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Abstract

Background

Ageing is associated with declining mobility, which negatively impacts quality of life and incurs
substantial economic costs. Techniques to maintain safe mobility in older adults are therefore essential.
Rhythmic auditory cueing (RAC) can improve walking patterns in older adults. However, the neural
correlates associated with RAC, how they are influenced by repeated exposure and their relationships with
gait response, cognitive function and depressive symptoms are unclear.

Obijectives

This study aimed to investigate the effects of RAC during walking on cortical activation and the
relationship between RAC-related cortical changes and cognitive function, depressive symptoms and gait
response.

Methods

Seventeen young adults and eighteen older adults walked on a motorised treadmill for 5-minutes (5 trials
with alternating 30-second blocks of usual walking and RAC walking). Changes in oxygenated
haemoglobin (HbO.) in the frontal cortex were recorded using functional near infra-red spectroscopy.
Cognitive domains were assessed through validated tests. A triaxial accelerometer measured gait
parameters.

Results

Gait variability decreased and prefrontal HbO:> levels increased during cued walking relative to usual
walking. Older adults showed greater HbO> levels in multiple motor regions during cued walking although
the response reduced with repeated exposure. In older adults, lower depression scores, higher cognitive
functioning and reduced gait variability were linked with increased HbO: levels during RAC walking.

Conclusion



These findings suggest that walking improves with RAC in older adults and is achieved through increased
activity in multiple cortical areas. The cortical response decline with repeated exposure indicates older
adults’ ability to adapt to a new task.

Key words

Auditory cueing, fNIRS, walking, cognition, cortex



INTRODUCTION

Walking deteriorates with age and this is associated with structural and functional changes in the brain
and decreased independence and safety'3. Age-related gait impairments include reduced walking speed,
step length and swing time, and greater intra-individual gait variability*®. Impaired gait is a strong and
independent risk factor for falling® with fall-related complications leading to diminished quality of life’
and considerable economic costs®. With ageing, there is also a substantial increase in the prevalence of
multi-morbidity which is associated with greater levels of immobility®. Structural and functional changes
in the brain occur with ageing?, together with cognitive impairments affecting particularly memory,
attention, planning and processing speed'®. Reduced mobility is linked to sub-clinical changes in cognition
and brain structures®3. Functionally, age-related changes during imagined locomotion and rhythmic
movements include increased activity in, or activation of, additional brain regions!**2, which may
represent a compensatory mechanism due to impaired brain function and/or loss of automatism. Effective
therapies to maintain safe mobility in ageing are therefore essential to help overcome age related changes

in neural pathways controlling gait.

The application of rhythmic auditory cueing (RAC), a relatively simple, low-cost approach, has been used
effectively to improve gait in patient populations such as PD*3*, The limited research on cueing in healthy
older adults demonstrates a beneficial effect on gait spatiotemporal measures, including, but not limited
to, increase in step length and speed and decrease in temporal variability*>’. Underlying neural correlates
identified from neuroimaging studies investigating upper or lower limb synchronization to a rhythmical
cue include motor cortical regions, such as the premotor cortex (PMC) and supplementary motor area
(SMA)'®2 There is also evidence that rhythmic stimulation facilitates basal ganglia-PMC interactions®*°
in addition to cerebello-thalamo-cortical pathways?!. The neural correlates of real cued walking are

however not well defined. One study on healthy older adults indicated that stepping in time to rhythmic



auditory cues relies on executive/attentional control, implying increased prefrontal cortex (PFC)

involvement?®,

Factors affecting response to cueing are not well described in the literature. Clinical observations suggest
that not every individual responds positively to cueing, which may occur due to the inability to recruit
appropriate brain regions to control cued walking. For example, the effect of cognitive function on
responsiveness to cued walking is unknown, with studies showing conflicting gait responses in people
with dementia exposed to a cueing stimulus'4?223, Additionally, diminished attention is frequently present
in older adults, which may result in a decreased response to an auditory cue. Depressive symptoms may
also play a role in response to cueing as they limit the capacity to recruit cortical areas associated with
cognitive processes?*. Another important consideration when applying cues to improve mobility is how
repeated exposure (or habituation) may impact one’s response to cueing. Although initial exposures to
RAC suggest increased attentional control and movement specific reinvestment®®, repeated exposure may
result in adaption and lead to a more automatic control of gait, with fewer demands on cognitive and
attentional resources. Recording cortical activity during repeated exposures to RAC is essential to
understand this issue better and it has not yet been reported in the literature. The development of a robust
body of knowledge about factors affecting the neural response to cueing will contribute to the optimization

of interventions.

