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Gait dysfunctions in Parkinson’s disease can be partly relieved by rhythmic auditory cueing.
This consists in asking patients to walk with a rhythmic auditory stimulus such as a metronome
or music. The effect on gait is visible immediately in terms of increased speed and stride length.
Moreover, training programs based on rhythmic cueing can have long-term benefits. The effect of
rhythmic cueing, however, varies from one patient to the other. Patients’ response to the stimulation
may depend on rhythmic abilities, often deteriorating with the disease. Relatively spared abilities to
track the beat favor a positive response to rhythmic cueing. On the other hand, most patients
with poor rhythmic abilities either do not respond to the cues or experience gait worsening when
walking with cues. An individualized approach to rhythmic auditory cueing with music is proposed to
cope with this variability in patients’ response. This approach calls for using assistive mobile
technologies capable of delivering cues that adapt in real time to patients’ gait kinematics, thus
affording step synchronization to the beat. Individualized rhythmic cueing can provide a safe and cost-

effective alternative to standard cueing that patients may want to use in their everyday lives.
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Introduction

Parkinson’s disease (PD) is the second most com- mon neurodegenerative disorder, after
Alzheimer’s disease, and the most common serious movement disorder.! The disease affects 1-2% of older
adults after 60 years of age.? Worldwide, about 4 million people suffer from PD, with more than 1.2 million
only in Europe.? Unfortunately, these numbers will tend to increase as a result of the aging population. For
example, the prevalence in Europe is estimated at 160 PD patients per 100,000 among people aged 65 and
older; this number is forecasted to double by 2030.4

PD is characterized by a loss of dopaminergic neurons leading to the progressive reduction of
speed (bradykinesia) and amplitude (hypokinesia) of all movements.2® Dopaminergic drugs and
neurosurgical treatments (e.g., deep brain stimulation) significantly improve these motor symptoms for
several years.® After a period of relative stability, however, motor symptoms become more apparent and
thereby progressively reduce patients’ autonomy and worsen their quality of life.” Slowness of movement,
limb rigidity, and postural instability bring about gait disorders, more apparent at late stages of the
disease.? Parkinsonian gait is characterized by increased cadence (number of steps per minute), and
reduced stride length and velocity, sometimes associated with freezing of gait.®°

Gait disorders in PD are a major therapeutic challenge and a growing economic burden for
the healthcare system®. The increased likelihood of falls®® is a major reason for morbidity and
disability in PD." From 38% to 87% of PD patients experience falls, a recurrent phenomenon in the
disease. Falling entails severe consequences, including head injuries, fractures (hip in particular), which in
some cases may be fatal.? Falls also produce fear of new falls™ that results in loss of independence, reduced
mobility, increased osteoporosis, reduced social activity and depression.' Unfortunately, gait and balance
disorders respond poorly to long-term dopamine replacement therapy.5'® These disorders are frequently
less responsive to conventional PD treatments'® than other symptoms, especially when the disease
progresses.'? There- fore, additional nonpharmacological interventions to improve gait in PD have been

increasingly examined."”

Beneficial effects of rhythmic auditory cues

Rhythmic auditory cues can be used with success to improve gait in patients with PD, as found in
several clinical studies.'®?" External auditory stimuli, such as a metronome or music with a salient beat, pro-
vide temporally predictable cues to support gait initiation and continuation. Presentation of rhythmic cues has

an immediate effect on walking in PD by increasing speed, stride length, and improving symmetry and



stability.?> Notably, the beneficial effects of rhythmic cues can carry over to noncued gait, after patients are
submitted to a period of training with auditory cues. Training with rhythmic cues can result in increased mobility,
enhanced quality of life, and a reduction of freezing episodes.?*-?6 Rhythmic cues conveyed via music can be
more efficient than stimulation provided with a simpler metronome, as found in healthy older adults.?”2
Despite the fact that both music and a metronome have a com- mon main beat, music is likely to exert a
stronger effect on gait due to its complex texture including melody, harmony, and rhythmic structure (with
multiple embedded periodicities); moreover, music ability to evoke emotions and increase motivation may
further enhance its effect on walking.?

