise (i.e., 50 dB SPL) across all trials.

There will be three different trial types (i.e., single-task 
walking, single-task 2-back, dual-task) and the experi-
ment will follow an ABC-CBA sequence, which will 
occur two times, for a total of 12 trials. Dual-task costs 
(DTC; %) will be calculated for each of the walking and 
2-back tasks: [(single-task – dual-task) / single task * 
100]. DTC change scores will be calculated by subtract-
ing the post-training DTCs from the pre-training DTCs.

StreetLab Protocol at UHN/KITE in Toronto
 Two dual-task paradigms will be conducted in Street-
Lab, a fully immersive, projection-based, VR simula-
tor used to simulate realistic and challenging conditions 
(Fig.  1). StreetLab has a 240° horizontal by + 15° to -90° 
vertical field-of-view curved projection screen extending 
from the floor to ceiling. The virtual environment used 
in this study will depict a large urban 6-lane intersection 
street-crossing in Toronto. StreetLab is outfitted with an 
AMTI (Advanced Mechanical Technology, Inc., Water-
town, MA) BP12001200–2000 strain gage force plate 
that measures ground reaction forces. There is a sur-
round sound system with seven speakers (Meyersound 
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MP-4XP; Meyersound Laboratories, Inc., Berkeley, CA) 
spatially distributed behind the projection screen, at 
approximately the height of a participant’s head when 
they are standing on the force plate positioned at 0° azi-
muth across a horizontal plane at ± 28° (right front and 
left front), ± 90° (right side and left side), and ± 127° (right 
rear and left rear). One subwoofer (Meyersound MP-
10XP) is located in the floor under the centre speaker. All 
speakers are 2.14 m in depth from the participant when 
standing on the force plate (for more details of the acous-
tic properties of StreetLab, refer to [61]). Ambient traffic 
noise (e.g., vehicle traffic, bird noises) will be included to 
more closely simulate real-world acoustical conditions. 
The vehicle traffic will include moderate traffic density 
with approximately 10 cars appearing in the visual scene 
every 30 s. Participants will complete two dual-task para-
digms that largely differ based on the two different cogni-
tive auditory tasks to be performed, including 1) auditory 
2-back task and 2) Coordinated Response Measures 
(CRM) task. The other primary difference from the Con-
cordia site protocol is that instead of measuring walking 
as the primary mobility-related outcome measure, we 
will be measuring standing balance under different levels 
of cognitive and postural complexity.

Auditory 2‑back paradigm
2-Back Task: The same auditory 2-back task as the Con-
cordia site [41] will be used; however, trials will last 60 s 
instead of 30 s in order to capture a sufficient amount of 
reliable posturography data [25]. The amplitude of the 
loudspeakers will be individually adjusted using an audi-
tory 1-back task to ensure optimal audibility and comfort 
across participants. Specifically, participants will hear 15 

untimed, single digits where they will have to repeat the 
digit they heard out loud to the researcher immediately 
after the digit is presented. In order to participate in the 
study, participants must attain at least 70% accuracy or 
higher. If the amplitude is uncomfortably loud, it will be 
reduced (ensuring at least 70% accuracy) and the ampli-
tude will then be set at this level for the remainder of the 
experiment. Accuracy and reaction time will be meas-
ured using a handheld gaming controller (Forty4 Wireless 
Gaming Controller). During the main experimental task, 
participants will make a button press indicating whether 
the number they are currently hearing is the same or dif-
ferent than the number presented n steps previously (i.e., 
1-step previously during the practice trials, or 2-steps 
previously for the 2-back task). During single-task condi-
tions, the participants will complete the 2-back while sit-
ting on a chair on top of the force plate within StreetLab 
at the same approximate eye height as standing.

Postural Task. Static balance will be measured by hav-
ing participants stand with their feet shoulder-width 
apart on a force platform. In order to control for differ-
ences in hand positions across the single-task stand-
ing and dual-task trials (since participants use handheld 
joysticks during the 2-back task), participants will be 
required to hold the joystick in the same position as the 
dual-task trials (but will not need to make any button 
responses). In order to manipulate postural load, partici-
pants will complete the standing balance task with their 
eyes open and eyes closed. Postural measures will include 
spatial (centre of pressure path length; cm), temporal 
(velocity; cm/s) and variability (root means square, stand-
ard deviation) measures in the anterior–posterior (front 
and back) and medial–lateral (side-to-side) orientations.

