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Abstract

Background/Objectives: Huntington’s disease (HD) is a neurodegenerative disorder in-
volving the basal ganglia and is characterized by psychiatric, cognitive, and movement
dysfunction, including gait and balance impairment. Given the limited efficacy of phar-
macological treatments for HD motor symptoms, nonpharmacological approaches like
rhythmic auditory stimulation are being explored. This study aims to describe walking
performance in people with HD during rhythmic auditory stimulation using external mu-
sical cues and internal singing cues. Methods: Individuals in the manifest stage of HD
performed walking in four conditions: (1) comfortable pace, (2) cognitive dual task, (3) mu-
sical cue (music was played aloud), and (4) singing cue (participants sang aloud). Sensors
measured cadence, velocity, stride length, and variability. Relationships between change
in cadence and motor and cognitive measures were explored. Results: While no direct
measurements of synchronization were performed, limiting our interpretation, neither the
external musical cue nor the singing cue significantly improved walking performance. Both
cues increased variability, similar to what was observed during the dual task. Greater sub-
jective balance confidence and better cognitive performance were associated with positive
cadence change during cueing. Conclusions: Musical cues may be too cognitively de-
manding for individuals with Huntington’s disease as they worsen gait variability without
increasing gait speed, cadence, or stride length. Although global cognition and perceived
balance confidence were related to the ability to increase cadence, very few people were
able to increase their cadence during either cue. Therefore, the results do not support the
use of musical cues to improve gait for individuals with Huntington’s disease.

Keywords: Huntington’s disease; gait; dual task; cueing; rhythmic auditory stimulation;
cognitive performance; balance confidence

1. Introduction
Huntington’s disease (HD) is an inherited movement disorder affecting 3.92 people

per 100,000 worldwide [1]. In the US alone, 41,000 individuals are symptomatic, but more
than 200,000 are at risk of inheriting the disease [2]. While the condition is considered a
neuropsychiatric disorder characterized by behavioral, psychiatric, and cognitive dysfunc-
tion, movement dysfunction, in the form of dystonic and hyperkinetic movements (i.e.,
chorea), is also common [3]. Also, individuals with HD often display bradykinesia of the
limbs [3]. While bradykinetic features may not be as outwardly apparent as hyperkinetic
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movements, bradykinetic features have been shown to be more debilitating for individuals
with HD than chorea and may serve as a better marker for disease progression [4,5]. In-
deed, bradykinesia may be a contributing factor to gait impairment and loss of mobility,
which are apparent throughout the disease, including in individuals in the premanifest
stage [6–9]. Compared to individuals without HD, individuals with HD walk significantly
slower, with reduced cadence and shorter stride length [10]. These aspects of gait worsen
with disease progression [10]. Additionally, variability in stride time and stride length is
increased in individuals with HD compared to controls [10] and is related to both disease
severity [11,12] and fall risk [13,14]. Gait variability is higher in HD than in other conditions,
such as Alzheimer’s disease, cerebellar ataxia, and Parkinson’s disease (PD) [15]. As HD
progresses, difficulties with walking contribute significantly to disability and negatively
impact overall quality of life [10].

Unfortunately, there are no disease-modifying drugs for HD, and pharmacological
treatments for the motor symptoms of HD are limited [16–18]. According to a review of
treatments for HD, there are no pharmacological treatments available that are likely to
improve gait ability [18]. While certain medications may improve motor symptoms such
as chorea, they can also exacerbate other symptoms, including mood and cognition [19].
Given the limited availability of pharmacological treatments that specifically target motor
symptoms, nonpharmacological approaches such as physical therapy and rehabilitation
have gained increasing importance [16,20]. According to clinical recommendations for
physical therapy for individuals with HD [20], supervised gait training is recommended
with “grade A evidence” to improve spatiotemporal features of gait. One strategy that has
been investigated is rhythmic auditory stimulation (RAS), in which patients are asked to
match their footfalls to rhythmic cues, often presented as a metronome or with music [21].
RAS is well-established to improve walking in other movement disorders that present with
high gait variability, such as PD [22–25]. In contrast to the repeatability of cueing benefits
reported in those with PD, there are mixed results for those with HD [26–29]. For example,
Thaut et al. found that a metronome set to a tempo faster than normal cadence significantly
increased cadence, gait speed, and stride length in people with HD [26]. Delval et al. were
not able to confirm the findings of statistical improvement in gait speed with the use of
cues from a metronome but noted there was a “trend toward improvement”, including
a reduction in gait variability [27]. Across studies, authors note a clear impairment in
the ability to synchronize each step to the cue, often hypothesized to be due to deficits in
cognition [26–29]. For individuals with HD, RAS may be similar to a cognitive dual task,
reducing gait performance instead of improving it. However, direct comparisons between
cueing and dual tasking in people with HD have not been completed.