Based on the aforementioned encouraging findings, one may be tempted to use rhythmic cues for
improving gait in PD in a systematic fashion. However, there are indications that the success of rhythmic
cueing may vary significantly among individuals.?"-* Rhythmic auditory cueing may not be the best strategy
to improve gait for all patients. For example in a recent study in which 14 patients with PD were submitted to a
1-month music-based training with rhythmic auditory cues, only some patients positively responded to
cueing (e.g., showing increased gait velocity). Others were either not influenced by the training or showed
worsened gait performance (i.e., slower velocity) after the training period.2® This variability of the
effectiveness of cueing training is not totally surprising. PD is by definition very heterogeneous. Symptoms
evolution and response to treatments vary considerably from one patient to another.® This heterogeneity has
led neurologists to identify criteria for responsiveness to treatments, to determine the optimal treatment for
each patient. A better understanding of the causes of such variability may shed light on the functional and
neuronal mechanisms underlying the effects of rhythmic cueing. Moreover, it may lead to individualized

treatment and more efficient gait training in PD.

Patients’ response to rhythmic cues is linked to spared rhythmic abilities

What is the source of variability in patients’ response to rhythmic cueing? Variable response to cueing may
be linked to patients’ variability in their rhythmic abilities. Tracking beat periodicity in a simple or complex
auditory signal (e.g., extracting the beat of music) and aligning the steps to the beat are likely to play a critical
role in walking to rhythmic cues. Responding to rhythmic auditory cues may build on relatively intact
mechanisms supporting beat perception and synchronization. To coordinate steps with the timing and rate
of the auditory stimulation, the patient must be able to extract the beat from an auditory sequence and to
time movements to the beat onsets. Accordingly, it is expected that the ability to extract the beat from a

rhythmic stim- ulus, to match gait cadence to stimulus rate, and the accuracy in aligning footfalls to the beat can



predict the response to rhythmic cueing.

Beat tracking and synchronization skills vary considerably in the general population but even
more in PD.3%-3 Patients with PD taken as a group show poor performance in a variety of perceptual
and motor timing tasks.2%3¢ They exhibit heightened variability in finger tapping to the sounds of a
metronome,®”* and poor performance in beat perception tasks.33*° However, even in a group of
patients with PD, which is quite homogeneous in terms of motor symptoms (i.e., with comparable
severity), rhythmic abilities vary quite considerably.?333 Despite having PD, some patients reveal quite
spared rhythmic skills that may allow them to benefit from an external temporally predictable cue.

Moving with an external rhythmic stimulus may compensate for patients’ difficulty in internal
generation of a beat,**4° by providing a temporal frame of reference for movement coordination such as
step initiation. Rhythmic auditory cues are likely to foster stimulus-driven allocation of attention to relevant
aspects of gait kinematics, thus enhancing temporal prediction of events (i.e., steps), and facilitating
movement planning and initiation.*'~*3 Hence, external rhythmic cues may be beneficial for patients
with relatively spared rhythmic abilities such as good beat extraction and low variability in motor
synchronization with a beat. Different brain circuitries may underpin this compensation process. %44
Generally, it is hypothesized that individual differences in the response to rhythmic cues reflect patients’
ability to engage unimpaired (or partly spared) resources from net- works subserving timing and motor
control.#46 One possibility is that the malfunctioning of basal- ganglia-cortical circuitry in PD is compensated
by the recruitment of alternative pathways spared by the disease. A reasonable candidate is cerebello-
thalamo-cortical circuitry, typically affected only later during the progression of the disease.®3344 There
is evidence of enhanced cerebellar activity after gait training via rhythmic stimulation.” Interestingly, the
cerebellum plays a critical role in coupling movement to temporally regular sequences of events,*34° and
in predictive motor control.%° Patients’ spared abilities in synchronizing their steps to the beat of rhythmic
stimuli, supported by this circuitry, may afford a positive response to the stimulation. Another neural
network that is likely to participate in the effects of rhythmic cueing is basal-ganglia—cortical circuitry.
Even if this net- work is impaired in PD, its residual activity could be sufficient to guarantee a minimal
amount of beat processing®'-%? providing a temporal pacing of movement initiation and execution. Residual
beat processing may thus allow some of the patients who show relative spared beat perception to
benefit from rhythmic cues. To date, it is still unclear which of the hypotheses above (alternative net-
work versus residual activity) is the most viable to account for the beneficial effects of rhythmic

cueing. In both cases, however, it follows that the response to rhythmic cueing should be mediated by



mechanisms involved in beat tracking and synchronization. The functioning of these mechanisms can be

tested via beat perception and sensorimotor synchronization tasks.
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Figure 1. Individual data for patients with PD and controls, when walking with a metronome (panels (A) and (C),
respectively), and with music (panels (B) and (D)). Synchronization of footfalls with stimulus beats (synchronization
score) is presented as a function of response to cueing (increase in gait speed, namely gait speed with cues — gait
speed without cues). The regression lines indicate whether the response to cueing significantly increased as a function of
step synchronization to the beat. Participants’ response to cueing is qualified based on a clinically meaningful increase
in gait speed (>0.06 m/s).0 *P <0.01 or P=0.01.