Fig. 1 StreetLab Note. Participants will either stand in the centre of the force platform with a safety harness or be seated. Under dual‑task 
conditions, participants will be standing while concurrently performing either the auditory 2‑back task or the coordinated response measures task
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Overall, there will be a total of six trial types: 1) single-
task 2-back eyes open, 2) single-task 2-back eyes closed, 
3) single-task standing eyes open, 4) single-task stand-
ing eyes closed, 5) dual-task eyes open, 6) dual-task eyes 
closed. Participants will complete all trial types in an 
ABC-CBA sequence with the three different conditions 
(A: single-task standing, B: single-task 2-back, and C: 
dual-task). This will occur two times, once for the eyes 
open condition, and once for the eyes closed condition. 
The order of trials (i.e., eyes open vs. eyes closed) will be 
counter-balanced across participants. DTCs (percentage) 
will be calculated for both the standing and 2-back tasks: 
[(single-task – dual-task) / single task * 100]. DTC change 
scores will be calculated by subtracting the post-training 
DTCs from the pre-training DTCs.

CRM Paradigm
CRM Task: The CRM is an auditory, multi-talker task 
[59], which we have adapted for use in dual-task experi-
ments in a VR environment [19, 60]. Participants will 
hear two simultaneously presented, but spatially dis-
tributed sentences. Each sentence will be composed of 
the following structure “Ready (callsign) go to (colour) 
(number) now”. A combination of 8 callsigns (Char-
lie, Ringo, Laker, Tiger, Arrow, Baron, Eagle, Hopper), 
4 colours (red, green, white and blue) and 7 numbers 
(1–8 without 7) are used to compose each sentence. On 
each trial, a target callsign will be visually presented in 
text at the centre of the projection screen (e.g., Char-
lie). The size of a single character will be roughly 8 cm x 
8  cm and the distance between the participant and the 
text will be roughly 2.1  m.  Subsequently, two sentences 
will be simultaneously presented from the front speaker 
(0 degrees) and left speaker (- 90 degrees), one of which 
will contain the target word (e.g., the sentence “Ready 
Charlie go to White 2 now)”. Participants will be asked 
to verbally repeat the colour (i.e., white) and the num-
ber (i.e., 2) associated with the target callsign sentence. 
The researcher will enter the participants’ responses on a 
tablet (Samsung SM-T510). If the participant accurately 
repeats the colour and number, the trial is coded as cor-
rect and they receive feedback on the screen (“correct”) 
and if either the colour, the number, or both are incor-
rectly reported “incorrect” is presented on the screen. For 
each condition (see below), five listening trials/sentences 
will be presented within a 60 s standing trial, which will 
be repeated two times per condition (10 total listening 
trials). During single-task conditions, the participants 
will complete the CRM while sitting on a chair on top of 
the force plate within StreetLab at the same approximate 
eye height as standing.

In order to manipulate attentional load and listening 
difficulty, we will include a block of trials in which the 

location of the target word will be certain 100% of the 
time (i.e., participants will be told the target word will 
always be presented at 0 degrees; termed 100% trials; 
lower cognitive load) and a block of trials in which the 
location of the target word will be uncertain, presented 
from the centre 60% of the time and from the left 40% 
of the time (i.e., participants will be told that the target 
word will be coming from the middle 60% of the time and 
from the left 40% of the time; termed 60% trials; higher 
cognitive load). Participants will complete these 100% 
and 60% trial types in single and dual-task conditions.

Postural Task. Static balance will be measured on a 
force platform in a semi-tandem stance, with one foot 
slightly in front of the other. Postural measures will 
include spatial (centre of pressure path length; cm), tem-
poral (velocity; cm/s) and variability (root means square, 
standard deviation) measures in the anterior–poste-
rior (front and back) and medial–lateral (side-to-side) 
orientations.

Overall, there will be a total of 5 different trial types: 
1) single-task CRM (100%/low cognitive load),  2) sin-
gle-task semi-tandem standing,  3)  dual-task (60%/high 
cognitive load), 4)  single-task CRM (60%/high cognitive 
load),  5) dual-task (100%/low cognitive load). Partici-
pants will complete all trial types in this order and will 
then repeat the trials in the reverse order, for a total of 10 
trials. DTCs (percentage) will be calculated for both the 
standing and CRM tasks: [(single-task – dual-task) / sin-
gle task * 100]. DTC change scores will be calculated by 
subtracting the post-training DTCs from the pre-training 
DTCs.