In this study, we apply RAC during repeated trials of walking to investigate the effect of ageing on the
response of frontal cortical regions to auditory stimuli. We aim to identify how RAC-related changes in
cortical activity relate to subsequent gait response to RAC. Additionally, we explore the relationship
between RAC-related changes in cortical activity and measures of cognitive function and depressive
symptoms. We hypothesised firstly, that cued walking will result in more widespread cortical activity in

older adults and decreased gait variability. Secondly, stepping in time to a rhythmical beat will be more



attentionally demanding, indicated by increased PFC activity. Our third hypothesis was that repeated
exposure to RAC will lead to a more automatic control of gait (expressed as reduction in cortical activity
over trials). Finally, our fourth hypothesis was that depressive symptoms and reduced cognitive function

will be associated with decreased cortical response to cued walking.

METHODS
Participants and initial screening

Power analysis using preliminary pilot data from healthy younger and older participants indicated that a
sample size of 30 (15 per group) was sufficient to identify changes of 4.3% with a power of 0.8. Fifteen
healthy young and fifteen older adults therefore participated in this study. Participants were recruited
through local advertisements (i.e. posters placed in strategic areas of the campus; e-mails circulated to
staff and students; a call for older adult participants was made through community-based partnerships).
Study procedures were approved by the university ethics committee and participants provided written
informed consent prior to participation. Participants were included if they were: able to walk unaided for
at least 5 minutes; community dwelling; had adequate hearing and vision (as judged by correct recall on
the Whisper Test and a score of 6/12 using the Snellen chart, respectively); and within the age range of
20-40 years for young adults and >60 years for older adults. Exclusion criteria included: diagnosis of
major gait abnormality; major depressive disorder; clinical diagnosis of dementia or other severe cognitive
impairment (defined as Montreal Cognitive Assessment, MoCA; score < 21)?%; chronic musculoskeletal,

unstable cardiovascular, neurological or respiratory disease and; acute lower back or lower extremity pain.

Demographic and cognitive assessments



The following demographic information was collected: age, height, weight and years of education. Mood
and several cognitive domains were assessed through validated questionnaires. Global cognitive function
was measured with the MoCA (score range 0-30; higher score — greater cognitive function)®. Depressive
symptoms were assessed using Beck Depression Inventory (range 0-63; higher score — greater depressive
severity)?®. Executive function and visuo-spatial ability were assessed using clock drawing and copying
tasks (Royall’s CLOX 1 and 2)?’. Working memory was assessed using forward digit span from the
Wechsler Adult Intelligence Scale?®. Fear of falling was measured using the Falls Efficacy Scale —

International (FES-1)?°, which is a multiple-choice self-report questionnaire.
Experimental design and equipment

All participants completed a warm up walk permitting familiarization with walking on a treadmill and
preferred walking speed was recorded. No participants exhibited any difficulty in walking on the treadmill
during this initial walk. Participants walked on a treadmill, at self-selected preferred walking speed,
performing two different tasks: (i) usual walking and (ii) cued walking (RACs were delivered with a
digital metronome at preferred stepping frequency). Preferred walking speed on the treadmill was
determined by increasing belt speed until it was faster than the participants’ preferred speed, then reducing
belt speed until preferred speed was achieved. Participants were asked to walk at selected speed for 1 to 2
minutes so that preferred stepping frequency could be calculated (steps per minute). The two tasks were
presented in a 5-minute block of alternating tasks (block design). The block consisted of 30 seconds of
usual walking followed by 30 seconds of cued walking with five trials/repetitions. Participants were
instructed to step in time to the beats for the cued walking condition. Preferred cadence has been reported

as optimal coupling between gait and metronome beats*’.

A tethered fNIRS system (LABNIRS, Shimadzu, Kyoto, Japan) with continuous wave laser diodes with

wavelengths of 780, 805 and 830 nm was used to record changes in oxy- (HbO2) and deoxygenated



haemoglobin (HHb) at a sampling rate of 23.8 Hz. Tethered fNIRS systems commercialized by Shimadzu
(e.g. LABNIRS, OMM-3000, OMM-2001, OM100-A) have been used in different areas of research
(including but not limited to Sports Medicine, Rehabilitation and Cognitive Psychology). Noah et al.
(2015), investigated the validity of the Shimadzu OMM-3000 system, and reported that in a dance video
game, the correlation between fNIRS and fMRI signals was high (r=0.78; p = 0.03) 3. Miyai et al (2001)
assessed the cortical activation during foot movements and gait imagery using both fNIRS (by Shimadzu)
and fMRI %, The activation patterns of supplementary motor areas and medial primary motor cortices in
fMRI were similar to those of fNIRS topography. Dravida et al (2018) using the LABNIRS system,

observed high test-retest intra class correlation (ICC) for HbO during manual tasks (overall ICC =0.76)%,

