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Abstract

Increased walking variability is associated with risk of falling in older adults. Walking to a beat (Rhythmic Auditory
Stimulation; RAS) can improve walking performance, however not all individuals benefit. Previous research shows that
older adults show greater costs to performance compared to younger adults when performing a cognitive and a motor
task simultaneously (i.e., dual tasking), particularly when the cognitive task is complex. The current study conceptualizes
RAS as a dual-task situation (i.e., walking and synchronizing) with the aim of better understanding response (positive or
negative) to RAS. We hypothesized that increasing task complexity would attenuate the benefit of RAS, particularly for
older age groups. Young, middle-aged, and older adults performed walking as a single task and in three dual-task condi-
tions: while synchronizing steps to low tones (Simple); to low and high tones (Moderate); to low and high tones while
monitoring for a target sequence of tones (Complex). Middle-aged adults improved their walking in the Simple condition
relative to walking in silence, but younger and older adults did not. This benefit was attenuated in the Complex condition.
Stronger beat perception was associated with greater benefit to walking in the Complex condition. Stronger auditory selec-
tive attention was associated with greater benefit to walking in the Moderate condition. In conclusion, task complexity
modulated response to RAS in middle-aged adults. Beat perception and selective auditory attention supported a positive
response to RAS. Understanding when RAS benefits versus interferes with walking can help individuals optimize their
environment to reduce risk of falls.
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Introduction extent than young adults, older adults rely on attentional
resources to support consistent and stable walking (Yogev-
Falls are a leading cause of injury and hospitalization among  Seligmann et al., 2008). Cognitive-motor interdependence
Canadian seniors (Public Health Agency of Canada, 2014). occurs against the backdrop of age-related declines in atten-
Increased gait variability is associated with increased risk  tional processes (Glisky, 2007). Thus, the ability of older

for falls in older adults (Hamacher et al., 2011). To a greater ~ adults to maintain stable walking increasingly depends on
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cognitive systems which are themselves undergoing age-
related changes.

Rhythmic auditory stimulation (RAS), which involves
walking to a metronome or to music with a steady beat, can
improve gait among healthy older adults (Ghai et al., 2018).
RAS has been shown to be superior to standard gait train-
ing among older adult inpatients in need of gait rehabilita-
tion (Igusa et al., 2024). Music, as an instrument to deliver
RAS, is a complex stimulus with various features that can
be manipulated in any one study, and which may impact
the effectiveness of RAS. For example, among healthy older
adults the frequency (i.e., beats per minute) of the auditory
stimulus should be set to equal to or slightly higher (10%
faster) than the individual’s normal walking cadence to
effectively improve stride length and trunk sway (Minino
et al., 2021). A salient rhythmic beat — like in high-groove
music or a steady metronome — also appears to be an impor-
tant feature of the auditory stimulus (Leow et al., 2021).

Further investigation of task-specific features of RAS
and their impact on gait may be advanced by drawing
from concepts from the field of cognitive-motor training.
Previous research has demonstrated involvement of the
prefrontal cortex during RAS, indicating attentional/execu-
tive function task demands (Vitorio et al., 2018). RAS can
therefore be classified as a cognitive-motor task with both
cognitive (i.e., attentional/perceptual) and motor (i.e., walk-
ing/synchronizing) demands. Cognitive-motor tasks can
be further divided into those in which the cognitive task
is independent (e.g., walking while counting backwards)
versus integrated (e.g., dancing to music; Herold et al.,
2018). Minimally, RAS involves walking while perceiving,
attending, and synchronizing to a regular auditory pacing
stimulus (e.g., music, metronome), and can be thought of
as an integrated cognitive-motor task. However, there may
be situations in which the cognitive demand of RAS pulls
attentional resources away from the motor component, such
as when walking to low-groove music (e.g., Ready et al.,
2022), or possibly when attentional resources are divided
between lyrical, melodical, rhythmical and other elements
of music, leading to poorer outcomes. To investigate this
possibility, it would be important to quantify motor as well
as cognitive performance during RAS, as in dual-task para-
digms (Plummer & Eskes, 2015).

The dual-task paradigm is an experimental design used
to investigate the impact of simultaneous performance of
a cognitive and motor task (Li et al., 2018). RAS is rarely
investigated in a dual-task paradigm; however, this design
can be useful in understanding the cognitive load associ-
ated with RAS. In one study, young and older adults showed
longer probe reaction times during cued walking as com-
pared to walking in silence, suggesting that walking to audi-
tory cues is more attentionally demanding than walking in
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silence (Peper et al., 2012). Older adults show increased
activation in the prefrontal cortex during single-task walk-
ing compared to young adults (Hoang et al., 2022). When
walking performance is maintained, this upregulation is
considered adaptive and is analogous to compensatory
neural recruitment during cognitive tasks (Reuter-Lorenz
& Park, 2023). As a result, cognitive-motor dual-tasking,
particularly when the cognitive task is independent from the
motor task, often results in greater costs among older adults
compared to younger adults due to competition for cogni-
tive capacity (Yogev-Seligmann et al., 2008). However,
age-related differences in cognitive-motor dual-tasking
may only be apparent when task demands are more chal-
lenging. For example, Lovdén and colleagues (2008) found
that walking while performing a 1-back working memory
task facilitated stride-time variability relative to walking in
silence among young and older adults. This facilitation was
attenuated in older adults at higher cognitive loads (e.g.,
2-back, 3-back, 4-back conditions). Among young adults,
however, dual-task walking was increasingly facilitated up
to the 4-back condition. We know of no research which sys-
tematically varies different aspects of an auditory stimulus
(e.g., variations in pitch) during RAS to investigate increas-
ing task demands and their impact on gait among young and
older adults. This type of experimental design, however,
could prove useful in understanding the cognitive load of
different elements of music during RAS and their impact
on gait.

Importantly, individual differences impact response to
RAS. Among older adults, metronome cues outperform
music during RAS resulting in faster gait and longer strides,
however, among young adults the opposite has been found
(Roberts et al., 2021). Several studies have shown that
healthy young and older adults who have stronger beat per-
ception benefit more from RAS (e.g., Leow et al., 2014).
Instructions to synchronize to a beat may be detrimental to
poor beat perceivers, though may benefit good beat perceiv-
ers (Ready et al., 2019).

Auditory selective attention, the ability to attend to a
target stimulus while filtering out irrelevant stimuli, may
be an important individual difference factor which to our
knowledge has not been investigated in the context of RAS.
Music is a complex auditory stimulus and music listen-
ing involves processing and parsing out basic (e.g., pitch,
temporal variation) and higher order (e.g., melody, rhythm)
musical features (Sdrkdmo & Sihvonen, 2018). Selective
attention is recruited to perceive speech in noise (Oberfeld
& Klockner-Nowotny, 2016) and may be relevant for other
complex auditory environments, such as music listening,
as well. Attentive listening to music recruits fronto-parietal
networks which serve domain-general attentional and work-
ing memory functions (Janata et al., 2002). Gait variability
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is associated with brain regions for higher order cognitive
control (Tian et al., 2017) which may overlap with those
of attentive listening. During RAS, individuals may vary in
their ability to parse out and attend to beneficial information
(i.e., a thythmic beat) and to filter out less relevant informa-
tion (e.g., melodic features or lyrical content).

The primary targets for RAS research have been healthy
older adults (e.g., Minino et al., 2024), patients with move-
ment disorders (e.g., Cochen De Cock et al., 2018), as well
as young adults (e.g., Ready et al., 2019). Older adults have
much to gain from interventions targeting the variability
and stability of gait due to normative age-related changes
in cognition and gait (Li et al., 2018). Data on gait changes
in midlife are lacking (Herssens et al., 2018). In one study,
walking speed was slower among middle-aged and older
adults as compared to younger adults (Lindenberger et al.,
2000), while in another study walking speed was stable in
midlife and declined only in the 6th decade (Park et al.,
2016). Regarding cognitive changes, longitudinal studies
have shown gradual declines in processing speed and exec-
utive functioning in midlife (e.g., Hughes et al., 2018). As
Lachman (2015) describes, middle-aged adults are under-
represented in the literature but are at a unique stage in the
life course experiencing both some decline in cognitive and
motor abilities but also some preserved capabilities. From
the perspective of the current paper, midlife may represent
a unique opportunity to implement RAS as a preventative
intervention.