Secondary outcome measures
A set of secondary outcome measures will evaluate cog-
nitive functioning using a series of neuropsychological 
tests. The Coding subtest of the Weschler Adult Intelli-
gent Scale (WAIS-IV) will be used as a measure of visual-
motor processing speed, the Digit Span subtest—forward 
condition will be used to measure short term memory 
and the Digit Span subtest- backwards condition and 
Letter-Number-Sequencing subtest will be used to assess 
auditory working memory [62]. The Trail Making Test 
A & B will serve to evaluate processing speed and task-
switching abilities [63]. The Color Word Inference Test 
will be used to measure processing speed, inhibition 
and task-switching abilities [64]. Finally, the Rey Audi-
tory Verbal Learning Test (RAVLT) will measure partici-
pants’ learning and retention of verbal information [65]. 
Different versions of the RAVLT, consisting of different 
word lists, will be administered at baseline and post-
training in order to reduce possible practice effects. In 
order to determine whether participants fall within the 
age-normative range and can be included in the study, 
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performance will be compared to normative data taken 
from the following sources: Wechsler et  al., [62] for the 
WAIS-IV measures, Delis et al., [64] for the Color Word 
Interference Test, Tombaugh et  al., [66] for the Trail 
Making Test, and Schmidt [67] for the RAVLT.

Secondary measures will also assess sensory function-
ing using a selection of visual and auditory tasks. For 
visual outcomes, the Pelli-Robson chart [68] will be 
used to assess contrast sensitivity for reading letters. 
For auditory outcomes, the Canadian Digit Triplets Test 
(CDTT) [69] will measure participants’ ability to iden-
tify digits in the presence of competing noise (i.e., their 
speech-in-noise perception threshold). Participants will 
be presented with digit triplets unaided via headphones 
(Telephonics TDH-39P Audiometer Headset) and asked 
to enter their responses into a numerical keypad (Peri-
pad-202 HW, Perixx Computer). Pure-tone audiometry 
will also be conducted using a SHOEBOX Audiometer to 
assess participants’ hearing acuity [70]. Participants will 
be presented tones via headphones (RadioEar DD450) 
at 250  Hz, 500  Hz, 1  kHz, 2  kHz, 4  kHz, and 8  kHz at 
varying decibel levels in each ear. Participants will be 
instructed to indicate whether they can hear the tone or 
not by making a button response on a tablet (iPad; Apple 
Inc.). Performance from tones presented at the 500  Hz, 
1  kHz, 2  kHz, and 4  kHz frequencies will be averaged 
together to create an individual PTA for the left and right 
ear.

A shortened version of the Balance Evaluation Systems 
Test called the Mini-BESTest [56] will be used to assess 
motor functioning. Postural control across four different 
balance control systems will be quantifiably measured, 
including: anticipatory transition (e.g., going from sitting 
to standing), reactive postural control (e.g., leaning out-
side one’s centre of pressure and compensating for a loss 
of balance), sensory orientation (e.g., balancing with eyes 
closed or on a compliant surface), and dynamic gait (e.g., 
walking while turning head, changing speed, or stepping 
over obstacles).

A set of questionnaires will also be given to par-
ticipants to complete online using Qualtrics survey 
software (Qualtrics, Provo, Utah) in order to assess sub-
jective functioning across cognitive, hearing, and mobil-
ity domains. Specifically, within the domain of cognition, 
the Frequency of Forgetting Questionnaire (FFQ) will be 
used to assess subjective memory abilities and how fre-
quently one forgets things in everyday life [71]. In the 
domain of hearing, the Listening Self-Efficacy Question-
naire (LSEQ) will be used to assess one’s self-efficacy or 
confidence in understanding speech in a variety of listen-
ing situations [72], and the Hearing Handicap Inventory 
Screening Questionnaire for the Elderly (HHIE-S) will 
be given to assess self-reported experiences of hearing 

difficulties in everyday life [73]. Within the domain of 
motor functioning, the Activities-Specific Balance Con-
fidence (ABC) Scale will be used to determine partici-
pants’ balance efficacy [74]. Additionally, participants will 
be asked to complete the Everyday Activity Question-
naire (EAQ), which samples a broad range of activities 
relevant to older adults’ lives (maintenance of self and 
property, social, leisure, religious, and creative activities) 
[75]. Lastly, the Social Disengagement Inventory (SDI) 
will be used to measure how participants interact and 
engage with their social environment [76].