A 40-channel arrangement with 25 optodes (5 x 5), consisting of 13 transmitters and 12 detectors, covered
the frontal lobe in both right and left hemispheres. Interoptode distance was 30 mm. After the Cz position
was determined on participants’ head, a whole-head fiber holder marked with labels of the international
10-10 EEG System (Whole-Head Fiber Holder, Shimadzu, Kyoto, Japan) was placed on the participant’s
head. A digitizer (FASTRAK, Polhemus, VT, USA) was used to provide 3-dimensional coordinates of
anatomical references (Cz, nasion and left and right preauricular points) and positions of optodes. The
Spatial Registration routine (stand-alone NIRS, using 3D digitizer) available in the free software package

NIRS-SPM (NIRS-SPM, http://www.nitrc.org/projects/nirs_spm)** was used to find the correspondence

between the scalp location where the fNIRS measurement was performed and its underlying cortical
surface where the source signal was located. NIRS-SPM allows registration of fNIRS channel data onto
the Montreal Neurological Institute standard space®. Cortical regions assessed included PFC (Brodmann
Areas 8, 9, 10, 45 and 46), PMC (Brodmann Area 6, lateral), SMA (Brodmann Area 6, medial) and
primary motor cortex (M1; Brodmann Area 4). Participants wore a triaxial accelerometer-based device

(AX3; Axivity, York, UK; dimensions: 23.0 mm x 32.5 mm x 7.6 mm; weight: 9 g) at the fifth lumbar


http://www.nitrc.org/projects/nirs_spm

vertebral level which recorded gait data. The accelerometer was attached using double sided tape and
Hypafix (BSN Medical Limited, Hull, UK) and programmed to capture with a sampling frequency of 100

Hz (16 bit resolution, range = 8 g).
Data processing and analysis

Processing of fNIRS signals followed current recommendations when possible®. The fNIRS data were
pre-processed using the Time Series Analysis routine available in the NIRS-SPM and included the
following steps: (i) filtering: high frequency noise was reduced using a low-pass filter based on canonical
hemodynamic response function®’; (ii) detrending: a wavelet-minimum description length detrending
algorithm was applied to decompose NIRS measurements into global trends, hemodynamic signals and
uncorrelated noise components as distinct scales®. This reduced unknown global trend due to breathing,
cardiac, vasomotion, or other experimental errors (including movement artefacts); (iii) baseline correction:
set at the initial time. We used HbO> concentration as a marker for the regional cortical activation, since
it is more sensitive to locomotion-related activities than HHb®. Pre-processed concentrations of HbO;
were exported to MATLAB (MATLAB and Statistics Toolbox Release R2015a, The MathWorks, Inc.,
Natick, Massachusetts, United States). First, channels were averaged per region of interest (i.e. right and
left PFC, PMC, SMA and M1 and normalized (normHbO>) by dividing them by the corresponding signal
amplitude of the whole experiment*°. Each of the five trials was divided into two phases: (i) a control task
period running from 15 to 25 seconds of usual walking; (ii) an experimental task period running from 5
to 25 seconds after the start of cued walking. The 10 seconds of usual walking period prior to the task
served as the baseline. The last 5 seconds of the usual walking and initial and final 5 seconds of RAC
walking were removed to exclude anticipatory changes by the participant (due to the constant 30 second
x 30 second design). Additionally, removal of these transitional periods accounted for the 4-6s delay of

the haemodynamic response. The normalized HbO: concentration was averaged over the control task



period (usual walking) and experimental task period (cued walking) for each region of interest and each
trial. Differences between control task and the experimental task were also calculated for each region of
interest and each trial to evaluate the relative change in HbO> concentration (diffHbO) during cued

walking.

Spatio-temporal gait parameters were extracted from the accelerometer data according to published
methods developed by our research group and described in previous publications*#2, Gait variables
included: step time, swing time, step length and gait variability (i.e. step time, stance time, swing time,

step length and step velocity).
Statistical analysis

Differences in the levels of normHbO: between groups (i.e., young vs. older adults), tasks (i.e., usual
walking vs. RAC) and trials (i.e., 1, 2, 3, 4 and 5) were analysed using linear mixed models in SPSS (v21,
IBM, Chicago, Il., USA), P< 0.05, while controlling for treadmill speed. Bonferroni corrections for
multiple comparisons (p-value / number of comparisons) were applied to the post hoc analyses. Similar
procedures were used to assess changes across trials in the diffHbO; levels (i.e., RAC HbO; - usual
walking HbO>), including group and trial as fixed factors. Linear regression analyses were performed to
determine the individual slope of cortical activation (diffHbO.) across trials; independent samples t-tests
were used to compare groups and one-sample t-tests were used to assess the attenuation or increase in
cortical activation across trials. Gait measures were also analysed using the linear mixed model approach.
The association between cortical activation and cognitive or gait measures was explored using Spearman

and Pearson correlation coefficients (according to data type and distribution).