In summary, RAS has been studied among healthy young
and older adults, as well as patients with movement dis-
orders. Middle-aged adults, however, are an understudied
but potentially important age group. Music is a complex
stimulus, and different musical features (i.e., tempo, beat
salience) and task instructions impact the effectiveness
of RAS. To our knowledge there has been no systematic
manipulation of task/musical complexity during RAS. It is
known that individual differences in age and beat perception
impact response to RAS, and individual differences in audi-
tory selective attention may also be a factor.

To investigate these issues, we used a dual-task experi-
mental design. Young, middle-aged, and older adults
walked around an elliptical track in silence and while syn-
chronizing their steps to a series of isochronous tones (i.e.,
a rhythmic beat). The complexity of the auditory stimulus
was manipulated by varying pitch and cognitive load. This
allowed us to examine gait variability under increasing lev-
els of complexity of the auditory stimulus. Performance on
the Words-In-Noise task (WIN; an ecologically valid task
requiring auditory selective attention) and the Beat Align-
ment Task (BAT) were assessed to clarify any heterogene-
ity in response to dual-task conditions. We hypothesized
that 1) walking to a simple beat would result in decreased

gait variability as compared to walking in silence; 2) as the
complexity of the auditory stimulus increased, gait variabil-
ity should increase, particularly for middle-aged and older
adults; 3) those with better beat perception would benefit
more from walking to a beat as compared to those with
poorer beat perception; 4) those with better auditory selec-
tive attention would benefit more from walking to a beat as
compared to those with poorer auditory selective attention.

Method
Participants

Young adults (18—35 years, n=27) were recruited from
the university psychology participant pool. Middle-aged
(50—60 years, n=22) and older adults (61—S85 years,
n=32) were recruited via existing contact lists and from
flyers distributed on campus and on social media. Young
adults received course credit for participating in this study
whereas middle-aged and older adults received an honorar-
ium. Inclusion criteria included fluency in English, ability
to walk without assistive devices, absence of neurological,
cardiovascular, orthopedic, and musculoskeletal conditions
that affect mobility or cognition, absence of a diagnosed
hearing impairment or uncorrected visual impairment.
We did not include any criteria regarding level of musical
training or musical background. Data for five young adults
(excluded=1, dropped out=2, data loss=2), two middle-
aged adults (did not meet inclusion criteria=1, dropped
out=1), and 12 older adults (excluded=38, dropped out=4)
were not included in the present study. Reasons for exclu-
sion included having a pure tone average (PTA) thresh-
old>25 dB HL in the better ear, which would indicate mild
hearing loss (World Health Organization, 1991). Reasons
for dropping out included preference to not participate in in-
person activities during the COVID-19 pandemic, illness/
injury occurring outside of the study, and time constraints.
Data from a total of 22 young adults, 20 middle-aged adults,
and 20 older adults were included in the present analyses.
Participants were cognitively healthy and had normal hear-
ing (see Table 1). A power analysis based on pilot data using
a generalized linear model (Lakens & Caldwell, 2021) with
effect size of /=0.2 (considered small to medium; Cohen,
1992) and alpha-level of a=0.5 suggested that 20 partici-
pants per age group would achieve a power of at least .80 for
most effects, which is similar to previous studies (Huxhold
et al., 2006; Lovdén et al., 2008). We recruited participants
until a sample size of at least 20 participants per group was
reached. Linear mixed effects modeling was chosen to mini-
mize bias and increase statistical power given our relatively
small sample size (McNeish & Harring, 2017).
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Table 1 Participant Characteristics M (SD) for Young, Middle-Aged,
and Older Adults

Variable YA (n=22) MA 0OA J
(n=20) (n=20) /
XZ
Age (years) 23.32 54.95 69.95 <. 97
(3.30)%" (2.95)*%  (4.90)*" 001

Number (percent) 17 (77%) 14 (70%) 12(60%) .41 4.0

women

MoCA total (/30)  27.86 26.65 27.20 A1 .07
(1.64) (1.81) (2.02)

PTA threshold 1.08 5.75 10.63 <. 42

(HL) in better ear  (4.11)"® (4.58)*%  (5.43)*" 001

Words in Noise 23.70 23.18 22.25 .03 .11

total (/35) 1.75)% 1.71) (1.85)*

Trails B—A (sec.) 29.36 32.41 39.93 02 .12
(10.07)% (12.66)  (14.32)*

Single-task step- ~ 3.73 (1.42) 3.77 3.82 97 .00

time CoV% (1.24) (1.27)

Cadence 108.82 ( 10920 ( 107.70( .82 .01
8.95) 5.90) 7.96)

Timed Up and Go  7.92 (1.17)° 8.64 9.29 .01 .15

(sec.) (0.87) (1L.91)*

Beat Alignment 21.95 20.95 20.40 26 .04

Task (/24) (2.98) (3.03) (3.30)

Geriatric Depres-  7.41 (4.89)° 5.55 4.11 .05 .10

sion Scale (/30) (3.99) 3.41)*

Auditory monitor- 5.55(6.79) 2.14 0.05 .06 .13

ing task (/10) (4.99) (8.59)

Note. YA=young adults, MA=middle-aged adults, OA=older
adults, CoV =Coefficient of Variation. * indicates statistically signifi-
cant difference relative to YA  indicates statistically significant dif-
ference relative to MA 3 indicates statistically significant difference
relative to OA

Materials and Procedure

Participants completed two in-person sessions on separate
days, each lasting 2 — 2.5 h. The first session consisted of
assessments of physical/mental health, auditory, motor,
cognitive functioning, and beat perception. The measures
reported on in the current manuscript are described in detail
below. For details of other measures administered during
session 1 see Online Resource 1. The second session con-
sisted of the experimental protocol.

Session 1: Screening and Background

Middle-aged and older adults were pre-screened via tele-
phone to determine eligibility. Informed consent was
obtained for young adults and eligible middle-aged and
older adults.

Physical and Mental Health Participants completed an
intake questionnaire measuring physical health. The Geri-
atric Depression Scale (GDS) was administered to assess
for depression with values>9 indicating mild depression
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(Sheikh & Yesavage, 1986). The GDS has shown strong
classification accuracy in young and middle-aged adults
(Guerin et al., 2018).

Auditory Functioning Auditory acuity was measured using
a Maico (MA 42) audiometer. Pure-tone audiometric thresh-
olds were measured at frequencies from 250 to 8000 Hz in
both ears following standard procedure. A PTA was derived
by averaging detection thresholds at 500, 1000, 2000, and
4000 Hz, in the better ear. The Words-in-Noise Test (WIN;
Wilson et al., 2003) was used to assess auditory selective
attention. Participants repeated words out loud which were
presented against multi-talker babble at different signal-
to noise ratios via headphones. The outcome is number of
words correct.

Mobility, Cognition, and Beat Perception The Timed Up
and Go (TUG; Podsiadlo & Richardson, 1991) task was
used as an index of general mobility. Participants had to
stand up from a chair, walk 3 m, turn around, walk back
and return to sitting. Time (s) to complete the task is mea-
sured. The MoCA was used as a global measure of cogni-
tion (Nasreddine et al., 2005) with a score of 26 or greater
/30 indicating normal cognition. Executive functioning was
measured with the Trail Making Test (TMT; Reitan, 1958)
which measures visuomotor processing speed (Trails A) and
switching (Trails B). A switching cost was calculated (Trails
B—A). Beat perception was measured with a short version
of the Beat Alignment Task (BAT), a subtest from the Bat-
tery for the Assessment of Auditory and Timing Abilities
(BAASTA; Dalla Bella et al., 2017a). Participants listened
to computer-generated fragments of well-known music and
indicated whether a superimposed isochronous sequence
was aligned with the beat of the music or not. The outcome
is total number correct.

Session 2: Experimental Tasks

We used the dual-task design in which a listening task and
a walking task were first performed separately then simul-
taneously. The order of single-task conditions (i.e., walk-
ing and listening) and the order of dual-task conditions (i.e.,
Simple, Moderate, Complex) was counterbalanced.