That individual abilities in beat perception affect gait when participants synchronize with rhythmic

stimuli was already shown in healthy young adults.%® For example, walking to low-groove music appears as being

detrimental to gait (i.e., leading to a reduction of cadence and step length) in particular for participants with

poor beat perception. To date, it is unknown whether differences in the ability to track the beat of a

rhythmic stimulus can affect the immediate gait response to rhythmic cueing in PD. We tackled this question in

arecent study,> in which a group of 39 patients with PD (with average severity of motor symptoms, 2.0 +

0.5 at Hoehn and Yahr stage) and 39 matched controls were asked to walk together with rhythmic



stimuli. Stimuli were metronomes (i.e., sequences of isochronously presented tones with a triangle timbre)
and four computer-generated musical excerpts (i.e., highly familiar military marches, such as Mozart's
“Turkish March”). Music had a salient beat structure, was pleasant, and conducive to movement.54% Rhythmic
stimuli were individualized, as the beat rate was 10% faster relative to each participant’s preferred cadence.
Notably, no explicit instructions were pro- vided to synchronize footfalls to stimulus beats.

Participants’ ability to move to the beat of rhythmic stimuli was tested by computing the
synchronization between heel strikes and the beat times. A synchronization score, from 0 to 1, also referred
to as “synchronization consistency,”%%" indicated how well participants aligned their footfalls to the
beats.2%55:58 A score of 0 referred to lack of alignment between the footfalls and the beats while 1
indicated perfectly consistent alignment (maximal phase locking of the steps to the beat). Beat perception
was tested with the Beat Alignment Test (BAT),%® taken from the Battery for the Assessment of
Auditory Sensorimotor and Timing Abilities (BAASTA).3 In this task, participants detected whether a
metronome superimposed on the musical excerpts (Bach’s “Badinerie” and Rossini’'s “William Tell Overture”)
was aligned or not to the musical beat.

On average, both patients and controls benefitted from cueing, as their gait speed increased by 0.09 and
0.06 m/s, respectively, across cueing stimuli (main effect of cueing, F(1,76) = 18.0, P <0.001; no inter- action
between cueing and group). In spite of this general and unsurprising result, however, patients and controls
responded very differently to cueing when examined individually. In Figure 1, we display patients and
controls’ individual response to cueing, as indicated by the difference in gait speed when walking is cued
relative to a noncued condition (baseline). The results were presented separately for metronome and
music cueing stimuli. Positive values indicate that participants reacted to the cues by increasing their speed.
Response to cueing is presented as a function of the synchronization between the steps and the beat of the
stimuli. It can be seen that patients who benefitted most from the cueing were also those who displayed the
highest synchronization to the cues (with the metronome, R? = 0.17, F(1,36) = 7.4, P = 0.01; with
music, R? = 0.18, F(1,35) = 7.7, P <0.01). This relation was not found in controls (with the metronome,
R?=0.17, F(1,36) = 1.8, P = 0.18; with music, R? =0.001, F < 1). Notably, patients aligned their steps to the beat
(synchronization score = 0.40) more often than controls did (synchronization score = 0.20; {(73.7) = 3.0, P
<0.001). Interestingly, patients and controls’ response to cueing was comparable with metronome (gait
speed for patients = 1.21 m/s; for controls, speed = 1.33 m/s) and music (for patients, speed = 1.22 m/s; for
controls, speed = 1.31 m/s; no significant main effect of stimulus, F(1,74) = 3.3, P = 0.07, nor an interaction

between stimulus and group, F(1,74) = 1.3, P = 0.26). As gait speed with metronome and music stimuli was



highly correlated (for patients, r = 0.94, P <0.0001; for controls, r = 0.86, P <0.0001), data were pooled

across stimuli in the following analyses.
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Figure 2. Performance of patients with positive response (light-gray triangles) and nonpositive response to cueing
(dark-gray circles) in beat perception (BAT), and synchronization of footfalls to the beat. Mean performance is
expressed in Z-scores relative to the average and SD of the control group. In the BAT, the overall performance and the
performance with stimuli presented at the three tempos (slow, 750 ms; medium, 600 ms; fast, 450 ms) is presented.
Error bars are SE of the mean.