RESULTS



Participant characteristics are presented in Table 1. Older adults walked with a slower self-selected
treadmill speed than young adults (p<0.05). In addition, older adults showed decreased executive visuo-

spatial ability (Royals CLOX 2 score) and less years of formal education than young adults (p<0.05).
(Insert Table 1 here)

HbO:2 levels

Response to rhythmic auditory cues across trials

Significant two-way interactions (group*task) were observed for normHbO: levels in the left PMC (F1,297
=9.527, p =0.002), right PMC (F1,297 = 16.965, p < 0.001) and left SMA (F1297 = 37.267, p < 0.001). Post
hoc comparison tests revealed that older adults increased normHbO; levels in the three motor regions (left
PMC, effect size = 0.18; right PMC, effect size = 0.24; left SMA, effect size = 0.35) whereas younger
adults did not increase motor cortical activity in response to RACs (Figure 1). Both groups increased
bilateral PFC normHbO: levels in response to RACs (left PFC-young: F1,297 = 21.297, p < 0.001, effect
size = 0.27; right PFC-young: F1,297=19.531, p < 0.001, effect size = 0.26; left PFC-older: F1,297 = 10.702,

p = 0.001, effect size = 0.19; right PFC-older: F1,297 = 11.029, p = 0.001, effect size = 0.19) (Figure 1).
(Insert Figure 1 here)
Response to rhythmic auditory cues between trials

Significant three-way interactions (group*task*trial) were observed for normHbO: levels in the SMA,
PMC and M1 (Table 2). Post hoc analysis revealed that in young adults, normHbO:? levels did not change
during RAC, as compared to usual walking, in any of the five trials performed. In contrast, older adults
increased normHbO; levels during RAC, as compared to usual walking, in the first one or two trials
performed (Table 2). Accordingly, older adults showed higher levels of diffHbO, than young adults in the

first and/or second trial (Figure 2). Further analysis revealed a trial effect for the motor regions with



significant differences between trials for older adults only. The first and/or second trial displayed greater

diffHbO: levels compared to the fourth and/or the fifth trial (Figure 2).
(Insert Table 2 and Figure 2 here)
Change in diffHbO2 over five trials

Linear regression analyses showed that cortical activation in older adults significantly attenuated across
the five trials in all areas assessed. Young adults, by contrast showed no significant change over time

(Supplementary Table 1).
Gait measures

As expected, there was a significant difference between groups with older adults having a significantly
shorter step length and increased gait variability compared to young adults (see Supplementary Table 2).
The preferred cadence was 99.6 steps per minute for young adults and 97.5 steps per minute for older
adults. RAC resulted in a significant increase in swing time and decreased step length variability and step
velocity variability in both older and young adults, averaged across trials (see Supplementary Table 2).
No significant interactions were observed for gait measures (p > 0.05). Linear regression analyses for gait

confirmed that response to cueing did not change over time in both groups (p > 0.05).

Association between RAC-related changes in cortical activity and cognition, depressive symptoms

and gait

In older adults, there was a significant negative association between the Beck Depression Inventory score
and diffHbO: in the bilateral PFC, right PMC and right M1. Additionally, older adults demonstrated a
positive association between the MoCA score and diffHbO> in the right PMC (rh0=0.547, p=0.019) and
left SMA (rho=0.472, p=0.048) (Table 3). By contrast, there was no significant association between

cognitive measures and diffHbO; in young adults.



(Insert Table 3 here)

The diffHbO2 was also related to changes in gait in both young and older adults; however, there was a
different pattern depending on group. In young adults, greater step length variability was associated with
greater diffHbO- in the left PMC and M1 (Figure 3). By contrast, in older adults greater step length and
step velocity variability were associated with diminished diffHbO: in all motor regions (Figure 3; Table

3).

(Insert Figure 3 here)

DISCUSSION

This study investigated the effects of ageing on cortical activation in response to repeated trials of RAC
during walking and explored the relationship between cortical changes and measures of cognitive
function, depressive symptoms and gait response. We demonstrated that ageing leads to activation of
additional motor regions, confirming our first hypothesis. Here we show for the first time that RAC
walking increases PFC activity in both young and older adults, supporting our second hypothesis. The
increased cortical activity measured in the first trial declined with repeated exposure to cueing in older
adults, indicating an adaption process in healthy older adults; this finding confirmed our third hypothesis.
Finally, corroborating our fourth hypothesis, we found significant correlations in older adults between
RAC-related changes in cortical activity and measures of gait (response to RAC), cognitive function and

depressive symptoms, suggesting strong interactions between motor and cognitive networks.