Despite the mixed results across studies, RAS is still suggested as a treatment for gait
issues in HD [30]. This is partly due to its relative safety and ease of clinical implementation,
as RAS requires no specialized equipment. Furthermore, the use of art-based therapies,
including music-based RAS, in HD is limited but promising [31]. For individuals with PD,
musical cueing, in which a rhythmic song is played, may be more beneficial than a simple
metronome [32–34]. Work from our laboratory has further demonstrated that singing may
specifically target reductions in gait variability, as singing focuses on internal generation
of rhythm instead of response to an external cue [35]. To our knowledge, only one study
investigated the use of music-based cueing in people with HD [26]. Thaut et al. found
participants were able to increase velocity, stride length, and cadence when walking to “the
instrumental version of a folk song”, although none of these increases were significant [26].
Compared to metronome cueing, the music-based cue was less effective [26]. While no
cognitive measures were collected, the authors hypothesized that reduced cognition was a
contributing factor to the lack of synchronization to music-based cues in this population.
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While RAS is well-researched in other populations, this study is novel in three ways:
(1) no previous studies directly compared cueing and dual-task walking in HD, (2) no
previous studies investigated the use of internally generated singing cues in those with HD,
and (3) no previous studies statistically investigated the effect of cues on gait variability
in individuals with HD. The primary purpose of the current study is to compare walking
tasks in people with HD, specifically uncued walking at a comfortable pace, walking
with a cognitive task, walking with external musical cueing, and walking with internally
generated singing aloud cueing. We hypothesize that there will be a significant difference
between the four walking tasks, with gait performance worsening during dual tasking
and improving with the singing cue relative to uncued walking, whereas the external
musical cue will have little impact on gait. We also conducted an exploratory analysis to
investigate the relationships between motor and global cognitive impairments and the
ability to increase cadence with cueing in this population. Similar to Thaut et al. [26], we
hypothesize that greater motor and cognitive dysfunction will be associated with reduced
ability to alter gait during either form of cueing.

2. Materials and Methods
Participants were part of a larger cross-sectional and observational study investigating

mobility in individuals with Huntington’s disease [36]. This study was funded by the
Program in Physical Therapy at Washington University in St. Louis School of Medicine
and was approved by the Institutional Review Board. The analyses herein represent new
and previously unpublished work.

2.1. Participants

Participants were recruited from the Movement Disorders Clinic at Washington Uni-
versity School of Medicine. The inclusion criteria for the larger study included being in
the manifest stage of gene-positive HD and self-reported ability to walk for ten continuous
minutes without assistance from another person. Participants with conditions that may
make safe participation difficult, such as other neurological, cardiovascular, or orthopedic
conditions, were excluded. All participants completed one in-person visit.