Brain activity will be measured (Pre- and Post-Train-
ing) using functional near infrared spectroscopy (fNIRS) 
at Concordia’s PERFORM Centre. The working brain is 
in constant need of supply of glucose and oxygen for effi-
cient functioning. As such, levels of oxygenated hemo-
globin (HbO) and deoxygenated hemoglobin (HbR) in the 
brain can be used as neurobiological indicators of cortical 
activation. Increased brain activation leads to increased 
blood volume and blood flow, resulting in an increase in 
HbO and a decrease in HbR. Conversely, decreased brain 
activation leads to decreased blood volume and blood 
flow, resulting in a decrease in HbO and an increase in 
HbR. Functional near infrared spectroscopy provides a 
non-invasive measure of HbO and HbR fluctuations in 
the cerebral cortex with high temporal resolution [77]. 
A mobile (wireless/Bluetooth) fNIRS device will be used 
to allow participants to freely complete the experimental 
task while walking (Artinis Brite MKIII, Netherlands). 
Light optode placement will follow a 24-channel fron-
tal template provided by the analysis software OxySoft 
(Version 3.3.30). Data pre-processing involving the visual 
inspection of motion artifacts, detection of bad channels, 
Modified Beer-Lambert Law (MBLL) conversion, and 
band pass filtering (0.005 Hz-0.1 Hz), will be conducted 
using MATLAB (Version R2021b) and the open-source 
application Brainstorm [78]. Additionally, all trials will 
be normalized to baseline, which will be taken during a 
quiet standing condition prior to each trial. A single HbO 
activation average will be computed for each participant 
for each trial type (i.e., single-task walking, single-task 
2-back, and dual-task). HbO change scores will then be 
derived to compare Pre- and Post-Training cortical acti-
vation levels.

Study procedure
Prior to any in-person visit, a telephone screening will be 
conducted to determine a participant’s initial eligibility 
to participate in the study (i.e., will gather demographic 
information and a basic medical history, as well as the 
participant’s comfort level using a computer or tablet). 
Eligible participants will be asked to come into Concor-
dia University’s Loyola Campus (Montreal location) or 
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KITE-Toronto Rehabilitation Institute, University Health 
Network (University Centre location) to provide writ-
ten consent, be further screened using a more in-depth 
health history interview, and be assessed on various 
cognitive and sensory measures, including pure-tone 
audiometry, CDTT, MoCA, Pelli-Robson Contrast Sen-
sitivity, RAVLT, Coding, Digit Span, Trail Making Test 
A & B, Letter-Number-Sequencing, and Color Word 
Inference Test (Pre-Training Session 1). Testing will take 
place in a quiet, well-illuminated room. If deemed eligi-
ble, participants will be asked to come into Concordia 
University’s PERFORM Centre (Montreal location) or 
KITE-Toronto Rehabilitation Institute, University Health 
Network (University Centre) to assess our primary out-
come measure (i.e., cognitive-motor dual-tasking) and 
other measures including the ETDRS and Mini-BESTest 
(Pre-Training Session 2). Participants will also be asked 
to complete a series of questionnaires online between 
Pre-Training Sessions 1 and 2 (i.e., LSEQ, ABC, EAQ, 
FFQ, HHIE-S, SDI). Participants will then be randomized 
into either the executive function training group or the 
wait-list control group. The executive function training 
group will receive a virtual tutorial session on how to 

use the at-home cognitive training program. Participants 
will then undergo either 12  weeks of cognitive train-
ing or will continue their life as usual (wait-list control 
group). Both groups will be called once a week to keep 
track of any changes in lifestyle, stress, energy levels or 
any other important life events. The executive function 
training group will also be asked about their training 
that week (e.g., if they are having any difficulty with the 
training or need further clarification, if they are noticing 
any progress/improvements, if they are experiencing any 
technical issues, if they missed a session). Following the 
12-week period, all participants will be invited back to 
complete the same sensory, cognitive, and motor assess-
ments that they completed at baseline (Post-Training 
Session 1 and Post-Training Session 2). Participants will 
also complete the LSEQ, ABC, and FFQ questionnaires 
again to measure changes in subjective hearing, mobil-
ity, and cognition, respectively. An overview of the study 
procedure across each testing site is shown in Fig. 2.