Single-Task Listening The auditory stimuli consisted of
pure tones presented in an isochronous rhythm. The rate
of tones was 10% faster than preferred cadence, as this has
been shown to benefit gait (Minino et al., 2021). Preferred
cadence (steps per minute) was determined at the beginning
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of the second session by measuring the number of steps
taken at a comfortable walking speed in 10 s and multiplying
by 6. The tones were either low (750 Hz) or high (1500 Hz).
To equate for audibility, the volume of the auditory stimuli
was adjusted individually to be 50 dB SPL higher than each
participant’s PTA threshold, determined in Session 1. Tones
were generated in MATLAB (MATLAB, 2018) and were
presented via bluetooth using Avantree wireless over-the-
ear headphones.

The listening task had three conditions representing
increasing levels of complexity. In the Simple condition
participants heard low tones. In the Moderate condition
participants heard low and high tones with a ratio of 65:35
of low:high tones. For both conditions, participants were
instructed to sit with their eyes open and listen to the tones.
Thus, there is an increase in complexity of the nature of the
auditory stimulus from the Simple to the Moderate condi-
tions. In the Complex condition participants heard low and
high tones and additionally completed an auditory monitor-
ing task in which they responded via a manual clicker, as
quickly and as accurately as possible, when they heard a
particular pattern of tones. Specifically, the target sequence
was: “high, low, high, low.” Two distractor sequences were
also presented: “high, low, low, high,” and “high, low, high,
high.” Each block consisted of 10 target sequences and 10
of each distractor sequence with a low tone separating each
sequence, in a random order. The outcome measure was the
number of correctly identified targets minus the number
of responses unrelated to targets (i.e., hits—false alarms).
Thus, the Moderate and the Complex conditions have iden-
tical stimuli. The instruction to monitor for a particular
pattern of tones in the Complex condition was designed to
increase cognitive load relative to the Moderate condition.
Each trial consisted of 198 tones. For the single-task condi-
tions, the Complex condition consisted of two trials while
the Simple and Moderate conditions consisted of one trial to
decrease testing burden.

Single-Task Walking Participants walked in an elliptical cir-
cuit in silence for two minutes. Older adults on average take
107 steps per minute (Brown et al., 2014). Two minutes was
chosen to ensure the collection of at least 50 gait cycles, fol-
lowing recommendations by Koénig and colleagues (2014).
Participants were instructed to walk at a comfortable speed.
Participants completed two trials, in a clockwise and then
counterclockwise direction. The ellipse was 2.2 m wide and
9.07 m long and the perimeter of the ellipse was indicated
with blue blocks. Step-times were measured using Noraxon
DTS Foot Switches, which are pressure sensitive sensors,
attached to the heel and toe of the participant’s footwear

(Noraxon, 2013). The foot switches recorded time stamps
and therefore capture temporal but not spatial data.

Dual-Task Conditions In the dual-task conditions partici-
pants walked the elliptical track while performing each
of the three listening task conditions. They were asked
to synchronize their walking to the tones. Each dual-task
condition was performed once in a clockwise and once in
a counterclockwise direction. During pilot testing partici-
pants found it difficult to complete the Complex dual task
without completing the Complex single task first. Therefore,
the Complex single task was always presented immediately
before and immediately after the Complex dual task, regard-
less of the order of dual-task conditions.

Data Analyses

Walking data were pre-processed using a custom-developed
Python script. Outliers were defined as scores with an abso-
lute z-score>2.5 and were Winsorized within their respec-
tive age group. Each outcome measure grouped by age
group and condition had an absolute skew index below 3
and an absolute kurtosis value below 10 and so were consid-
ered not severely non-normal (Kline, 2020). Missing data
included one missing value (1.6%) for the Geriatric Depres-
sion Scale due to experimenter error, and 17 participants
(27.4%) had missing data for the auditory monitoring task
due to equipment failure. At the time of the equipment fail-
ure the young adult group was nearly complete, resulting
in more missing data for middle-aged and older age groups
(1 younger adult, 8 middle-aged adults, and 8 older adults).
The differences between age groups are therefore an artifact
of our recruitment schedule rather than having to do with
age per se. These data were considered missing completely
at random and were excluded in a pairwise fashion follow-
ing guidelines by Kang (2013).

The primary outcome measure was dual-task cost (DTC)
of step-time coefficient of variation (CoV) % (step-time
CoV%=standard deviation / mean * 100), where DTC-
cov=(dual-task.y, — single-tasky)/single-task ., * 100. A
DTC score of zero is equal to walking performance during
single-task walking and a score below 0 indicates facilitated
(i.e., less variable) walking relative to single-task walking.
Therefore, DTC step-time CoV% means were tested against
a null hypothesis of zero to determine if walking variability
under dual-task conditions was statistically significantly dif-
ferent from walking variability during single-task walking.
The secondary outcome measure was performance on the
Complex condition of the listening task, where the outcome
measure was hits minus false alarms.
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All statistical analyses were performed in R (R Core
Team, 2021). To investigate our hypotheses, we applied
linear mixed effects analyses to the data using ImerTest
(Kuznetsova et al., 2017) with lme4 (Bates et al., 2015).
Outcome variables were not severely non-normal nor
heteroscedastic; more details can be found in the Online
Resource 2. For both models, to facilitate interpretation,
continuous variables were mean-centered. Two separate
linear mixed effects models were constructed for each of
the two outcome variables. To avoid overfitting, likelihood
ratio tests were used to obtain AIC and p-values to deter-
mine if adding predictors statistically significantly added to
model fit, beginning with a random intercept model. Only
models in which additional predictors statistically signifi-
cantly improved model fit were retained, otherwise they
were rejected. More information on model selection can be
found in Online Resource 2. For the first model examining
walking performance, participants and walking direction
nested within participants were added as random effects.
Dual-task condition, age group, beat alignment score, and
performance on the Words-in-Noise task were added as
fixed effects. For the second model examining performance
on the auditory monitoring task participants were added as
a random effect. Fixed effects were age group and perfor-
mance on the MoCA. Other variables were considered but
not retained in the final models, see Online Resource 2 for
further details. Omnibus F and p values were calculated
using the car R package (Fox & Weisberg, 2011) and using
Kenward-Roger’s method to estimate degrees of freedom
(Halekoh & Hgjsgaard, 2014). When a statistically signifi-
cant interaction effect was detected the emmeans R package
(Lenth, 2020) was used to test post-hoc comparisons using
the Bonferroni adjustment for multiple comparisons (where
3 or more comparisons were made). Following recommen-
dations by Lorah (2018), /# was calculated as an overall
effect size of each model, where 0.02, 0.15, and 0.35 are
considered small, medium, and large effects respectively.
Standardized B coefficients were calculated to indicate the
magnitude of effects with larger values indicating a greater
effect. B coefficients are not always comparable between
studies, particularly with smaller sample sizes. A 10%
change in gait variability has been shown to predict inju-
rious falls (Verghese et al., 2009). To better contextualize
the walking performance data within the wider literature, a
change of>10% was used as a benchmark for a practically
significant change in gait variability as measured by step-
time CoV%. Figure plots were generated using the sjPlot R
package (Liidecke, 2023).
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Table 2 Step-time CoV% for Each Walking Condition for Young,
Middle-Aged, and Older Adults

Age Group ST walking DT DT DT
(n=62) Simple Moderate Complex
(n=62) (n=62) (n=62)
Young adults (n=22) 3.73 (1.42) 3.56 3.55 3.37
(1.46) (1.35) (1.72)
Middle aged adults ~ 3.77 (1.24)  3.29 2.87 337
(n=20) (1.96)  (0.95) (1.55)
Older adults (n=20) 3.82(1.27) 3.62 3.64 3.80
(1.32) (1.75) (2.06)

ST=single task, DT =dual task

10

Predicted dual-task cost % of step-time CoV
|
<3

Young'adults Middle—agl]ed adults Older adults

condition ® simple 4 moderate ® complex

Fig. 1 Dual-task cost% in step-time CoV by age group and condition.
Middle-aged adults were overall facilitated under dual-task conditions,
and this facilitation was attenuated in the dual-task Complex condition.
Young and older adults were not facilitated in any condition. Error bars
are 95% confidence intervals of the estimated marginal means

Results

Raw step-time CoV% values for each condition and age
group are presented in Table 2.