2.2. Protocol

As part of the larger protocol [36], all participants self-reported demographic informa-
tion, including past medical history, current medication regimen, and 1-month fall history.
Next, participants completed the Montreal Cognitive Assessment (Version 8.1) (MoCA) [37],
where scores of 25 or less (out of 30) indicated impairment in HD [38]. Education level was
adjusted for, as recommended. Cognitive impairment was not exclusionary. For motor
testing, including balance and gait tasks, participants wore a gait belt and were shadowed
by a study staff member to ensure safety. Participants’ motor function was assessed by
a certified rater using the Unified Huntington’s Disease Rating Scale Total Motor Score
(UHDRS-TMS), where items are scored on a scale of 0 to 4, with a total possible score of
124. Higher scores indicate greater motor impairment [39]. Balance was assessed using the
Balance Evaluation Systems Test (BESTest) [40]. The BESTest includes 36 items, scored on a
scale of 0–3, with a total possible score of 108. Higher scores indicate better balance.

Following the balance assessment, all participants underwent a series of gait tasks. All
gait tasks were completed in a 100-foot (~30 m) hallway. Participants were outfitted with
six wearable inertial measurement sensors (APDM Opal V2R, Clario, Portland, OR, USA),
placed on both feet, both wrists, the sternum, and the lumbar spine [41]. In addition to the
comfortable pace walking and cognitive dual-task walking reported in Tueth et al. [36], two
additional tasks were completed to investigate the effect of musical cueing in individuals
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with HD. Similar to previous studies from our laboratory [35,42], two cueing types were
tested: (1) an externally based cue of music being played aloud (MUSIC) and (2) internally
generated cueing of participants singing aloud (SING). For all cued tasks, a piano version
of “Skip to my Lou” was used, as it is readily known and can be easily taught to those
unfamiliar with the song. A well-known song was selected as familiarity may be related
to the benefits of musical cueing [43]. To test basic familiarity with the lyrics, participants
sang a round of the song while seated. All participants were able to complete this task.
For walking trials, the musical cue was played via speakers and could be heard by the
participant at all points in the hallway. The cue rate was set to 110% of the preferred
cadence, rounded to the nearest 5 bpm. While Thaut et al. aimed to test participants at
120% of baseline cadence to focus on improving velocity, not all participants in their study
were able to achieve this step rate [26]. As all participants in the Thaut et al. study were
able to achieve at least 110% [26], we set the cadence for all participants in the present study
to 110%. Slower tempos of 80 bpm [28,29] or 90% of baseline cadence have been tested
in previous studies in HD, resulting in slower velocity and shorter stride length [26,29].
Therefore, slower-than-baseline tempos were not considered. Additionally, 110% was
chosen as it has been shown to be more beneficial for reducing gait variability compared to
120% in people with PD [44]. Trial order was not randomized, similar to Thaut et al. [26].
As this study was considered exploratory, the MUSIC trials always came prior to the SING
trials to facilitate learning of the tasks and to increase task complexity gradually [43].

After SING trials, an additional round of uncued walking was completed at the end
of the other gait tasks. As the set trial order could introduce order or fatigue effects, these
additional uncued trials were compared to the initial uncued walking task to explore
potential carryover of cueing or potential fatigue, similar to Thaut et al. [26].

Participants completed three 30 s trials in each walking task. If needed, up to two ad-
ditional trials were performed when participants appeared to misunderstand instructions,
when instrumentation malfunctioned, or due to environmental disruptions (e.g., someone
inadvertently walking into the hallway and disrupting a trial).

The trial order and information are as follows:

1. Pre Uncued (PRE): The first uncued walking trials were used as the baseline value
for all participants. The cadence of steady-state walking, as determined by APDM
Mobility Lab software, for each trial was averaged together and multiplied by 1.10 to
represent each participant’s individualized cueing tempo for MUSIC and SING tasks.

a. Instructions: “. . .walk at your comfortable pace”.

2. Cognitive Dual Task (DT): Direct comparison between baseline walking and DT can
be found in [36]. For this study, the verbal fluency cognitive dual task was included
as a comparison to the cueing paradigms.

a. Instructions: “Name as many words as you can that start with a specific letter
while you walk”. No specific instruction for the prioritization of either task was
provided.

3. 110% Musical Cue (MUSIC): Participants listened to one round of the song at their
individualized tempo. After an auditory signal to begin walking, the same song
continued to loop continuously for 30 s.

a. Instructions: “After one verse, the music will keep playing and you can begin
walking. Keep walking on the beat until the music stops”.