Randomization
Upon completion of the screening and baseline assess-
ments, participants will be randomized to either the 

Fig. 2 Flowchart of measures and timeline of our multi‑site, single‑blinded, randomized controlled trial Note. Each site will be comprised 
of a sample of 20 middle‑aged adults and 20 older adults with normal hearing (NH), as well as 20 older adults with age‑related hearing loss who 
use hearing aids. An equal number of males and females will be recruited into each training group within each of the age/hearing groups. Both 
the executive function training group and wait‑list control group will participate in Pre‑ and Post‑Training assessments. During the 12‑week 
intervention phase, the executive function training group will complete an at‑home cognitive training program three times a week (30 minutes/
session). The wait‑list control group will not complete any form of cognitive training during the duration of the experiment, but will be offered 
the materials at the end of the study
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executive function training or wait-list control group. 
Randomization of participants will be completed within 
each of the three groups (i.e., middle-aged, older adults, 
hearing aid users) using a computerized random num-
ber generator. Final cohorts will be semi-randomized in 
order to attain an equal number of participants in the 
training and control groups and to balance the number of 
males and females within each age/hearing group.

Blinding
Participants will be made aware of the two groups in 
which they could be randomized to and will know which 
of the two groups they have been assigned to following 
the baseline assessments. Efforts will be made so that the 
evaluators conducting the Pre- and Post-Training assess-
ments will be blind to the participants’ randomization 
status. For example, the research personnel responsible 
for calling participants during the 12-week period will 
be different than the research personnel completing the 
post-training evaluations.

At‑home executive function training group
After the Pre-Training phase, participants randomized 
to the executive function training group will complete 
an at-home computerized cognitive training program 
three times a week for a total of 12  weeks (each ses-
sion lasting 30 min). The training protocol will involve a 
custom-written program that has been used in previous 
research studies assessing cognitive and gait outcomes, 
but was previously administered in a controlled labora-
tory environment [39–41, 43]. Specifically, the training 
is comprised of three distinct modules (Stroop, dual-
task, n-back), which aim to improve different aspects of 
executive functioning such as inhibition and task switch-
ing-abilities, divided attention, and working memory, 
respectively. Participants will be encouraged to evenly 
disperse the training throughout the week (i.e., 48  h 
between sessions). However, participants have the flex-
ibility to complete the sessions according to their own 
schedule. Each training session (30 min) is comprised of 
two different modules (each 15  min). Participants may 
take a break between modules, but not during a module. 
The computerized program can be completed on either 
a laptop, desktop, or tablet, but should be held consist-
ent throughout the 12-week duration of the training. 
Participants will also be instructed to work as fast as they 
can without making any mistakes, as both reaction time 
(milliseconds) and accuracy will be recorded for all three 
tasks. After each session, a performance feedback graph 
will be presented to provide encouragement and allow 
participants to track their progress.

The Stroop module aims to improve inhibition 
and task-switching using four separate conditions 

(familiarization, reading, inhibition, and switching) pre-
sented at different points throughout the training period. 
Participants will be required to press the appropriate let-
ter key on their keyboard or press the appropriate button 
on their tablet, based on the condition presented. In the 
familiarization condition, a single letter will be presented 
on the screen. In the reading condition, asterisks will 
form a letter on the screen. In the inhibition condition, 
smaller letters will make up a larger letter (e.g., copies of 
small letters “L” to form a larger “H”), and participants 
will need to inhibit the automatic response of indicating 
what the smaller letter is, and instead indicate what larger 
letter is formed. In the switching condition, participants 
will need to alternate between reporting the smaller let-
ters presented, or the larger letters that are formed, 
depending on the goal as indicated by whether a white 
frame is surrounding the group of letters or not.

The visual n-back module targets the updating and 
maintenance of information in working memory. Par-
ticipants will be instructed to make a keyboard response 
or button press on a tablet indicating whether the letter 
they see is the same or different from the one presented 
one previously (1-back), two previously (2-back), or three 
previously (3-back). The more challenging 2-back and 
3-back trials will make up a larger proportion of the trial 
type distribution as the training progresses in order to 
enhance the difficulty level. Of note, the modality of the 
n-back in the cognitive training differs from the modality 
used in the dual-task experiment (i.e., visual during train-
ing versus auditory during the dual-task experiment).