Differences in motor cortical activity in response to cued walking: the effects of age. Ageing leads to

activation of more motor cortical regions (PMC, SMA, and M1) when walking with RACs (Figures 1, 2;



Table 2), particularly during initial trials. Our findings are consistent with neuroimaging studies
demonstrating older adults recruit additional motor areas during imagined walking**'?. The neural
compensation hypothesis*® and the cognitive resource theories of ageing* propose that as a given task
becomes more demanding, older adults recruit additional cortical regions to manage the increased relative
demands. One explanation for this theory is that age-related structural and/or functional changes in the
brain impairs previously used brain networks. Consequently, the older adults recruited additional cortical
regions (i.e., PMC, SMA and M1) while walking to RACs, demonstrating compensatory recruitment®.
Increased cortical recruitment may also be explained by reduced cortical reciprocal inhibition reported in
older adults*®. The changes in cortical activity cannot be accounted for by differences in walking velocity,
as this remained similar between walking tasks, in contrast to findings from a previous study*!. Increased
activity of the left SMA may be related to the lateralisation that has been reported. The SMA is directly
connected to Broca’s area in the left hemisphere in right sided dominant individuals through the frontal
aslant tract #’.The frontal aslant tract forms part of the posterodorsal auditory pathway involved in

sensorimotor integration and may play an important role in cued motor responses.

Cortical activation patterns in the PFC in response to rhythmical auditory cueing of gait. RAC
intensifies the usage of PFC cognitive resources (i.e. attention and executive functions) during walking in
both young and older adults. This concurs with one study demonstrating the attentional and/or executive
demands of walking to rhythmic auditory cues in healthy older adults’®. The process of synchronising
each step to a beat increases executive and/or attentional control as supported by greater PFC activity

irrespective of age.

Effect on cortical activity of repeated exposure to rhythmic auditory cue. After two trials, the
increased activation of cortical motor regions was no longer observed. Cued treadmill walking represents

a novel task requiring greater precision and motor control and may present a higher task demand for older



adults. The decreased motor cortical response with repeated exposure suggests incorporation of external
temporal information signalling stepping frequency (provided by the RAC), into subcortical locomotor
pathways, reducing task demand. Linear regression analysis of cortical activation showed older adults also
decreased PFC activation with repeated exposure. A possible explanation is that older adults may have a
limited capacity to concentrate on RACs over prolonged periods. Alternatively, repetitions of the task may
result in adaption and a reduced need for attentional control as subcortical networks become more active.
Analysis of gait data indicated that gait variability did not change with repetitive task exposure, supporting

the second explanation.

Relationship between gait characteristics, cognitive function and cortical activation. In older adults,
we observed consistent negative correlations between relative HbO2 and changes in gait variability in all
motor regions (see Table 3). Individuals with the largest decrease in temporal and spatial gait variability
showed the largest increase in activation of cortical motor regions similar to a previous study involving
cued foot movements!!. By contrast, the opposite was observed in young adults (Figure 3). Three possible
explanations are: i) the temporal demands of synchronising stepping movements to the beat come at a
higher motor cost in older adults requiring greater cortical motor activation to synchronise stepping
movements to the beat (and therefore reduced variability). ii) Older adults employ different motor control
strategies with greater muscle co-activation than younger adults during usual walking®® resulting in
increased joint stiffness. Agonist muscles must contract more strongly to achieve the desired movement,
which is associated with greater cortical activity*®. The increased joint stiffness, both active and passive,
together with increased damping (dissipation of energy) will partly determine gait variability. In the
absence of sudden or high frequency perturbations®, increased joint stiffness may be associated with
increased stability and decreased gait variability. iii) The explanation for the positive correlation between

gait variability and cortical activity in younger adults may be associated with control of walking relying



more on automatic pathways. Higher cortical activity in young individuals may be an indication of

dysfunctional automatic pathways and consequentially greater gait variability.

Depressive symptoms and global cognitive status influence the cortical response to RACs during walking
in older adults but not young adults. Our results showed that less severe depressive symptoms and better
cognitive function were associated with increased cortical activation during RAC walking. These findings
are consistent with studies showing reduced activation of the PFC and/or SMA during cognitive tasks in
patients with major depressive disorder?* and cognitive impairments®. As the older adults enrolled in the
current study were high-functioning, independent and cognitively preserved (based on MoCA score), the
observed correlations might be an indication of early functional changes in cortical activation in those

with very mild cognitive declines.