4. 110% Singing Cue (SING): Similar to MUSIC, participants listened to one round of the
song at their individualized tempo. After the auditory signal to begin walking, the
music stopped, and participants were asked to begin singing aloud and walking to
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the beat of their own singing, trying to match the same tempo they had just heard.
No specific instructions for prioritization of either singing or walking were provided.

a. Instructions: “When the music stops, start singing the song and walking to the
beat. Keep walking and singing until the tone sounds”.

5. Post Uncued (POST): One final set of three trials was conducted to investigate the ef-
fects of the cueing on comfortable pace walking, as results may assist in understanding
the role that fatigue may play in this population.

a. Instructions: “. . .you will again walk at your comfortable walking pace”.

We did not directly measure synchronization of footfall timing compared to the
auditory beat, but rather focused on gait performance during the cue, similar to our past
work in people with PD [35,44]. For measures of gait, our primary outcome was cadence.
Secondary outcomes included velocity, stride length, and variability in step time and stride
length, calculated as the coefficient of variation (CV) [45].

Following the gait tasks, all participants completed additional questionnaires, includ-
ing the Activities-Specific Balance Confidence Scale (ABC). The ABC provides a “wide
spectrum of activity difficulty” to investigate which activities of daily living may cause
fearfulness in participants [46]. The ABC is a 16-item scale scored from 0 to 100, in which
0% represents no confidence and 100% is complete confidence. In general, lower balance
confidence is associated with greater fall risk [47].

2.3. Statistical Analysis

Data were checked for normality using Kolmogorov–Smirnov tests. Due to the in-
terdependence of gait variables, a repeated measures MANOVA (multivariate analysis of
variance) was used to analyze the potential effects of task condition on gait. Wilks’ Lambda
was reported for the MANOVA. If indicated, one-way repeated measures ANOVAs were
used to analyze the potential differences for each individual gait variable between PRE,
DT, MUSIC, and SING. Sphericity was tested with Mauchly’s Test and, if significant,
Greenhouse–Geisser corrections were used. Pairwise comparisons between PRE and
DT trials were reported for stride length, velocity, and double support percent in Tueth
et al. [36]. The differences between PRE and DT for gait measures were not the focus of
this study but are reported for completeness. Planned comparisons were run to compare
each measure between PRE, MUSIC, and SING; p-values were set to p < 0.05 with Bon-
ferroni adjustment for multiple comparisons during pairwise comparisons. Furthermore,
planned comparisons were run to compare each measure between DT, MUSIC, and SING;
p-values were set to p < 0.05 with Bonferroni adjustment for multiple comparisons during
pairwise comparisons.

Separately, paired t-tests for all gait variables were run between PRE and POST to
investigate the potential carryover effects or effects of fatigue; p-values were set to p < 0.05
with Bonferroni adjustment.

For the exploratory hypothesis, measures of motor and cognitive impairment were
correlated to a change in cadence during both MUSIC and SING trials. Specifically, to
explore the relationship between motor and cognitive impairment and the ability to increase
cadence, Pearson correlations were calculated between the cadence change in cueing
trials and four measures of interest: the MoCA, the UHDRS-TMS, the BESTest, and ABC.
Specifically, cadence change was calculated as the percent change between PRE and the
individual cueing tasks. A value of 0% indicates no change from PRE, and values greater
than 0% represent an increased cadence compared to PRE. As this was an exploratory
hypothesis, statistical significance was set at p < 0.05.
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3. Results
Twenty-two individuals with HD were included in these analyses (Table 1). Indi-

viduals were taking the following medications related to their HD symptoms: vesicular
monoamine transporter 2 (VMAT) inhibitor (n = 2), benzodiazepine (n = 5), antipsychotic
medication (n = 6), tetracyclic antidepressant (n = 6), serotonin-norepinephrine reuptake
inhibitor (n = 3), selective serotonin reuptake inhibitor (n = 12), and anticonvulsant for
mood stabilization (n = 4). Participant-specific demographics and medication status are
available in Appendix A. Variability in stride length and variability in stride time were not
normally distributed according to Kolmogorov–Smirnov tests. Therefore, variability mea-
sures were log-transformed, similar to Lord et al. [48]. After transformation, these measures
were considered normal. Means for variability measures are reported as untransformed
variables for clarity. Log-transformed means are reported in Appendix B.