Model 1: DTC of Step-Time CoV%

The overall effect size for model 1 was £=0.10. There was
a statistically significant interaction between condition and
age group [F'(4,238)=2.71,p=0.031], see Fig. 1. There was
no main effect for condition [F' (2, 238)=1.72, p=.181], and
no main effect of age group [F (2, 81.35)=2.29, p=.108].
Post-hoc comparisons showed that among middle-aged
adults walking was more variable in the dual-task Complex
compared to the dual-task Moderate condition (B=0.59,
SE=0.18). For middle-aged adults, DTC scores were sta-
tistically significantly lower than zero during the dual-task
Simple (DTC CoV=-17.25%, p=0.004) and Moderate
(DTC CoV=-22.09%, p<0.001) conditions, but not the
Complex condition (DTC CoV=-11.09%, p=0.061). In
contrast, DTC scores for young and older adults were not
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statistically significantly different from zero in any dual-
task condition and were not statistically significantly dif-
ferent between conditions (ps>.05). This result partially
supports hypothesis 1, that walking to a simple beat will
result in decreased gait variability as compared to walking
in silence; and partially supports hypothesis 2, that increas-
ing attentional load will be associated with increasing gait
variability (i.e., decreased benefit), particularly for older age
groups.

There was a statistically significant interaction between
condition and beat perception score [F (2, 238)=4.99,
p=.008], see Fig. 2, and no main effect of beat percep-
tion score [F (1, 81.35)=0.19, p=.667]. The association
between beat perception and DTC step-time CoV% was sta-
tistically significantly more negative in the dual-task Com-
plex compared to the dual-task Simple condition (B=-0.24,
SE=0.08). This result supports hypothesis 3, that those with
greater beat perception will benefit more from cued walking.

There was a statistically significant interaction between
condition and performance on the Words-in-Noise task [F'(2,
238)=4.51, p=.012], see Fig. 3, and no main effect of per-
formance on the Words-in-Noise task [F (1, 81.35)=0.004,
p=.948]. The association between performance on the
Words-in-Noise task and DTC step-time CoV% was statis-
tically significantly more negative in the dual-task Moder-
ate compared to the dual-task Simple condition (B=-0.22,
SE=0.08). This result supports hypothesis 4, that those with
greater selective auditory attention will benefit more from
cued walking.

Model 2: Hits Minus False Alarms

The overall effect size for model 2 was £=0.21. There was
a statistically significant main effect of MoCA score [F
(2, 41.13)=4.68, p=0.036], such that those with a higher
MoCA score performed better on the auditory monitoring
task (8=0.28, SE=0.13). The main effect of Age Group was
not statistically significant [F (2, 41.07)=2.97, p=.062]. As
described above, 17 participants (1 younger adult, 8 middle-
aged adults, and 8 older adults) had missing data for audi-
tory monitoring task due to equipment failure.

Post-Hoc Analyses

Our first hypothesis was that walking to a simple beat will
result in decreased gait variability as compared to walk-
ing in silence. This effect was observed for middle-aged
but not older adults. Follow-up analyses were conducted to
explain the null finding among older adults. In the Simple
condition, older adults’ DTC score ranged from — 59% to
72%. Correlations showed that older adults with slower
TUG time to completion had lower (i.e., facilitated) DTC

10

-10

Predicted dual-task cost % of step—time CoV
o

Beat Alignment Task score (mean centered)
Dual-task condition — simple ---- moderate --- complex
Fig. 2 The association between higher score on the Beat Alignment

Task and lower DTC in step-time CoV% (i.e., less variable walking)
was strongest during dual-task Complex condition

———————

-10

Predicted dual-task cost % of step—time CoV

-4 -2 0 2
Words—-in—Noise score (mean centered)

Dual-task condition — simple ---- moderate --- complex

Fig. 3 The association between higher performance on the Words-in-
Noise task (i.e., better auditory selective attention) and lower DTC in
step-time CoV% (i.e., less variable walking) was strongest during the
dual-task Moderate condition

step-time CoV% (r=-0.41, p=.009). Similarly, older adults
with higher single-task step-time CoV% had lower DTC
step-time CoV% (r=-0.36, p=.022). Further correlations
were conducted to investigate possible trade-offs between
cognitive and motor performance in the dual-task Complex
condition. DTC step-time CoV% was not statistically sig-
nificantly correlated with hits minus false alarms in this con-
dition (»=-0.008, p=0.939).

Discussion
In this study we conceptualized RAS as an example of a
dual-task situation (i.e., walking while simultaneously

synchronizing footsteps to a beat). Our objective in using
this theoretical approach was to investigate the attentional
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demands of RAS, and the impact of increasing complexity
of an auditory pacing stimulus on gait variability. We also
adopted a lifespan perspective and included young, middle-
aged, and older adults in our sample to better characterize
changes in response to RAS with aging. The main findings
of this study are as follows. First, RAS benefitted step-time
variability among healthy middle-aged adults and a subset
of older adults. Second, the benefit seen in middle-aged
adults was attenuated when task demands were more com-
plex. Finally, those who had stronger beat perception and
selective auditory attention had better walking performance
under conditions of increased task complexity.

Middle-Aged Adults Benefit from Walking to a Beat

In partial support of our first hypothesis, walking to a sim-
ple auditory cueing stimulus resulted in decreased step-time
CoV% compared to walking in silence for middle-aged
adults. Stride time CoV% can discriminate fallers and non-
fallers (Hausdorff et al., 1997), highlighting the functional
significance of these results. Previous research has indicated
that a 10% increase in gait variability predicts future falls
(Verghese et al., 2009). Walking during auditory stimula-
tion resulted in a decrease in step-time CoV% greater than
10% in this study and therefore was a practically significant
reduction in gait variability.

Previous research has shown that the use of assistive
devices during walking requires cognitive resources (Wright
& Kemp, 1992). Whether or not to use an assistive device
involves a cost—benefit analysis (Li et al., 2001). When the
cognitive load associated with using an assistive device is
negligible, older adults freely use the device to improve
their walking. If the costs of using the device are too high,
then the individual may not use it. Under our task condi-
tions, the cost-benefit analysis of using an auditory cueing
stimulus to improve walking was favorable for middle-aged
adults and, as our post-hoc analyses revealed, for a subset
of older adults.

Middle-aged adults may represent a “goldilocks” group
due to their unique cognitive-motor profile. Middle-aged
adults show some age-related decline in cognitive (Gun-
stad et al., 2006) and motor (Park et al., 2016) performance.
However, they may have greater reserve capacity to navi-
gate cognitive-motor dual-tasking compared to older adults.
In one study, middle-aged adults showed smaller DTCs as
compared to older adults, despite similar baseline walking
speed in both groups (Lindenberger et al., 2000). Midlife
may be an ideal period for preventative interventions such
as RAS to mitigate declines in motor performance and
reduce risk for falls later in life. This age group has a tipping
point as well, however, as demonstrated by the attenuation
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of benefit in the Complex condition in our study (see discus-
sion below).

Contrary to our prediction, at the group level older adults
did not improve their gait variability when walking to an
auditory beat. Given this unexpected finding follow-up
analyses were undertaken. These revealed that in the Simple
condition, older adults with poorer baseline motor perfor-
mance benefitted more than those with better baseline motor
performance. This is consistent with previous research
showing that patients with Parkinson’s Disease who have
poorer motor performance at baseline have the most to gain
from RAS (Dalla Bella et al., 2017b). On the other hand,
a subset of older adults in our study did not benefit in the
Simple condition. Previous research has shown that healthy
older adults can accrue a cost to walking performance dur-
ing RAS (Hamacher et al., 2016). This cost has been attrib-
uted to the instruction to synchronize steps to tones, which
may induce an internal focus of attention to the detriment of
gait (Wulf, 2013). Older adults in our study who showed a
DTC during the Simple condition had better baseline motor
performance and may have been more susceptible to this
effect.

Among young adults, step-time CoV was less variable
in the Complex condition as compared to any other condi-
tion (see Table 2). Though this was not statistically signifi-
cant, this echoes research showing that the addition of a low
cognitive load can improve walking (Lovdén et al., 2008).
The cognitive load in our study may have been too low to
produce a statistically significant benefit to walking among
younger adults in the Simple condition. Alternatively, young
adults may have already been at ceiling in terms of their
walking performance.