Study Limitations. Limitations apply while interpreting the current findings. First, treadmill walking may
not represent overground walking. The treadmill acts as a pace maker, dictating the rhythm of walking.
However, the fact that we observed changes in gait variability and cortical changes, given the constraints
of treadmill walking, strengthens the association. A second limitation is that our sample included high-
functioning older adults, which limits the generalization of current findings. Additionally, the test we
selected for global cognition, the MoCA, is semi-quantitative and has a ceiling effect. The moderate
correlations we reported between cognition and cortical activity may be higher if we selected a test where
scores were normally distributed or recruited participants with a wider range of MoCA scores. A third
limitation is that short separation channels were not used, which may have reduced scalp blood flow
artefact®. Short separation channels have been recently suggested to correct the fNIRS signal for
haemodynamic changes in superficial tissue layers. However, the impact on our findings should be
minimal as the treadmill speed was kept constant for both walking conditions. Additionally, as older adults

walked slower than young adults, we used a statistical model with treadmill speed as a covariate. Finally,



the differential path length factor, which is a correction factor that must be incorporated when the Lambert-
Beer law is applied to biological tissues, is not known for adults older than 50 years. Consequently, the
same differential path length factor is commonly used for those older than 50 years. This limitation applies
for all fNIRS studies involving older adults. Despite these limitations, this study advances the current

knowledge about the effects of ageing on the activation of cortical regions during walking to RAC.

Clinical Implications. This study demonstrates that in older adults RAC results in increased activity
across multiple cortical areas and decreased gait variability. Although a novel task such as cued treadmill
walking is attentionally demanding as supported by increased PFC activity, the increase attenuates to
levels similar to younger adults in a fairly short time period, demonstrating adaption. Clinicians applying
RACs to aid older adult gait should conduct multiple trials to ensure that the cue is integrated into
automatic gait control. The cognitive and depressive status of the older adult should be assessed prior to

administering cueing therapy, as these may adversely affect the response to cues.

CONCLUSIONS

In conclusion, this novel study demonstrated positive compensation strategies employed by older adults
when walking to an RAC resulting in improved gait performance (reduced gait variability). Additionally,
results confirmed the involvement of the PFC in the control of walking to rhythmic auditory cues in young
and older adults, with a significant reduction in activity following repeated exposure indicating a training
effect. Finally, this study highlights the interaction between cognitive capacity, increased cortical activity
and changes in gait parameters, stressing the need to take a holistic multi-system approach when managing

gait in the older adult.



Acknowledgements

This work was supported by the National Institute for Health Research (NIHR) Newcastle Biomedical

Research Unit (BRU) and centre (BRC) based at Newcastle upon Tyne Hospitals NHS Foundation Trust

and Newcastle University. The research was also supported by NIHR Newcastle CRF Infrastructure

funding and Sao Paulo Research Foundation (FAPESP 2016/22750-0; postdoctoral fellowship to Rodrigo

Vitorio). The views expressed are those of the authors and not necessarily those of the NHS, the NIHR or

the Department of Health. Authors acknowledge the contribution of Ellen Lirani-Silva, MSc, with data

collection and Dr Silvia Del Din with analysis of accelerometer data.

References

1. Studenski S, Perera S, Patel K, et al. Gait speed and survival in older adults. JAMA. 2011;305(1):50-58.

2. Demnitz N, Zsoldos E, Mahmood A, et al. Associations between Mobility, Cognition, and Brain Structure
in Healthy Older Adults. Front Aging Neurosci. 2017;9:155.

3. Morris R, Lord S, Bunce J, Burn D, Rochester L. Gait and cognition: Mapping the global and discrete
relationships in ageing and neurodegenerative disease. Neurosci Biobehav Rev. 2016;64:326-345.

4. Callisaya ML, Blizzard L, Schmidt MD, McGinley JL, Srikanth VK. Ageing and gait variability--a population-
based study of older people. Age Ageing. 2010;39(2):191-197.

5. Schrager MA, Kelly VE, Price R, Ferrucci L, Shumway-Cook A. The effects of age on medio-lateral stability
during normal and narrow base walking. Gait Posture. 2008;28(3):466-471.

6. Hamacher D, Singh NB, Van Dieen JH, Heller MO, Taylor WR. Kinematic measures for assessing gait
stability in elderly individuals: a systematic review. J R Soc Interface. 2011;8(65):1682-1698.

7. Lin SI, Chang KC, Lee HC, Yang YC, Tsauo JY. Problems and fall risk determinants of quality of life in older
adults with increased risk of falling. Geriatr Gerontol Int. 2015;15(5):579-587.