Table 1. Demographics.

Variable Mean ± SD Range

Age (years) 54 ± 12 [31–74]

Age of Symptom Onset (years) 44 ± 10 [28–61]

Male, Female (count) n = 10, n = 12 NA

Falls in the Previous Month 1 ± 2 [0–10]

MoCA (points) 22 ± 5 [10–29]

UHDRS-TMS (points) 22 ± 16 [2–54]

BESTest (points) 72 ± 19 [42–101]

ABC (%) 75% ± 25% [23–100]
Abbreviations: standard deviation (SD); Montreal Cognitive Assessment (MoCA); Unified Huntington’s Disease
Rating Scale Total Motor Score (UHDRS-TMS); Balance Evaluation Systems Test (BESTest); and Activities-Specific
Balance Confidence Scale (ABC).

At the multivariate level, there was a significant effect of task (Wilks’ Λ = 0.058,
F(15,7) = 7.643, p = 0.006). One-way repeated measures ANOVA revealed a significant
effect of task on the primary measure, i.e., cadence (F(1.791) = 6.051, p = 0.007; Figure 1).

Figure 1. Comparison of mean cadence across tasks. Only significant p-values are reported in the
figure; for all the others, p > 0.05. Abbreviations: baseline, uncued walking trials (PRE); cognitive
dual-task trials (DT); externally based cue of music being played aloud (MUSIC); and internally
generated cueing of participants singing aloud (SING).
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There was also a significant effect of task on all secondary measures of gait, including
stride length (F(1.56) = 3.991, p = 0.037; Figure 2a), velocity (F(1.594) = 4.925, p = 0.019;
Figure 2b), stride length variability (F(2.029) = 6.319, p = 0.004; Figure 2c), and stride time
variability (F(3) = 9.062, p < 0.001; Figure 2d). Means and standard deviations are shown in
Table 2.

 
(a) (b) 

 

(c) (d) 

Figure 2. Comparison of secondary gait outcomes across tasks. Only significant p-values are reported
in the figure; for all the others, p > 0.05. Abbreviations: baseline, uncued walking trials (PRE);
cognitive dual-task trials (DT); externally based cue of music being played aloud (MUSIC); and
internally generated cue of participants singing aloud (SING). (a) Comparison of stride length across
tasks. (b) Comparison of velocity across tasks. (c) Comparison of stride length variability modeled as
a coefficient of variation (CV) across tasks. (d) Comparison of stride time variability modeled as a
coefficient of variation (CV) across tasks.
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Table 2. Means and standard deviations for gait variables across all four tasks.

Gait Variable PRE DT MUSIC SING

Cadence
(steps/min) 109.75 ± 11.52 104.06 ± 12.97 111.22 ± 13.7 106.48 ± 14.61

Stride length (m) 1.19 ± 0.19 1.11 ± 0.17 1.13 ± 0.24 1.18 ± 0.22

Velocity (m/s) 1.08 ± 0.2 0.96 ± 0.17 1.06 ± 0.27 1.05 ± 0.26

Stride length CV (%) 2.58 ± 2.28 3.30 ± 2.43 3.73 ± 3.28 3.04 ± 2.31

Stride time CV (%) 1.85 ± 1.07 2.98 ± 2.21 2.60 ± 1.54 2.54 ± 1.64
Abbreviations: baseline, uncued walking trials (PRE); cognitive dual-task trials (DT); externally based cue of music
being played aloud (MUSIC); internally generated cueing of participants singing aloud (SING); and coefficient of
variation (CV).