To better appreciate the differences in response to cueing, the smallest clinically significant
difference in gait speed for PD patients (0.06 m/s) was used to categorize patients with positive and non-
positive response to the cues.?°%0 With that criterion, 17 patients displayed a nonpositive response to
cueing, while 22 showed a positive response. Notably, six patients showed significantly worsened gait
performance with slower gait velocity (-0.18 m/s, on average) in the presence of cues than at baseline.

By definition of the metric, patients with positive response to cueing increased their speed when cued
(from 1.05 to 1.26 m/s). This was not observed in the other patients who basically maintained their speed
regardless of the cues. What is more surprising, however, is that patients with positive response to cues also



increased their stride by 14 cm (from 123 to 147 cm), while patients with negative response dramatically
reduced their strides by 11 cm (from 132 to 121 cm). This is compelling evidence that rhythmic cueing can be
very beneficial for some patients but deleterious for others. We related this distinction to patients’ beat
perception and synchronization profiles. To this end, patients’ results from the BAT and synchronization
performance, reported in Figure 2, were expressed as individual Z-scores relative to a reference distribution,
that is, mean and SD of controls. Patients with positive response to cueing aligned their footfalls to the beat
more often (£(37) = 2.35, P = 0.01) and showed better beat perception (on average, #23.7) = 2.02, P <
0.05) than other patients. Note that beat perception for patients with positive response to cueing was
relatively spared, as their performance was very close to the average of controls (i.e., with Z-scores not
significantly different from 0).

These findings reveal important individual differences in the response of patients with PD to
cueing and the relation of these differences to beat perception and synchronization skills. Patients with
good beat perception and who are spontaneously aligning their steps to the beat benefit the most from
rhythmic auditory cueing. Interestingly, these findings are unlikely to be confined to the immediate effects
of rhythmic cueing. Indeed, they are in keeping with the results of a previous training study in which patients
with PD were trained using music-based rhythmic stimulation.?® In that study, performance in synchronization
tasks (via tapping and gait) could be used to predict a positive response to the training, qualified via the same
criterion as above (i.e., smallest clinically significant difference in gait speed). For example, patients
showing low synchronization variability and a prompt response to a stimulation change during
synchronization were highly likely to positively respond to the training. In sum, these findings suggest that beat
tracking and synchronization skills of patients with PD should be taken into account, among other indicators
(e.g., patients’ willingness and motivation to walk and train more with music), to screen patients who are the
most likely to benefit from rhythmic cueing. Notably, in some cases, even if the effect of cueing on gait
speed is below the critical cutoff for clinical significance (without being deleterious), walking with music may

still increase a patient’s mobility and motivation to walk.

Bridging the gap: assistive mobile technologies can compensate for rhythmic
deficits

In spite of the oft-reported beneficial effects of rhythmic cueing on gait in PD, it appears that
some patients significantly worsen their performance when walking with cues. Deleterious response to

rhythmic cues is linked to poor beat perception and reduced synchronization to the beat. Patients who are



unable to align their steps to the beat may have to face a typical dual-task situation in which rhythmic cues would
act as distractors impinging on reduced cognitive resources. Walking, a mostly automatic task in healthy
adults, is particularly sensitive to a dual task in the elderly,%'-63 and even more in PD.%%5 Note,
however, that patients may still benefit from walking with music for other reasons that go beyond mere gait
improvement. Music is a highly motivating stimulus acting on dopaminergic mechanisms and known for its
ability to engage emotions and stimulate the reward system.8867 Walking with music may be a rewarding
activity in itself, thus having beneficial effects like increasing mobility and the patient’s quality of life. Whether the
unwanted effects of rhythmic cueing on gait can be offset by other advantages will need to be assessed on a
case- by-case basis by the clinician.

Given the variability in the response to rhythmic cues, an individualized approach is in order,
especially if we want patients with poor rhythmic skills to benefit from cueing. A solution would be to provide
individualized rhythmic stimulation that: (1) capitalizes on patients’ spared rhythmic abilities, thus affording
spontaneous synchronization to the beat if possible, and (2) assists the patient when these abilities are
impaired. This can be represented in the simple schema presented in Figure 3. Assuming that individuals’
rhythmic abilities can be put on a continuum, patients can more or less engage beat
perception/synchronization mechanisms when walking with rhythmic cues. As stated, relatively spared
beat perception affords spontaneous synchronization of the footsteps to the beat during rhythmic
stimulation leading to the ensuing benefits. However, with the reduction of these abilities, an external
stimulator will have to compensate for rhythmic deficits, by assisting the patient and eventually fostering
synchronization of footsteps to the beat.