8. Heinrich S, Rapp K, Rissmann U, Becker C, Konig HH. Cost of falls in old age: a systematic review.
Osteoporos Int. 2010;21(6):891-902.

9. Fabbri E, Zoli M, Gonzalez-Freire M, Salive ME, Studenski SA, Ferrucci L. Aging and Multimorbidity: New
Tasks, Priorities, and Frontiers for Integrated Gerontological and Clinical Research. J Am Med Dir Assoc.
2015;16(8):640-647.

10. Deary lJ, Corley J, Gow AJ, et al. Age-associated cognitive decline. Br Med Bull. 2009;92:135-152.

11. Heuninckx S, Wenderoth N, Swinnen SP. Systems neuroplasticity in the aging brain: recruiting additional
neural resources for successful motor performance in elderly persons. J Neurosci. 2008;28(1):91-99.

12. Zwergal A, Linn J, Xiong G, Brandt T, Strupp M, Jahn K. Aging of human supraspinal locomotor and

postural control in fMRI. Neurobiol Aging. 2012;33(6):1073-1084.



13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

Ginis P, Heremans E, Ferrari A, Dockx K, Canning CG, Nieuwboer A. Prolonged Walking with a Wearable
System Providing Intelligent Auditory Input in People with Parkinson's Disease. Front Neurol.
2017;8:128.

Rochester L, Burn DJ, Woods G, Godwin J, Nieuwboer A. Does auditory rhythmical cueing improve gait in
people with Parkinson's disease and cognitive impairment? A feasibility study. Mov Disord.
2009;24(6):839-845.

Peper CL, Oorthuizen JK, Roerdink M. Attentional demands of cued walking in healthy young and elderly
adults. Gait Posture. 2012;36(3):378-382.

Eikema DJ, Forrester LW, Whitall J. Manipulating the stride length/stride velocity relationship of walking
using a treadmill and rhythmic auditory cueing in non-disabled older individuals. A short-term feasibility
study. Gait Posture. 2014;40(4):712-714.

Wittwer JE, Webster KE, Hill K. Music and metronome cues produce different effects on gait
spatiotemporal measures but not gait variability in healthy older adults. Gait Posture. 2013;37(2):219-
222.

Chen JL, Penhune VB, Zatorre RJ. The role of auditory and premotor cortex in sensorimotor
transformations. Ann N Y Acad Sci. 2009;1169:15-34.

te Woerd ES, Oostenveld R, Bloem BR, de Lange FP, Praamstra P. Effects of rhythmic stimulus
presentation on oscillatory brain activity: the physiology of cueing in Parkinson's disease. Neuroimage
Clin. 2015;9:300-309.

Bednark JG, Campbell ME, Cunnington R. Basal ganglia and cortical networks for sequential ordering and
rhythm of complex movements. Front Hum Neurosci. 2015;9:421.

Sen S, Kawaguchi A, Truong Y, Lewis MM, Huang X. Dynamic changes in cerebello-thalamo-cortical
motor circuitry during progression of Parkinson's disease. Neuroscience. 2010;166(2):712-719.

Wittwer JE, Webster KE, Hill K. Effect of rhythmic auditory cueing on gait in people with Alzheimer
disease. Arch Phys Med Rehabil. 2013;94(4):718-724.

Clair AA, O'Konski M. The effect of rhythmic auditory stimulation (RAS) on gait characteristics of
cadence, velocity, and stride length in persons with late stage dementia. J Music Ther. 2006;43(2):154-
163.

Zhang H, Dong W, Dang W, et al. Near-infrared spectroscopy for examination of prefrontal activation
during cognitive tasks in patients with major depressive disorder: a meta-analysis of observational
studies. Psychiatry Clin Neurosci. 2015;69(1):22-33.

Dalrymple-Alford JC, MacAskill MR, Nakas CT, et al. The MoCA: well-suited screen for cognitive
impairment in Parkinson disease. Neurology. 2010;75(19):1717-1725.

Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for measuring depression. Arch Gen
Psychiatry. 1961;4:561-571.

Royall DR, Cordes JA, Polk M. CLOX: an executive clock drawing task. J Neurol Neurosurg Psychiatry.
1998;64(5):588-594.

Wechsler D. A Standardized Memory Scale for Clinical Use. J Psychol. 1945:9.

Yardley L, Beyer N, Hauer K, Kempen G, Piot-Ziegler C, Todd C. Development and initial validation of the
Falls Efficacy Scale-International (FES-1). Age Ageing. 2005;34(6):614-619.