3.1. PRE Compared to DT Trials

Compared to PRE, participants with HD walked with reduced cadence (p = 0.001),
smaller stride length (p < 0.001), and reduced velocity (p < 0.001) in the DT task, as
previously reported by Tueth et al. [36]. DT trials had increased stride length variability
(p = 0.005) and stride time variability (p < 0.001) relative to PRE.

3.2. PRE Compared to MUSIC and SING Trials

For cadence, stride length, and velocity, there were no significant differences between
PRE and MUSIC (p = 1.000, p = 0.973, p = 1.000, respectively) or between PRE and SING
(p = 1.000, p = 1.000, p = 1.000, respectively).

For stride length CV, there was a significant difference after Bonferroni correction
between PRE and MUSIC (p = 0.015) and between PRE and SING (p = 0.048). Participants
demonstrated higher stride length variability in both MUSIC and SING trials relative
to PRE.

For stride time CV, there was a significant difference between PRE and MUSIC trials
(p = 0.013) and between PRE and SING trials (p = 0.022). Participants demonstrated higher
stride time variability in both MUSIC and SING trials compared to PRE.

3.3. MUSIC Compared to SING Trials

Cadence was significantly higher in MUSIC compared to SING (p = 0.009), but there
was no difference in stride length (p = 0.214), velocity (p = 1.000), stride length variability
(p = 0.223), or stride time variability (p = 1.000) between MUSIC and SING.

3.4. Cue Trials Compared to DT

Both MUSIC and SING trials had greater cadence compared to DT, but only MUSIC
was significantly different (p = 0.004); SING was not significantly different (p = 1.000).
MUSIC and SING trials had longer stride length compared to DT, but this was only
significant between SING and DT (p = 0.035), not MUSIC and DT (p = 1.000). There was
no significant difference in velocity between MUSIC and DT (p = 0.132) or between SING
and DT (p = 0.103). This was also true for variability measures, as there was no difference
between MUSIC and DT (stride length CV p = 1.000, stride time CV p = 1.000) or between
SING and DT (stride length CV p = 1.000, stride time CV p = 0.820).

3.5. PRE Compared to POST

There were no significant differences between PRE and POST for any gait measure
(p ≥ 0.396). Full statistical output, including means and standard deviations, can be found
in Appendix C.
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3.6. Associations with Cadence Change

One participant was unable to complete the MoCA due to the inability to write; so, the
Telephone MoCA (T-MoCA) was performed in person instead. The T-MoCA is a validated
assessment that excludes visual cues and drawing and can be converted to a MoCA score
using an equation from Katz et al. [49]. Of note, removing this person from the dataset for
the correlation analysis does not alter the significance of correlations.

There were no significant associations between cadence during PRE and MoCA
(r = 0.184, p = 0.413), UHDRS score (r = −0.069, p = 0.762), BEST score (r = 0.198, p = 0.376),
or ABC (r = 0.043, p = 0.851).

3.6.1. Associations with Cadence Change During MUSIC

There were significant correlations (Figure 3) between cadence percent change with
MUSIC and the MoCA (r = 0.577, p = 0.005) and the ABC (r = 0.447, p = 0.037). There was
no significant correlation between cadence percent change and UHDRS score (r = −0.18,
p = 0.424) nor BESTest score (r = 0.362, p = 0.098).

  

(a) (b) 

  
(c) (d) 

Figure 3. Relationships between motor and cognitive characteristics and the cadence change during
the cueing, measured as a percent change from the baseline. Dots represent individual participants,
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dashed line is the line of best fit, and shading represents the 95% confidence interval around the
line of best fit. For all panels, blue represents results from the MUSIC task, while red represents
results from the SING task: (a) Significant correlation between the Montreal Cognitive Assessment
and cadence change for MUSIC (r = 0.577, p = 0.005) and SING (r = 0.640, p = 0.001). (b) Significant
correlation between the Activities-Specific Balance Confidence Scale and cadence change for MUSIC
(r = 0.447, p = 0.037) and SING (r = 0.510, p = 0.015). (c) No significant correlation between the Unified
Huntington’s Disease Rating Scale Total Motor Score and cadence change for MUSIC (r = −0.18,
p = 0.424) and SING (r = −0.114, p = 0.612). (d) No significant correlation between the Balance
Evaluation Systems Test and cadence change for MUSIC (r = 0.362, p = 0.098) and SING (r = 0.319,
p = 0.148).