Individualized rhythmic cueing calls for the use of mobile technologies that can afford monitoring
of motor behavior via dedicated sensors while delivering rhythmic stimulation, which adapts in real time
to patient’s performance. An appropriate mapping strategy has to be devised that adjusts the rhythmic
stimulus to the movement properties in real time. This strategy will afford the patient to maintain step-to-
beat synchronization regard- less of the patient’s rhythmic abilities, and thereby will allow maximizing the
effect of external cueing. The underlying mechanism that is selectively targeted by this cueing strategy is
audiomotor coupling (e.g., mediated by cerebello—thalamo—cortical circuitries), which seems to play a critical
role in fostering positive effects of rhythmic auditory cueing both in immediate cueing,> and in cueing-based
training programs.?® A way to implement this mapping strategy is to model bidirectional coupling between the
stimulus beat and the patient's step time, detected via dedicated sensors (e.g., accelerometers, or inertial

measurement units). Along this line, existing mapping strategies implemented in systems, such as



WalkMate®6° and DJogger,” have treated the phase of the stride (or step) cycle as a continuous
dynamic process to which the stimulus is adapted. Another possibility is model bidirectional coupling via
mutual coordination that makes predictions about the conditions in which spontaneous synchronization of gait
is more likely. Mutual coordination is expected to induce spontaneous entrainment and could overcome a
degree of dissimilarity between gait and stimulus by entraining the participants to a faster cadence.
Mutual synchronization for adaptive rhythmic cueing has been recently implemented in our laboratory as
a system of two coupled oscillators, an instantiation of the Kuramoto system, a fundamental model of
synchronization previously applied to a wide range of biological and neural processes.”™"® This
solution has the advantage that it is individualized by tailoring the stimulation to the patient’s cadence,
thus keeping step-beat synchronization, while driving the patient toward an optimal value (i.e., higher
cadence). This form of individualized rhythmic cueing using music stimulation is presently
implemented in mobile technology and being tested with patients with PD (BeatHealth project,

http://www.euromov.eu/beathealth/).
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Figure 3. Schema illustrating the basic principles behind individualized rhythmic cueing for PD.

Conclusions

Rhythmic auditory cueing to improve gait in PD has variable success across patients. Whether
a patient benefits from the stimulation is likely to depend on patients’ perceptual and sensorimotor
rhythmic abilities. These abilities are sustained by both residual activity of impaired neuronal circuitries
(basal ganglia-thalamo—cortical networks) and by alternative functional pathways (cerebello— thalamo-

cortical networks). There is growing evidence that relatively spared abilities to track the beat favor a


http://www.euromov.eu/beathealth/

positive response to rhythmic cueing. This was shown by patients’ spontaneous tendency to align their
footsteps to the beat (an implicit measure), and by their ability to detect whether a metronome was
aligned or not to the beat of music (an explicit timing measure). It will be interesting in future research to
assess whether the link between beat perception and a positive response to cueing is also visible with an
implicit timing task.” When these conditions are missing, most patients either do not respond to the cues or
experience deleterious effects on gait (e.g., shortened strides), which can increase risk of falling and
dependency. It is still unknown whether patients with poor rhythmic abilities rely in particular on alternative
pathways to compensate for their timing deficits, a possibility that awaits further research.

Individualized rhythmic cueing can be achieved via assistive mobile technologies compensating for
rhythmic deficits by delivering cues that adapt in real time to patients’ gait kinematics. These
solutions promise to provide a cost-effective, every- day usable, upgrade to standard cueing and potentially

maximize its long-term effects.

Acknowledgments
This research was supported by the European Union (BeatHealth project, FP7-ICT contract No. 610633)

and by Grants from the Institut Universitaire de France to S.D.B. and B.B.

Competing interests

The authors declare no competing interests

References

1. Hirtz, D. et al. 2007. How common are the “common’ neurologic disorders? Neurology 68: 326-337.

2. Samii, A., J.G. Nutt & B.R. Ransom. 2004. Parkinson’s dis- ease. Lancet 363: 1783-1793.

3. Andlin-Sobocki, P., B. Jo'nsson, H.-U. Wittchen & J. Olesen. 2005. Cost of disorders of the brain in
Europe. Eur. J. Neurol. 12(Suppl. 1): 1-27.

4. Dorsey, E.R. et al. 2007. Projected number of people with Parkinson disease in the most
populous nations, 2005 through 2030. Neurology 68: 384-386.

5. Hughes, AJ., S.E. Daniel, L. Kilford & A.J. Lees. 1992. Accuracy of clinical diagnosis of idiopathic
Parkinson’s disease: a clinico-pathological study of 100 cases. J. Neurol. Neurosurg. Psychiatry 55:
181-184.