The dual-task module aims to improve divided atten-
tion. Participants will complete a visual discrimination 
task whereby they will need to make a response to one 
type of image (single-task; i.e., modes of transportation 
or fruits;) or two types of images concurrently (dual-task; 
i.e., one image reflecting a mode of transportation and 
another image of a fruit). Participants will complete pure 
blocks of only single-task trials (single-pure trials) or only 
dual-task trials (dual-pure trials) or will complete mixed 
blocks that randomly involve one (single-mixed trials) 
or both tasks (dual-mixed trials). For the dual-task trials, 
participants will be instructed to respond to both stimuli 
equally. However, as the training progresses, participants 
will need to prioritize one hand over the other to increase 
the level of difficulty (i.e., in the dual-task trials when two 
images are presented, participants will be asked to make 
a response using their left or right hand first before mak-
ing a response with the other hand).

Waitlist control group
Participants randomized to the wait-list control group 
will complete both the Pre- and Post-Training assess-
ments but will not partake in any form of cognitive 
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training during the 12-week period. Weekly phone calls 
will ensure that participants are maintaining a consistent 
lifestyle and that they are not starting any other cogni-
tive training programs. The weekly phone calls will also 
allow for a similar level of social interaction amongst the 
research personnel and the participants across the wait-
list control and training groups in order to control for 
this possible confound. Upon completing the study, the 
wait-list control group will be offered the materials for 
the at-home executive function training program, and 
researchers will be available to offer assistance if needed.

Data analysis
Planned analyses
All data analyses will be completed using IBM SPSS Sta-
tistical Software and/or R. Data will be screened and 
corrected for normality, outliers, and missing values. 
Descriptive statistics (e.g., means and standard deviations 
for continuous variables; frequencies and percentages for 
categorical variables) will be presented for the demo-
graphic and baseline characteristics. Chi square tests (for 
categorical variables) or One-Way ANOVAs (for contin-
uous variables) will be used to determine if there are any 
differences between groups at baseline (i.e., middle-aged 
vs. older adults vs hearing aid users; training vs. control 
groups).

In order to evaluate our primary hypothesis (i.e., that 
executive function training will lead to greater improve-
ments in dual-task performance compared to a wait-list 
control group), separate 3 × 2 × 2 Mixed Factorial ANO-
VAs will be conducted for each of the primary outcome 
measures (i.e., 2-back accuracy and reaction times, CRM 
accuracy, temporal gait parameters, posturography vari-
ables, DTC scores), whereby the Between-Subjects fac-
tors will include Age/Hearing Group (middle-aged, older 
adult, hearing aid users) and Training Group (cognitive 
training, control), the Within-Subject factor will include 
Time (pre- vs. post-evaluations), and Covariates will 
include sex and education. Observation of a statistically 
significant Time by Training Group interaction in any 
of the primary outcome measures will be considered 
preliminary evidence for training efficacy. In order to 
examine our second and third hypotheses (i.e., that larg-
est improvements in dual-task performance and great-
est augmentation of brain activity will be found in older 
hearing aid users, followed by normally-hearing older 
adults, and then middle-aged adults) separate One-Way 
ANOVAs will be used on the dual-task and HbO change 
scores within the cognitive training group, whereby the 
Between Subjects factor will include Age/Hearing Group 
(middle-aged, older adult, hearing aid users). Observa-
tion of a statistically significant main effect of Group 
will be followed up by post hoc pairwise analyses with 

Bonferroni corrections in order to determine whether 
our hypotheses are supported.

Linear mixed effects models will also be fitted for each 
of our outcome measures, particularly if there is a large 
amount of missing data or if there is an unequal amount 
of variance across groups. Specifically, Fixed effects will 
include Age/Hearing Group (middle-aged, older adult, 
hearing aid users), Training Group (executive function 
training, control), Sex (male/female), and Time (Pre- vs. 
Post-Training), Random effects will include the individ-
ual participants, and Covariates will include education.

Lastly, in order to elucidate whether brain activity 
reflects neural compensation or inefficiency, correlations 
between dual-task performance and HbO levels will be 
conducted at baseline and after 12  weeks. All statistical 
tests will be two-tailed, and a p-value of less than 0.05 
will be considered to indicate statistical significance. 
Effect sizes will be calculated using Hedges’ g.

Ethical considerations
Each intervention site obtained approval by their corre-
sponding Research Ethics Board prior to initiating any 
study-related activities, including Concordia Univer-
sity’s Human Research Ethics Committee (Certificate 
#30,011,799) and KITE-Toronto Rehabilitation Institute-
University Health Network (REB#19–5857).