One limitation of our study is the use of a single index to
measure gait variability. Step-time CoV% was chosen for
its functional significance as stride-time CoV% has been
shown to discriminate fallers and non-fallers (Hausdorff et
al., 1997) and has been shown to predict falls (Hausdorff et
al., 2001) among older adults. We therefore consider step-
time CoV% to be an appropriate measure of gait variabil-
ity in initial investigations of the impact of increasing task
complexity in the context of RAS. A related limitation is
that we were unable to directly measure gait speed, which
is related to gait variability (Jordan et al., 2007). Cadence
did not differ between age groups (see Table 1) and did
not explain variance in step-time CoV% in this study (see
Online Resource 2). It is possible, however, that the increase
in gait variability among middle-aged adults with increasing
complexity of the listening task is confounded by a decrease
in gait speed. We could not investigate this directly and this
is a limitation of the current study. Future studies can extend
our findings by including multiple indices of gait variability
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and including a measure of gait speed in the context of
increasing task demands during RAS.

Benefit to Gait During RAS Was Modulated by Task
Complexity

Numerous experimental studies have shown that walking
performance decreases with the addition of a secondary
cognitive task, particularly among older adults (Yogev-
Seligmann et al., 2008). Older adults show increased
involvement of frontal resources during single-task walk-
ing as compared to young adults, leaving fewer resources
available to navigate cognitive-motor dual-task conditions
(Li et al., 2018) in keeping with studies of cognitive aging
(Reuter-Lorenz & Park, 2023). We proposed that, like pre-
vious findings using experimental designs involving both a
cognitive and motor task (e.g., Lovdén et al., 2008), increas-
ing attentional load during RAS would result in decreased
gait consistency and that this effect would be more pro-
nounced among older age groups. This hypothesis was par-
tially supported as only middle-aged adults benefited from
the cueing stimulus in the Simple condition and showed the
expected decrease in benefit to gait with increased task com-
plexity. Previous research has shown that RAS is attention-
ally demanding for healthy young and older adults (Peper
et al., 2012). Our study extends this finding to middle-aged
adults and additionally indicates that when the demands of
RAS exceed resource capacity there ceases to be a benefit.

Conceptually, the cognitive demands of RAS can be
considered on a continuum from integrated to independent
from the motor demands (Herold et al., 2018). Our findings
suggest that where task demands fall on this continuum
has consequences for the effectiveness of RAS in benefit-
ting gait. In our Simple condition the cognitive and motor
tasks are integrated (i.e., listening to and synchronizing to
the tones) and in this condition we see a benefit to gait in
middle-aged adults. When the cognitive task demands move
towards being independent from the motor task, as in the
Complex condition (i.e., walking while monitoring for a tar-
get sequence of tones), the benefit to gait is attenuated. This
theoretical framework can be useful in guiding clinicians
when developing treatment protocols for their patients: the
more integrated the cognitive and motor demands of RAS,
the more likely there will be a benefit to gait.

Unlike middle-aged adults, older adults did not show the
expected decrease in walking performance with increasing
task complexity. Nor did we detect differences in the audi-
tory monitoring task between single- and dual-task condi-
tions, though due to limitations of this task this should be
considered a conservative estimate. There was a substan-
tial amount of missing data for the listening task. The loss
of data was due to equipment failure and not likely due to

systematic bias. The data loss may have led to low power
which may explain the null dual-task effects. There was a
wide range of scores on the auditory monitoring task, see
Table 1. For those who performed more poorly, floor effects
may have obscured dual-task interference effects. Those
with higher general cognition (i.e., higher MoCA scores)
showed better performance on the auditory monitoring
task and may have been able to successfully navigate task
demands under dual-task conditions due to higher cognitive
capacity. Post-hoc analyses indicated that dual-task walking
and dual-task auditory monitoring task performance were
not correlated, suggesting the absence of cognitive-motor
trade-offs. Due to the limitations of the auditory monitor-
ing task described above, our results should be interpreted
cautiously.

Individual Differences in Beat Perception

Healthy adults with poor beat perception are less likely to
benefit from RAS (Leow et al., 2014). We extended these
findings by showing that adults with poorer beat perception
were less likely to benefit from RAS under more complex
task conditions. Researchers have previously proposed that
those with poorer beat perception have the additional cog-
nitive load of extracting the beat from music during RAS
(Ready et al., 2022). In the Complex condition of our study,
participants were required to continuously attend to a series
of tones, and to hold in their mind and update the sequence
of the previous four tones to detect the target sequence. This
suggests that updating/working memory may be a relevant
cognitive ability for using an auditory stimulus to benefit
one’s walking. Grahn and McAuley (2009) proposed that
strong beat perceivers rely on implicit beat perception
whereas weak beat perceivers explicitly compare timing
intervals to extract a beat. In our study, explicitly extract-
ing the beat from the auditory stimulus may have used up
available working memory resources, leaving weak beat
perceivers unable to meet the working memory demands of
the Complex condition. Individuals with reduced cognitive
resources and poor beat perception may be susceptible to
this effect at even lower task demands, as has been previ-
ously demonstrated (Cochen De Cock et al., 2018). In our
study, better beat perception did not confer an advantage
when walking to a simple auditory beat, in contrast to pre-
vious studies (e.g., Leow et al., 2014). Participants in our
study had high scores on the BAT, see Table 1, indicating
that they were good beat perceivers. The restricted range of
scores in our study may have led to Type II statistical error.
A broader range of scores may have revealed an advantage
for better beat perceivers in the Simple and Moderate condi-
tions as well.
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Individual Differences in Auditory Selective
Attention

Those with better performance on the Words-in-Noise task
were better able to use the auditory cues to benefit their
walking in the dual-task Moderate condition. The Words-
in-Noise task measures the ability to recognize words in the
presence of multi-talker babble (Wilson et al., 2003). The
ability to report on task-relevant stimuli and filter out task-
irrelevant stimuli is supported by auditory selective atten-
tion. A similar auditory selective attention demand may be
involved in our Moderate dual-task condition. The Mod-
erate condition consisted of low and high tones, with the
instruction to synchronize to all the tones in the same way,
and no instruction to attend to the changes in pitch. Those
with poorer auditory selective attention may have been less
able to ignore the changes in pitch (an irrelevant feature of
the auditory stimuli in terms of improving gait consistency)
and to attend to the rhythmic aspect of the tones to benefit
their walking. On a practical level, our results suggest that
those with poorer auditory selective attention may be less
able use more complex musical stimuli (e.g., with intricate
melodic lines, harmonies, syncopated rhythms, etc.) to ben-
efit their walking during RAS. Clinicians may want to select
music for RAS which directs attention towards the musical
beat.

Conclusion

In conclusion, the present study conceptualizes RAS as
an example of a dual-task situation. Considered from this
perspective our results suggest that benefitting from RAS
requires attentional resources, and that increased task
complexity leads to an attenuation in benefit via dual-task
interference. These results suggest that the complexity of
the musical elements contained within the auditory stimu-
lus presented during RAS may play a role in the efficacy of
RAS. The ability of any individual to handle the cognitive
load inherent in RAS may depend on their age, beat percep-
tion ability, and selective attention capacity. Which cogni-
tive processes are most important depends on task demands,
characterized by the auditory scene. Given their unique cog-
nitive-motor profile, middle-aged adults may be well-posi-
tioned to benefit from RAS interventions to improve gait
and mitigate age-related changes in walking consistency.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10804-0
25-09545-7.

Author contributions Averil Parker: Conceptualization; Data cura-
tion; Formal analysis; Funding acquisition; Investigation; Methodol-
ogy; Project administration; Resources; Visualization; Roles/Writ-
ing—original draft. Simone Dalla Bella: Conceptualization; Funding

@ Springer

acquisition; Methodology; Resources; Software; Writing—review &
editing. Virginia B. Penhune: Conceptualization; Funding acquisition;
Methodology; Resources; Writing—review & editing. Laurel Young:
Conceptualization; Funding acquisition; Methodology; Writing—re-
view & editing. Karen Z. H. Li: Conceptualization; Funding acqui-
sition; Methodology; Project administration; Resources; Supervision;
Writing—review & editing.

Funding This work was supported by a Discovery Grant from the Nat-
ural Sciences and Engineering Research Council of Canada (NSERC)
[RGPIN-2016-06662] awarded to KZHL; a Team Start-Up Grant
from Concordia University’s Office of the Vice President, Research
and Graduate Studies awarded to KZHL, VBP, LT, SDB; a Miriam
Aaron Roland Graduate Fellowship from Concordia University, an
Alexander Graham Bell Canada Graduate Scholarship-Doctoral from
NSERC [CGSD3—534075—2019], a Canada Graduate Scholarship-
Master’s from NSERC [CGS M], and a Bourse de Maitrise en Recher-
che from the Fonds de Recherche du Québec Nature et Technologies
[Programme B1, Comité 08C, Groupe: 1] awarded to AP. Funding
sources had no involvement in study design; collection, analysis, nor
interpretation of data; writing of the report; nor the decision to submit
the article for publication.