6. Grabli, D. et al. 2012. Normal and pathological gait: what we learn from Parkinson’s disease. J. Neurol.



Neurosurg. Psychiatry 83: 979-985.

7. Grimbergen, Y.A. et al. 2013. Impact of falls and fear of falling on health-related quality of life in patients
with Parkinson’s disease. J. Parkinsons Dis. 3: 409-413.

8. Morris, M.E. et al. 2001. The biomechanics and motor control of gait in Parkinson disease. Clin.
Biomech. 16: 459-470.

9. Rogers, M.W. 1996. Disorders of posture, balance, and gait in Parkinson’s disease. Clin. Geriatr.
Med. 12: 825-845.

10.McNeely, M.E., R.P. Duncan & G.M. Earhart. 2012. Medi- cation improves balance and complex
gait performance in Parkinson disease. Gait Posture 36: 144-148.

11.Contreras, A. & F. Grandas. 2012. Risk of falls in Parkinson’s disease: a cross-sectional study of 160
patients. Parkinsons Dis. 2012: 362572.

12.Wenning, G.K. et al. 1999. Progression of falls in postmortem-confirmed parkinsonian
disorders. Mov. Dis- ord. 14: 947-950.

13.Adkin, A.L., J.S. Frank & M.S. Jog. 2003. Fear of falling and postural control in Parkinson’s disease.
Mov. Disord. 18: 496-502.

14.Bloem, B.R., J.M. Hausdorff, J.E. Visser & N. Giladi. 2004. Falls and freezing of gait in Parkinson’s
disease: a review of two interconnected, episodic phenomena. Mov. Disord. 19: 871-884.

15. Sethi, K. 2008. Levodopa unresponsive symptoms in Parkin- son disease. Mov. Disord. 23(Suppl.
3): $521-S533.

16.Blin, O., A.M. Ferrandez, J. Pailhous & G. Serratrice. 1991. Dopa-sensitive and Dopa-resistant
gait parameters in Parkinson’s disease. J. Neurol. Sci. 103: 51-54.

17.Tomlinson, C.L. et al. 2010. Systematic review of levodopa dose equivalency reporting in Parkinson’s
disease. Mov. Dis- ord. 25: 2649-2653.

18.Lim, I. et al. 2005. Effects of external rhythmical cueing on gait in patients with Parkinson’s disease: a
systematic review. Clin. Rehabil. 19: 695-713.

19.Nombela, C., L.E. Hughes, AM. Owen & J.A. Grahn. 2013. Into the groove: can rhythm influence
Parkinson’s disease? Neurosci. Biobehav. Rev. 37: 2564-2570.

20.Rocha, P.A., G.M. Porfirio, H.B. Ferraz & V.F. Trevisani. 2014. Effects of external cues on gait
parameters of Parkinson’s disease patients: a systematic review. Clin. Neurol. Neurosurg. 124: 127—
134.

21.Spaulding, S.J. et al. 2013. Cueing and gait improvement among people with Parkinson’s disease:



a meta-analysis. Arch. Phys. Med. Rehabil. 4: 562-570.

22 Arias, P. & J. Cudeiro. 2008. Effects of rhythmic sensory stimulation (auditory, visual) on gait in
Parkinson’s disease patients. Exp. Brain. Res. 186: 589-601.

23.Elston, J. et al. 2010. Do metronomes improve the quality of life in people with Parkinson’s disease? A
pragmatic, single- blind, randomized cross-over trial. Clin. Rehabil. 24: 523— 532.

24 Espay, A.J. et al. 2010. At-home training with closed- loop augmented-reality cueing device
for improving gait in patients with Parkinson disease. J. Rehabil. Res. Dev. 47: 573-581.

25.Nieuwboer, A. et al. 2007. Cueing training in the home improves gait-related mobility in
Parkinson’s disease: the RESCUE ftrial. J. Neurol. Neurosurg. Psychiatry 78: 134— 140.

26.Fietzek, U.M. et al. 2014. Randomized cross-over trial to investigate the efficacy of a two-week
physiotherapy programme with repetitive exercises of cueing to reduce the severity of freezing of
gait in patients with Parkinson’s dis- ease. Clin. Rehabil. 28: 902-911.

27.de Dreu M.J. et al. 2012. Rehabilitation, exercise therapy and music in patients with Parkinson’s disease:
a meta-analysis of the effects of music-based movement therapy on walking ability, balance and quality
of life. Parkinsonism Relat. Disord. 18(Suppl. 1): S114-S119.