Roerdink M, Bank PJ, Peper CL, Beek PJ. Walking to the beat of different drums: practical implications for
the use of acoustic rhythms in gait rehabilitation. Gait Posture. 2011;33(4):690-694.

Noah JA, Ono Y, Nomoto Y, et al. fMRI Validation of fNIRS Measurements During a Naturalistic Task. J Vis
Exp. 2015(100):e52116.

Miyai |, Tanabe HC, Sase |, et al. Cortical mapping of gait in humans: a near-infrared spectroscopic
topography study. Neuroimage. 2001;14(5):1186-1192.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.
46.

47.

48.

49.

50.

51.

52.

Dravida S, Noah JA, Zhang X, Hirsch J. Comparison of oxyhemoglobin and deoxyhemoglobin signal
reliability with and without global mean removal for digit manipulation motor tasks. Neurophotonics.
2018;5(1):011006.

Ye JC, Tak S, Jang KE, Jung J, Jang J. NIRS-SPM: statistical parametric mapping for near-infrared
spectroscopy. Neuroimage. 2009;44(2):428-447.

Tsuzuki D, Dan |. Spatial registration for functional near-infrared spectroscopy: from channel position on
the scalp to cortical location in individual and group analyses. Neuroimage. 2014;85 Pt 1:92-103.

Vitorio R, Stuart S, Rochester L, Alcock L, Pantall A. fNIRS response during walking - Artefact or cortical
activity? A systematic review. Neurosci Biobehav Rev. 2017;83:160-172.

Friston KJ, Josephs O, Zarahn E, Holmes AP, Rouquette S, Poline J. To smooth or not to smooth? Bias and
efficiency in fMRI time-series analysis. Neuroimage. 2000;12(2):196-208.

Jang KE, Tak S, Jung J, Jang J, Jeong Y, Ye JC. Wavelet minimum description length detrending for near-
infrared spectroscopy. J Biomed Opt. 2009;14(3):034004.

Suzuki M, Miyai |, Ono T, et al. Prefrontal and premotor cortices are involved in adapting walking and
running speed on the treadmill: an optical imaging study. Neuroimage. 2004;23(3):1020-1026.
Koenraadt KL, Roelofsen EG, Duysens J, Keijsers NL. Cortical control of normal gait and precision
stepping: an fNIRS study. Neuroimage. 2014;85 Pt 1:415-422.

Del Din S, Hickey A, Ladha C, et al. Instrumented gait assessment with a single wearable: an introductory
tutorial. F1I000Research. 2016;5:2323.

Godfrey A, Del Din S, Barry G, Mathers JC, Rochester L. Within trial validation and reliability of a single
tri-axial accelerometer for gait assessment. Conf Proc IEEE Eng Med Biol Soc. 2014:4.

Cabeza R. Hemispheric asymmetry reduction in older adults: The HAROLD model. Psychology and Aging.
2002;17(1):85-100.

Steffener J, Stern Y. Exploring the neural basis of cognitive reserve in aging. Biochim Biophys Acta.
2012;1822(3):467-473.

Reuter-Lorenz P. New visions of the aging mind and brain. Trends Cogn Sci. 2002;6(9):394.

Hortobagyi T, del Olmo MF, Rothwell JC. Age reduces cortical reciprocal inhibition in humans. Exp Brain
Res. 2006;171(3):322-329.

Lima CF, Krishnan S, Scott SK. Roles of Supplementary Motor Areas in Auditory Processing and Auditory
Imagery. Trends Neurosci. 2016;39(8):527-542.

Schmitz A, Silder A, Heiderscheit B, Mahoney J, Thelen DG. Differences in lower-extremity muscular
activation during walking between healthy older and young adults. J Electromyogr Kinesiol.
2009;19(6):1085-1091.

Siemionow V, Yue GH, Ranganathan VK, Liu JZ, Sahgal V. Relationship between motor activity-related
cortical potential and voluntary muscle activation. Experimental Brain Research. 2000;133(3):303-311.
Ishida A, Masuda T, Inaoka H, Fukuoka Y. Stability of the human upright stance depending on the
frequency of external disturbances. Med Biol Eng Comput. 2008;46(3):213-221.

Niu HJ, Li X, Chen YJ, Ma C, Zhang JY, Zhang ZJ. Reduced frontal activation during a working memory task
in mild cognitive impairment: a non-invasive near-infrared spectroscopy study. CNS Neurosci Ther.
2013;19(2):125-131.

Saager RB, Telleri NL, Berger AJ. Two-detector Corrected Near Infrared Spectroscopy (C-NIRS) detects
hemodynamic activation responses more robustly than single-detector NIRS. Neurolmage.
2011;55(4):1679-1685.