Data availability Data will be made available on request.

Declarations

Competing Interest Simone Dalla Bella is on the board of the
BeatHealth company dedicated to the design and commercialization
of technological tools for assessing rhythm capacities (e.g. BAASTA)
and implementing rhythm-based interventions.

Ethical Approval This project involves human participants and has re-
ceived approval from the University Human Research Ethics Commit-
tee of Concordia University.

Informed Consent Informed consent was obtained from participants
prior to participating in this study.

References

Bates, D., Méchler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software,
67, 1-48.

Brown, J. C., Harhay, M. O., & Harhay, M. N. (2014). Walking cadence
and mortality among community-dwelling older adults. Journal
of General Internal Medicine, 29, 1263—1269.

Cochen De Cock, V., Dotov, D. G., Thalainen, P., Bégel, V., Galtier,
F., Lebrun, C., Picot, M. C., Driss, V., Landragin, N., Geny, C.,
Bardy, B., & Dalla Bella, S. (2018). Rhythmic abilities and musi-
cal training in Parkinson’s disease: Do they help? Npj Parkinson's
Disease, 4(1), 8. https://doi.org/10.1038/s41531-018-0043-7

Cohen, J. (1992). Statistical power analysis. Current Directions in Psy-
chological Science, 1(3), 98-101.

Dalla Bella, S., Benoit, C. E., Farrugia, N., Keller, P. E., Obrig, H.,
Mainka, S., & Kotz, S. A. (2017b). Gait improvement via rhyth-
mic stimulation in Parkinson’s disease is linked to rhythmic skills.
Scientific Reports, 7, 1-11. https://doi.org/10.1038/srep42005

Dalla Bella, S., Farrugia, N., Benoit, C. E., Begel, V., Verga, L., Hard-
ing, E., & Kotz, S. A. (2017a). BAASTA: Battery for the Assess-
ment of Auditory Sensorimotor and Timing Abilities. Behavior


https://doi.org/10.1038/s41531-018-0043-7
https://doi.org/10.1038/srep42005
https://doi.org/10.1007/s10804-025-09545-7
https://doi.org/10.1007/s10804-025-09545-7

Walking to a Beat is Modulated by Task Complexity and Individual Differences in Age, Beat Perception, and...

Research Methods, 49(3), 1128-1145. https://doi.org/10.3758/s1
3428-016-0773-6

Fox, J., & Weisberg, S. (2011). An R companion to applied regression
(3" ed.). Sage. https://www.john-fox.ca/Companion/.

Ghai, S., Ghai, 1., & Effenberg, A. O. (2018). Effect of rthythmic audi-
tory cueing on aging gait: A systematic review and meta-analysis.
Aging and Disease, 9(5), 901-923. https://doi.org/10.14336/AD.
2017.1031

Glisky, E. L. (2007). Changes in cognitive function in human aging.
In D. R. Riddle (Ed.), Brain aging: Models, methods, and mecha-
nisms (pp. 3—20). CRC Press.

Grahn, J. A., & McAuley, J. D. (2009). Neural bases of individual dif-
ferences in beat perception. Neurolmage, 47(4), 1894—1903.
Guerin, J. M., Copersino, M. L., & Schretlen, D. J. (2018). Clinical
utility of the 15-item Geriatric Depression Scale (GDS-15) for
use with young and middle-aged adults. Journal of Affective Dis-

orders, 241, 59-62.

Gunstad, J., Paul, R. H., Brickman, A. M., Cohen, R. A., Arns, M.,
Roe, D., Lawrence, J. J., & Gordon, E. (2006). Patterns of cog-
nitive performance in middle-aged and older adults: A cluster
analytic examination. Journal of Geriatric Psychiatry and Neu-
rology, 19(2), 59-64. https://doi.org/10.1177/0891988705284738

Halekoh, U., & Hgjsgaard, S. (2014). A kenward-roger approxima-
tion and parametric bootstrap methods for tests in linear mixed
models-the R package pbkrtest. Journal of Statistical Software,
59(9), 1-32. https://doi.org/10.18637/jss.v059.109

Hamacher, D., Hamacher, D., Herold, F., & Schega, L. (2016). Effect
of dual tasks on gait variability in walking to auditory cues in
older and young individuals. Experimental Brain Research,
234(12), 3555-3563.

Hamacher, D., Singh, N. B., Van Dieen, J. H., Heller, M. O., & Tay-
lor, W. R. (2011). Kinematic measures for assessing gait stability
in elderly individuals: A systematic review. Journal of the Royal
Society Interface, 8, 1682—1698. https://doi.org/10.1098/rsif.201
1.0416

Hausdorff, J. M., Edelberg, H. K., Mitchell, S. L., Goldberger, A. L.,
& Wei, J. Y. (1997). Increased gait unsteadiness in community-
dwelling elderly fallers. Archives of Physical Medicine and Reha-
bilitation, 78(3), 278-283. https://doi.org/10.1016/S0003-9993(9
7)90034-4

Hausdorff, J. M., Rios, D. A., & Edelberg, H. K. (2001). Gait vari-
ability and fall risk in community-living older adults: A 1-year
prospective study. Archives of Physical Medicine and Rehabilita-
tion, 82(8), 1050—1056. https://doi.org/10.1053/apmr.2001.24893

Herold, F., Hamacher, D., Schega, L., & Miiller, N. G. (2018). Think-
ing while moving or moving while thinking - Concepts of motor-
cognitive training for cognitive performance enhancement.
Frontiers in Aging Neuroscience, 10, 228. https://doi.org/10.33
89/fnagi.2018.00228

Herssens, N., Verbecque, E., Hallemans, A., Vereeck, L., Van Rom-
paey, V., & Saeys, W. (2018). Do spatiotemporal parameters and
gait variability differ across the lifespan of healthy adults? A sys-
tematic review. Gait & Posture, 64, 181-190. https://doi.org/10.1
016/j.gaitpost.2018.06.012

Hoang, I., Paire-Ficout, L., Derollepot, R., Perrey, S., Devos, H., &
Ranchet, M. (2022). Increased prefrontal activity during usual
walking in aging. International Journal of Psychophysiology,
174, 9-16.

Hughes, M. L., Agrigoroaei, S., Jeon, M., Bruzzese, M., & Lachman,
M. E. (2018). Change in cognitive performance from midlife into
old age: Findings from the Midlife in the United States (MIDUS)
study. Journal of the International Neuropsychological Society,
24(8), 805-820. https://doi.org/10.1017/S1355617718000425

Huxhold, O., Li, S. C., Schmiedek, F., & Lindenberger, U. (2006).
Dual-tasking postural control: Aging and the effects of cognitive
demand in conjunction with focus of attention. Brain Research

Bulletin, 69(3), 294-305. https://doi.org/10.1016/j.brainresbull.2
006.01.002

Igusa, T., Uchida, H., Tsuchiya, K., Sema, S., Kaneko, S., Yoshita, T.,
Nagai, S., Kobayashi, T., Akiba, T., Tanaka, Y., Kikuchi, S., &
Hirao, K. (2024). Effects of rthythmic auditory stimulation on gait
speed in older adult inpatients in a convalescent rehabilitation
ward: A pilot randomized controlled trial. European Geriatric
Medicine. https://doi.org/10.1007/s41999-024-01010-0

Janata, P., Tillmann, B., & Bharucha, J. J. (2002). Listening to poly-
phonic music recruits domain-general attention and working
memory circuits. Cognitive, Affective, & Behavioral Neurosci-
ence, 2(2), 121-140. https://doi.org/10.3758/CABN.2.2.121

Jordan, K., Challis, J. H., & Newell, K. M. (2007). Walking speed
influences on gait cycle variability. Gait & Posture, 26, 128—134.
https://doi.org/10.1016/j.gaitpost.2006.08.010

Kang, H. (2013). The prevention and handling of the missing data.
Korean Journal of Anesthesiology, 64(5), 402—406. https://doi.or
2/10.4097/kjae.2013.64.5.402

Kline, R. B. (2020). Becoming a behavioral science researcher: A
guide to producing research that matters (2" ed.). Guilford Press.