28. Wittwer, J.E., K.E. Webster & K. Hill. 2013. Music and metronome cues produce different effects
on gait spatiotem- poral measures but not gait variability in healthy older adults. Gait Posture
37: 219-222.

29.Dalla Bella, S. et al. 2017. Gait improvement via rhythmic stimulation in Parkinson’s disease is linked to
rhythmic skills. Sci. Rep. 7: 42005.

30.Grahn, JAA. & J.D. McAuley 2009. Neural bases of individual differences in beat perception.
Neuroimage 47: 1894— 1903.

31.Repp, B.H. 2010. Sensorimotor synchronization and perception of timing: effects of music training and
task experience. Hum. Mov. Sci. 29: 200-213.

32. Sowin" ski, J. & S. Dalla Bella. 2013. Poor synchronization to the beat may result from deficient auditory—
motor mapping. Neuropsychologia 51: 1952-1963.

33.Benoit, C.-E. et al. 2014. Musically cued gait-training improves both perceptual and motor timing
in Parkinson’s disease. Front. Hum. Neurosci. 8: 494.

34 .Dalla Bella, S. et al. 2017. BAASTA: Battery for the Assessment of Auditory Sensorimotor and Timing
Abilities. Behav. Res. Methods 49: 1128-1145.

35.Allman, M.J. & W.H. Meck 2012. Pathophysiological distortions in time perception and timed



performance. Brain 135: 656-677.

36.Jones, C.R. & M. Jahanshahi. 2014. Motor and perceptual timing in Parkinson’s disease. Adv. Exp.
Med. Biol. 829: 265- 290.

37.Joundi, R.A. et al. 2012. High-frequency stimulation of the subthalamic nucleus selectively decreases
central variance of rhythmic finger tapping in Parkinson’s disease. Neuropsychologia 50: 2460-
2466.

38.Merchant, H. et al. 2008. Interval timing and Parkinson’s disease: heterogeneity in temporal
performance. Exp. Brain Res. 184: 233-248.

39.Grahn, J.A. & M. Brett. 2009. Impairment of beat-based rhythm discrimination in Parkinson’s
disease. Cortex 45: 54—61.

40.Jones, C.R.G. & M. Jahanshahi. 2014. Contributions of the basal ganglia to temporal processing:
evidence from Parkin- son’s disease. Timing Time Percept. 2: 87-127.

41.Jones, M.R. 1976. Time, our lost dimension: toward a new theory of perception, attention, and memory.
Psychol. Rev. 83: 323-335.

42.Large, EW. & M.R. Jones. 1999. The dynamics of attending: how we track time varying events.
Psychol. Rev. 106: 119— 159.

43.Nozaradan, S., |. Peretz & A. Mouraux. 2012. Selective neuronal entrainment to the beat and meter
embedded in a musical rhythm. J. Neurosci. 32: 17572-17581.

44 .Dalla Bella, S. et al. 2015. Effects of musically cued gait training in Parkinson’s disease: beyond a
motor benefit. Ann. N.Y. Acad. Sci. 1337: 77-85.

45.Schwartze, M. & S.A. Kotz. 2013. A dual-pathway neural architecture for specific temporal
prediction. Neurosci. Biobehav. Rev. 37: 2587-2596.

46.Coull, J.T., RK. Cheng & W.H. Meck. 2011. Neuroanatomical and neurochemical substrates of
timing. Neuro- psychopharmacology 36: 3-25.

47.del Olmo, M.F. et al. 2006. Evaluation of the effect of training using auditory stimulation on
rhythmic movement in Parkinsonian patients—a combined motor and [18F]-FDG PET study.
Parkinsonism Relat. Disord. 12: 155- 164.

48.del Olmo, M.F. et al. 2007. Role of the cerebellum in externally paced rhythmic finger movements. J.
Neurophysiol. 98: 145-152.

49.Manto, M. et al. 2012. Consensus paper: roles of the cerebellum in motor control-the

diversity of ideas on cerebellar involvement in movement. Cerebellum 11: 457— 487.



50.Bastian, A.J. 2006. Learning to predict the future: the cerebellum adapts feedforward movement
control. Curr. Opin. Neurobiol. 16: 645-649.

51.Grahn, J.A. 2012. Neural mechanisms of rhythm perception: current findings and future perspectives.
Top. Cogn. Sci. 4: 585-606.

52.Grahn, J.A. & M. Brett. 2007. Rhythm and beat perception in motor areas of the brain. J. Cogn.
Neurosci. 19: 893-906.