Discussion
In this multi-site single-blinded randomized controlled 
trial, we aim to establish the efficacy of an at-home cog-
nitive training program aimed at improving cognitive 
and motor functioning under laboratory and simulated 
real-world conditions in normal-hearing middle aged 
and older adults and older hearing aid users. We hypoth-
esize that executive function training will lead to greater 
improvements in dual-task performance compared to a 
wait-list control group. Moreover, we hypothesize that 
executive function training will lead to the largest dual-
task improvements in older hearing aid users, followed 
by normal-hearing older adults, and then middle-aged 
adults. Lastly, we predict a differential pattern of neural 
plasticity as a function of age/hearing group following 
executive function training.

Computerized executive function training has been 
shown to improve cognition and mobility in normal-
hearing older adults [38–45]. Preliminary evidence also 
suggests that combined exercise and cognitive training 
can improve dual-task performance in older adults with 
hearing loss [46, 47]. However, further research is needed 
to investigate the effect of executive function training (in 
isolation rather than combined with exercise) on cogni-
tion and mobility in older adults with hearing loss. Addi-
tionally, as telehealth has been increasingly utilized since 
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the COVID-19 pandemic, it is paramount to explore 
whether similar results remain when cognitive training is 
completed remotely, rather than in a laboratory setting.

Our study aims to fill these gaps in knowledge and will 
be the first of its kind to examine the effect of an at-home 
executive function training program on complex audi-
tory and motor performance in normal-hearing middle-
aged and older adults and older hearing aid users. One 
advantage of our study protocol includes the targeted 
population given that hearing loss is associated with an 
increased risk for falls and dementia, which may be mod-
ified through hearing aids and cognitive training. We will 
also recruit normal-hearing middle-aged and older adults 
in order to examine differences in cognition and mobility 
that can occur with age and changes in hearing acuity.

Another strength of the study protocol is the use of 
ecologically valid measurement techniques, including 
subjective and objective measures of hearing, cognition, 
and mobility, as well as an immersive, multisensory VR 
environment to assess realistic sensory-cognitive-motor 
challenges. Our previous research assessing dual-task 
performance in a simulated street crossing environment 
showed that older adults tended to prioritize posture 
over cognitive performance (e.g., reduced gait variabil-
ity at the cost of word recognition accuracy) [19, 28]. As 
such, our study will add to this growing literature and 
extend previous research using traditional laboratory-
based experiments.

A final strength of the protocol is the use of portable 
fNIRS to examine brain activity in the prefrontal cor-
tex during dual-task walking before and after training. 
Currently, there are inconsistent findings with regard 
to the effect of dual-tasking on brain activity across 
younger and older adults, with some researchers show-
ing a bilateral upregulation in the prefrontal cortex in 
older adults compared to younger adults [79, 80], others 
showing comparable brain activity [81], and others show-
ing greater activity in younger adults compared to older 
adults [82]. It also remains unclear how brain activity 
during dual-tasking changes following cognitive training. 
Scaffolding theories propose that training may increase 
compensatory mechanisms in response to declining 
brain structure with age via an up-regulation of frontal 
brain regions [83]. However, the effect of cognitive train-
ing on brain activity during dual-tasking in older adults 
with hearing loss has yet to be examined. We therefore 
hope that our study will elucidate some of these incon-
sistencies and contribute to the growing knowledge on 
mobile brain imaging.

In conclusion, this research will help establish the 
efficacy of an at-home cognitive training program in 
improving cognitive and motor functioning in older 
adults with hearing loss. Given the association between 

hearing loss and dementia and falls risk, the results of 
this study may have direct implications for older adults, 
in terms of improving quality of life and level of auton-
omy, as well as potentially reducing healthcare costs. 
Indeed, dementia and falls cause $10.4 and $2 billion 
a year in healthcare costs, respectively [84, 85]. From 
a basic science perspective, this research will also con-
tribute to our understanding of how brain activity dif-
fers amongst normal-hearing middle-aged and older 
adults, and older hearing aid users, as well as how brain 
activity changes in response to cognitive training. These 
findings will elucidate whether brain activity reflects a 
compensatory mechanism for declining brain structure 
due to age and hearing loss, or whether it is a marker of 
neural inefficiency that can be improved through cog-
nitive training.
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