Konig, N., Singh, N. B., von Beckerath, J., Janke, L., & Taylor, W. R.
(2014). Is gait variability reliable? An assessment of spatio-tem-
poral parameters of gait variability during continuous overground
walking. Gait & Posture, 39(1), 615—617. https://doi.org/10.1016
/j.gaitpost.2013.06.014

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017).
ImerTest package: Tests in linear mixed effects models. Journal
of Statistical Software, 82(13), 1-26. https://doi.org/10.18637/JS
S.V082.113

Lachman, M. E. (2015). Mind the gap in the middle: A call to study
midlife. Research in Human Development, 12(3—4), 327-334. htt
ps://doi.org/10.1080/15427609.2015.1068048

Lakens, D., & Caldwell, A. R. (2021). Simulation-based power analy-
sis for factorial analysis of variance designs. Advances in Meth-
ods and Practices in Psychological Science. https://doi.org/10.11
77/2515245920951503

Lenth, R. (2020). emmeans: Estimated marginal means, aka least-
squares means (Version 1.8.6.) [R package]. https://cran.r-project
.org/web/packages/emmeans/index.html

Leow, L. A., Parrott, T., & Grahn, J. A. (2014). Individual differences
in beat perception affect gait responses to low- and high-groove
music. Frontiers in Human Neuroscience, 8, 1-12. https://doi.org
/10.3389/fnhum.2014.00811

Leow, L. A., Watson, S., Prete, D., Waclawik, K., & Grahn, J. A.
(2021). How groove in music affects gait. Experimental Brain
Research, 239(8), 2419-2433. https://doi.org/10.1007/s00221-0
21-06083-y

Li, K. Z. H., Bherer, L., Mirelman, A., Maidan, 1., & Hausdorff, J. M.
(2018). Cognitive involvement in balance, gait and dual-tasking
in aging: A focused review from a neuroscience of aging perspec-
tive. Frontiers in Neurology, 9, 1-13. https://doi.org/10.3389/fne
ur.2018.00913

Li, K. Z. H., Lindenberger, U., Freund, A. M., & Baltes, P. B. (2001).
Walking while memorizing: Age-related differences in compen-
satory behavior. Psychological Science, 12(3), 230-237. https://d
0i.org/10.1111/1467-9280.00341

Lindenberger, U., Marsiske, M., & Baltes, P. B. (2000). Memorizing
while walking: Increase in dual-task costs from young adulthood
to old age. Psychology and Aging, 15(3), 417-436. https://doi.org
/10.1037/0882-7974.15.3.417

Lorah, J. (2018). Effect size measures for multilevel models: Defini-
tion, interpretation, and TIMSS example. Large-Scale Assess-
ments in Education, 6(1), 1-11.

Lovdén, M., Schaefer, S., Pohlmeyer, A. E., & Lindenberger, U.
(2008). Walking variability and working-memory load in aging:
A dual-process account relating cognitive control to motor control

@ Springer


https://doi.org/10.1016/j.brainresbull.2006.01.002
https://doi.org/10.1016/j.brainresbull.2006.01.002
https://doi.org/10.1007/s41999-024-01010-0
https://doi.org/10.3758/CABN.2.2.121
https://doi.org/10.1016/j.gaitpost.2006.08.010
https://doi.org/10.1016/j.gaitpost.2006.08.010
https://doi.org/10.4097/kjae.2013.64.5.402
https://doi.org/10.4097/kjae.2013.64.5.402
https://doi.org/10.1016/j.gaitpost.2013.06.014
https://doi.org/10.1016/j.gaitpost.2013.06.014
https://doi.org/10.18637/JSS.V082.I13
https://doi.org/10.18637/JSS.V082.I13
https://doi.org/10.1080/15427609.2015.1068048
https://doi.org/10.1080/15427609.2015.1068048
https://doi.org/10.1177/2515245920951503
https://doi.org/10.1177/2515245920951503
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://doi.org/10.3389/fnhum.2014.00811
https://doi.org/10.3389/fnhum.2014.00811
https://doi.org/10.1007/s00221-021-06083-y
https://doi.org/10.1007/s00221-021-06083-y
https://doi.org/10.3389/fneur.2018.00913
https://doi.org/10.3389/fneur.2018.00913
https://doi.org/10.1111/1467-9280.00341
https://doi.org/10.1111/1467-9280.00341
https://doi.org/10.1037/0882-7974.15.3.417
https://doi.org/10.1037/0882-7974.15.3.417
https://doi.org/10.3758/s13428-016-0773-6
https://doi.org/10.3758/s13428-016-0773-6
https://www.john-fox.ca/Companion/
https://doi.org/10.14336/AD.2017.1031
https://doi.org/10.14336/AD.2017.1031
https://doi.org/10.1177/0891988705284738
https://doi.org/10.18637/jss.v059.i09
https://doi.org/10.1098/rsif.2011.0416
https://doi.org/10.1098/rsif.2011.0416
https://doi.org/10.1016/S0003-9993(97)90034-4
https://doi.org/10.1016/S0003-9993(97)90034-4
https://doi.org/10.1053/apmr.2001.24893
https://doi.org/10.3389/fnagi.2018.00228
https://doi.org/10.3389/fnagi.2018.00228
https://doi.org/10.1016/j.gaitpost.2018.06.012
https://doi.org/10.1016/j.gaitpost.2018.06.012
https://doi.org/10.1017/S1355617718000425

A. Parker et al.

performance. Journals of Gerontology - Series B Psychological
Sciences and Social Sciences, 63(3), 121-128. https://doi.org/10.
1093/geronb/63.3.P121

Liidecke, D. (2023). sjPlot: Data visualization for statistics in social
science (Version 2.8.14.) [R package]. https://cran.r-project.org/
web/packages/sjPlot/index.html

MATLAB. (2018). version 9.4 (R2018a) [Computer software]. Natick,
Massachusetts: The MathWorks Inc.

McNeish, D. M., & Harring, J. R. (2017). Clustered data with small
sample sizes: Comparing the performance of model-based and
design-based approaches. Communications in Statistics--Simula-
tion and Computation, 46(2), 855-869.

Minino, R., Liparoti, M., Romano, A., Mazzeo, F., Sorrentino, P.,
Tafuri, D., & Troisi Lopez, E. (2024). The influence of auditory
stimulation on whole body variability in healthy older adults dur-
ing gait. Journal of Biomechanics, 172, Article 112222. https://do
i.org/10.1016/j.jbiomech.2024.112222

Minino, R., Troisi Lopez, E., Sorrentino, P., Rucco, R., Lardone, A.,
Pesoli, M., Tafuri, D., Mandolesi, L., Sorrentino, G., & Liparoti,
M. (2021). The effects of different frequencies of rhythmic acous-
tic stimulation on gait stability in healthy elderly individuals: A
pilot study. Scientific Reports. https://doi.org/10.1038/s41598-02
1-98953-2

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S.,
Whitehead, V., Collin, 1., Cummings, J. L., & Chertkow, H.
(2005). The Montreal Cognitive Assessment, MoCA: A brief
screening tool for mild cognitive impairment. Journal of the
American Geriatrics Society, 53(4), 695—699. https://doi.org/10
A111/5.1532-5415.2005.53221.x

Noraxon. (2013). DTS FootSwitch - User Manual. Noraxon U.S.A.
Inc.

Oberfeld, D., & Kloeckner-Nowotny, F. (2016). Individual differences
in selective attention predict speech identification at a cocktail
party. eLife, 5, Article e16747. https://doi.org/10.7554/eLife.167
47

Park, J. H., Mancini, M., Carlson-Kuhta, P., Nutt, J. G., & Horak, F. B.
(2016). Quantifying effects of age on balance and gait with iner-
tial sensors in community-dwelling healthy adults. Experimental
Gerontology, 85, 48-58.