53.Leow, L.-A.,, T. Parrott & J.A. Grahn. 2014. Individual differences in beat perception affect gait
responses to low- and high-groove music. Front. Hum. Neurosci. 8: 811.

54.Cochen De Cock, V. et al. 2018. Rhythmic abilities and musical training in Parkinson’s disease: do they help?
NPJ Parkin- sons Dis. 4: 8.

55.Dotov, D.G. et al. 2017. Biologically-variable rhythmic auditory cues are superior to isochronous cues
in fostering natural gait variability in Parkinson’s disease. Gait Posture 51: 64—69.

56.Dalla Bella, S.& J. Sowin" ski. 2015. Uncovering beat deafness: detecting rhythm disorders with
synchronized finger tapping and perceptual timing tasks. J. Vis. Exp. 97: e51761.

57.Fuji, S. & G. Schlaug. 2013. The Harvard Beat Assessment Test (H-BAT): a battery for assessing
beat perception and production and their dissociation. Front. Hum. Neurosci. 7: 771.

58.Dotov, D.G., B.G. Bardy & S. Dalla Bella. 2016. The role of environmental constraints in walking: effects
of steering and sharp turns on gait dynamics. Sci. Rep. 6: 28374.

59.Iversen, J.R. & A.D. Patel. 2008. The Beat Alignment Test (BAT): surveying beat processing abilities
in the general population. In Proceedings of the 10th International Conference on Music Perception
and Cognition, Sapporo, Japan, pp. 465- 468.

60.Hass, C.J. et al. 2014. Defining the clinically meaningful difference in gait speed in persons with
Parkinson disease. J. Neurol. Phys. Ther. 38: 233-238.

61.Beauchet, O. et al. 2005. Dual-task-related gait changes in the elderly: does the type of cognitive task
matter? J. Mot. Behav. 37: 259-264.

62.Beauchet, O., V. Dubost, R. Gonthier & R.W. Kressig. 2005. Dual-task-related gait changes in
transitionally frail older adults: the type of the walking-associated cognitive task matters. Gerontology
51: 48-52.

63.Dubost, V. et al. 2006. Relationships between dual-task related changes in stride velocity and
stride time variability in healthy older adults. Hum. Mov. Sci 25: 372- 382.

64.Belghali, M. et al. 2017. Loss of gait control assessed by cognitive-motor dual-tasks: pros and cons



in detecting people at risk of developing Alzheimer’s and Parkinson’s dis- eases. Geroscience 39:
305-329.

65.Rochester, L., B. Galna, S. Lord & D. Burn. 2014. The nature of dual-task interference during gait in
incident Parkinson’s disease. Neuroscience 265: 83-94.

66.Blood, A.J. & R.J. Zatorre. 2001. Intensely pleasurable responses to music correlate with activity
in brain regions implicated in reward and emotion. Proc. Natl. Acad. Sci. USA 98: 11818-11823.

67. Salimpoor, V.N. et al. 2015. Predictions and the brain: how musical sounds become rewarding.
Trends Cogn. Sci. 19: 86-91.

68.Miyake, Y. 2009. Interpersonal synchronization of body motion and the walk-mate walking
support robot. IEEE Trans. Robot. 25: 638-644.

69.Hove, M.J. et al. 2012. Interactive rhythmic auditory stimulation reinstates natural 1/f timing in gait of
Parkinson’s patients. PLoS One 7: €32600.

70.Moens, B. et al. 2014. Encouraging spontaneous synchronisation with D-Jogger, an adaptive music
player that aligns movement and music. PLoS One 9: e114234.

71.Breakspear, M., S. Heitmann & A. Daffertshofer. 2010. Generative models of cortical oscillations:
neurobiological implications of the Kuramoto model. Front. Hum. Neurosci. 4: 190.

72.Strogatz, S.H. 2003. Sync: The Emerging Science of Spontaneous Order. New York: Hyperion.

73.Strogatz, S.H. & I. Stewart. 1993. Coupled oscillators and biological synchronization. Sci.
Am. 269: 102—- 109.

74.Cutanda, D., A. Correa & D. Sanabria. 2015. Auditory temporal preparation induced by rhythmic cues
during concurrent auditory working memory tasks. J. Exp. Psychol. Hum. Percept. Perform. 41:
790-797.



	Individualization of music-based rhythmic auditory cueing in Parkinson's disease
	Introduction
	Beneficial effects of rhythmic auditory cues
	Bridging the gap: assistive mobile technologies can compensate for rhythmic deficits
	Conclusions
	Acknowledgments
	Competing interests
	References