3.6.2. Associations with Cadence Change During SING

Similar to the MUSIC trials, there were significant correlations (Figure 3) between
cadence percent change for SING and the MoCA (r = 0.640, p = 0.001) and the ABC (r = 0.510,
p = 0.015). There was no significant correlation between percent change and UHDRS score
(r = −0.114, p = 0.612) or BESTest score (r = 0.0.319, p = 0.148).

4. Discussion
To our knowledge, this is the first study to directly compare dual-task walking per-

formance to any cueing paradigm in HD. While cognition has often been hypothesized to
be a limiting factor for individuals with HD to complete a cueing task, these associations
have not been explored statistically. Our results indicate that externally played cueing
and internally generated cueing do not improve walking and may worsen some aspects of
gait. Specifically, participants walked with greater variability for stride length and stride
time during cued tasks. While there were significant differences when comparing the RAS
tasks to the DT, these differences were small. While the lack of randomization could have
introduced order or fatigue effects, there was no difference in gait between PRE and POST.
Finally, motor severity and objective balance ability were not associated with changes in
cadence during the cueing tasks in the exploratory analysis. However, greater perceived
subjective balance confidence and greater cognitive performance were associated with
positive changes in cadence. Collectively, we speculate that music-based cueing may be too
cognitively demanding for individuals with HD to utilize appropriately. Perceived balance
confidence and global cognition may be contributing factors in performing a music-based
cueing task for individuals with HD.

RAS has been proven to improve multiple aspects of gait in people with PD [25,50],
driving researchers and clinicians to explore RAS in individuals with other basal gan-
glia disorders [51]. Degeneration of the basal ganglia is a key characteristic in both HD
and PD [52,53], resulting in greater inhibition of the thalamus, reducing the speed and
size of volitional movements [54,55]. These changes can be observed with a hypokinetic
gait, including shorter and smaller steps [36,45,56]. Automaticity and regular control of
movements are also regulated by the basal ganglia, which is reflected in the increases in
gait variability in both HD and PD [9,45,56,57]. Providing a consistent auditory rhythm,
including musical cueing, may help to regulate gait dysfunction by potentially bypassing
the dysfunctional basal ganglia through the prefrontal cortex, auditory cortex, temporal
gyri, and cerebellum [58–65]. It appears that these regions, especially the cerebellum,
may compensate for poor motor functioning in both diseases [66–69]. However, in those
with HD, the cerebellum atrophies early in the disease [70] and cerebellar dysfunction is
associated with the onset of motor signs [71–73]. In PD, there is no association between
cerebellar activation and disease duration [74], and hyperactivity of the cerebellum in-
creases longitudinally [75]. In a systematic review of the role of the cerebellum in HD, the
authors state that “the loss of the compensation role of the cerebellum in HD may be an
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explanation for the clinical onset of HD” [71]. While we did not measure brain activation,
the lack of ability to utilize cues aligns with this hypothesis. The current paradigm has
been shown to improve both mean spatiotemporal gait measures and gait variability in
people with PD [35,42]. Here, we demonstrated that, for individuals with HD, there was
no significant difference in mean values of cadence, speed, and stride length during the
cueing tasks compared to comfortable pace walking, matching the results observed by
past studies [27–29]. However, this is the first study, to our knowledge, to investigate
the effect of cues on gait variability in individuals with HD statistically. Our findings of
significantly larger variability during the cueing tasks compared to PRE indicate that gait
instability increases during the cueing paradigm [76–79], potentially putting participants at
risk for falls.