Peper, C. L. E., Oorthuizen, J. K., & Roerdink, M. (2012). Attentional
demands of cued walking in healthy young and elderly adults.
Gait & Posture, 36(3), 378-382. https://doi.org/10.1016/j.gaitpo
$t.2012.03.032

Plummer, P., & Eskes, G. (2015). Measuring treatment effects on dual-
task performance: A framework for research and clinical practice.
Frontiers in Human Neuroscience, 9, Article 225. https://doi.org/
10.3389/fnhum.2015.00225

Podsiadlo, D., & Richardson, S. (1991). The Timed “Up & Go”: A test

of basic functional mobility for frail elderly persons. Journal of

the American Geriatrics Society, 39(2), 142—148. https://doi.org/
10.1111/j.1532-5415.1991.tb01616.x

Public Health Agency of Canada. (2014). Seniors’ falls in Canada:
Protecting Canadians from illness. (2nd ed.). Public Health
Agency of Canada. https://www.canada.ca/en/public-health/serv
ices/publications/healthy-living/seniors-falls-canada-second-rep
ort.html

R Core Team. (2021). R: A language and environment for statistical
computing [Computer Software]. R Foundation for Statistical
Computing. https://www.R-project.org/

Ready, E. A., Holmes, J. D., & Grahn, J. A. (2022). Gait in younger
and older adults during rhythmic auditory stimulation is influ-
enced by groove, familiarity, beat perception, and synchroni-
zation demands. Human Movement Science, 84(June), Article
102972. https://doi.org/10.1016/j.humov.2022.102972

Ready, E. A., McGarry, L. M., Rinchon, C., Holmes, J. D., & Grahn, J.
A. (2019). Beat perception ability and instructions to synchronize

@ Springer

influence gait when walking to music-based auditory cues. Gait
and Posture, 68, 555-561. https://doi.org/10.1016/j.gaitpost.201
8.12.038

Reitan, R. M. (1958). Validity of the trail making test as an indica-
tor of organic brain damage. Perceptual and Motor Skills, 8(3),
271-276. https://doi.org/10.2466/pms.1958.8.3.271

Reuter-Lorenz, P. A., & Park, D. C. (2023). Cognitive aging and the
life course: A new look at the Scaffolding Theory. Current Opin-
ion in Psychology, 56, Article 101781. https://doi.org/10.1016/j.c
opsyc.2023.101781

Roberts, B. S., Ready, E. A., & Grahn, J. A. (2021). Musical enjoyment
does not enhance walking speed in healthy adults during music-
based auditory cueing. Gait and Posture, 89, 132—138. https://do
i.org/10.1016/j.gaitpost.2021.04.008

Sarkamo, T., & Sihvonen, A. J. (2018). Golden oldies and silver
brains: Deficits, preservation, learning, and rehabilitation effects
of music in ageing-related neurological disorders. Cortex, 109,
104—123. https://doi.org/10.1016/j.cortex.2018.08.034

Sheikh, J. 1., & Yesavage, J. A. (1986). Geriatric depression scale
(GDS) recent evidence and development of a shorter version.
Clinical Gerontologist, 5(1-2), 165—173. https://doi.org/10.1300
/J018v05n01_09

Tian, Q., Chastan, N., Bair, W.-N., Resnick, S. M., Ferrucci, L., &
Studenski, S. A. (2017). The brain map of gait variability in
aging, cognitive impairment and dementia-A systematic review.
Neuroscience and Biobehavioral Reviews, 74, 149—162. https://d
oi.org/10.1016/j.neubiorev.2017.01.020

Verghese, J., Holtzer, R., Lipton, R. B., & Wang, C. (2009). Quantita-
tive gait markers and incident fall risk in older adults. Journals
of Gerontology - Series A Biological Sciences and Medical Sci-
ences, 64(8), 896-901. https://doi.org/10.1093/gerona/glp033

Vitorio, R., Stuart, S., Gobbi, L. T. B., Rochester, L., Alcock, L., &
Pantall, A. (2018). Reduced gait variability and enhanced brain
activity in older adults with auditory cues: A functional near-
infrared spectroscopy study. Neurorehabilitation and Neural
Repair, 32(11), 976-987. https://doi.org/10.1177/154596831880
5159

Wilson, R. H., Abrams, H. B., & Pillion, A. L. (2003). A word-recog-
nition task in multitalker babble using a descending presentation
mode from 24 dB to 0 dB signal to babble. Journal of Rehabilita-
tion Research and Development, 40(4), 321-327. https://doi.org/
10.1682/JRRD.2003.07.0321

World Health Organization. (1991). Informal Working Group on Pre-
vention of Deafness and Hearing Impairment Programme Plan-
ning. World Health Organization.

Wright, D. L., & Kemp, T. L. (1992). The dual-task methodology and
assessing the attentional demands of ambulation with walking
devices. Physical Therapy, 72(4), 306-315. https://doi.org/10.1
093/ptj/72.4.306

Waulf, G. (2013). Attentional focus and motor learning: A review of
15 years. International Review of Sport and Exercise Psychology,
6(1), 77-104.

Yogev-Seligmann, G., Hausdorff, J. M., & Giladi, N. (2008). The role
of executive function and attention in gait. Movement Disorders,
23(3), 329-342. https://doi.org/10.1002/mds.21720

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.gaitpost.2018.12.038
https://doi.org/10.1016/j.gaitpost.2018.12.038
https://doi.org/10.2466/pms.1958.8.3.271
https://doi.org/10.1016/j.copsyc.2023.101781
https://doi.org/10.1016/j.copsyc.2023.101781
https://doi.org/10.1016/j.gaitpost.2021.04.008
https://doi.org/10.1016/j.gaitpost.2021.04.008
https://doi.org/10.1016/j.cortex.2018.08.034
https://doi.org/10.1300/J018v05n01_09
https://doi.org/10.1300/J018v05n01_09
https://doi.org/10.1016/j.neubiorev.2017.01.020
https://doi.org/10.1016/j.neubiorev.2017.01.020
https://doi.org/10.1093/gerona/glp033
https://doi.org/10.1177/1545968318805159
https://doi.org/10.1177/1545968318805159
https://doi.org/10.1682/JRRD.2003.07.0321
https://doi.org/10.1682/JRRD.2003.07.0321
https://doi.org/10.1093/ptj/72.4.306
https://doi.org/10.1093/ptj/72.4.306
https://doi.org/10.1002/mds.21720
https://doi.org/10.1093/geronb/63.3.P121
https://doi.org/10.1093/geronb/63.3.P121
https://cran.r-project.org/web/packages/sjPlot/index.html
https://cran.r-project.org/web/packages/sjPlot/index.html
https://doi.org/10.1016/j.jbiomech.2024.112222
https://doi.org/10.1016/j.jbiomech.2024.112222
https://doi.org/10.1038/s41598-021-98953-2
https://doi.org/10.1038/s41598-021-98953-2
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.7554/eLife.16747
https://doi.org/10.7554/eLife.16747
https://doi.org/10.1016/j.gaitpost.2012.03.032
https://doi.org/10.1016/j.gaitpost.2012.03.032
https://doi.org/10.3389/fnhum.2015.00225
https://doi.org/10.3389/fnhum.2015.00225
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://www.canada.ca/en/public-health/services/publications/healthy-living/seniors-falls-canada-second-report.html
https://www.canada.ca/en/public-health/services/publications/healthy-living/seniors-falls-canada-second-report.html
https://www.canada.ca/en/public-health/services/publications/healthy-living/seniors-falls-canada-second-report.html
https://www.R-project.org/
https://doi.org/10.1016/j.humov.2022.102972

	﻿Walking to a Beat is Modulated by Task Complexity and Individual Differences in Age, Beat Perception, and Selective Attention
	﻿Abstract
	﻿Introduction
	﻿Method
	﻿Participants
	﻿Materials and Procedure
	﻿Session 1: Screening and Background
	﻿Physical and Mental Health
	﻿Auditory Functioning
	﻿Mobility, Cognition, and Beat Perception



	﻿Session 2: Experimental Tasks
	﻿Single-Task Listening
	﻿Single-Task Walking
	﻿Dual-Task Conditions

	﻿Data Analyses
	﻿Results
	﻿Model 1: DTC of Step-Time CoV%
	﻿Model 2: Hits Minus False Alarms
	﻿Post-Hoc Analyses

	﻿Discussion
	﻿Middle-Aged Adults Benefit from Walking to a Beat
	﻿Benefit to Gait During RAS Was Modulated by Task Complexity
	﻿Individual Differences in Beat Perception
	﻿Individual Differences in Auditory Selective Attention
	﻿Conclusion

	﻿References