People with HD have a difficult time completing dual-task paradigms [80–83]
and often show greater gait impairment during DT compared to otherwise healthy
controls [80,81,83]. As reported by Tueth et al., our sample with HD walked slower, with
shorter strides and longer double limb support time than older adult controls [36]. Here,
we expanded these results and further assessed cadence and variability in walking during
the DT trials. We found that during the DT trials, individuals with HD also walked with
reduced cadence and greater stride length variability and stride time variability, aligning
with other studies on dual-task walking in HD [82,84,85]. The reduction in gait performance
during a cognitive dual task in HD is thought to be related to executive dysfunction [85,86],
including deficits in divided attention [87], selective attention [88], and set switching [89,90].
Additionally, greater decrements in gait during a dual task in HD have been correlated to
worse verbal fluency, worse scoring of the Stroop test (a measure of attention), and a lower
Mattis dementia rating score [82,83]. In people with PD, auditory-based cueing actually
improves walking abilities, potentially inferring that cueing is not so demanding as to be
considered a dual task [91–94]. Indeed, auditory cueing strategies can be used to improve
gait performance during a dual task [91–94]. For individuals with PD, MUSIC and SING
trials completed at 100% of baseline walking cadence did not alter velocity, stride length,
or cadence, while a verbal dual task significantly decreased all three metrics [42]. Further,
the SING task improved gait variability more than the MUSIC task, and both tasks had
significantly less variability than the DT, suggesting singing a familiar song may not require
as many cognitive resources as a verbal dual task does in PD [42]. This is not the case for
the individuals with HD in the present study, as variability during cued trials was not statis-
tically different from DT. We speculate that the MUSIC and SING cues may be too complex
for individuals with HD to incorporate. As no objective measure of cognitive load was
collected during the cueing task and compared to the DT, this remains a point of interest for
future studies. Importantly, our results align with similar studies, including Thaut et al., in
which participants were able to alter gait with a metronome but not a music-based cue [26].
Delval et al. found that there was no significant difference in dual-task performance with or
without the addition of a metronome [27], further supporting this hypothesis. Interestingly,
during the MUSIC trials, cadence did increase significantly compared to DT and slightly
compared to PRE; we think that this may be due to the designated purpose of each task. In
the DT, participants were asked to complete two tasks simultaneously, thus splitting their
attention, with no preference toward naming words or walking. This was compared to the
MUSIC trial, where matching the faster beat was the specific goal. When asking individuals
with HD to walk faster or “as fast as possible”, individuals increased velocity, cadence, and
step length [26,28,95]. During the MUSIC trials, participants were asked to match their feet
to the beat of the song, with no instructions to move their feet in any particular way or
explicitly walk faster. Individuals with HD may have focused mainly on synchronization
without lengthening their stride; thus, velocity was reduced relative to PRE.
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In the SING tasks, participants were asked to remember the melody and the words of
the song and to activate their vocal cords and the appropriate muscles for walking at the
same time. This is similar to the DT in that neither singing nor walking was prioritized. We
are somewhat surprised that stride length was increased in the SING trials compared to
the DT trials. Active music making, including singing, confers several benefits to motor
function compared to passive listening [96]. These benefits include increased movement
vigor and higher motor output [96–99]. We speculate that this active music-making element
may be a contributing factor to the increases in stride length compared to DT. However,
as stride length during SING was still reduced compared to PRE, we do not believe that
singing aloud while walking would be beneficial as a gait rehabilitation tool without
further research.

We purposely recruited an ambulatory sample of people with HD, with the goal of
focusing on people who may benefit from a cueing paradigm. To target this subset of the
HD population, we included people who self-reported the ability to walk for ten continuous
minutes without assistance. Within this group of relatively mobile participants, we saw
varied responsiveness to the cueing tasks, prompting us to further investigate potential
contributions to individuals’ ability to walk with a musical cue. While the wide range
of values for global cognition, balance confidence, disease severity, and balance ability
allowed for appropriate variability to investigate correlations, the limited sample size
restricts the interpretation of these exploratory analyses, particularly the non-significant
correlations. Past correlation analyses have established that there are many factors that
contribute to general gait impairments for individuals with HD, including disease severity
and cognition [28,57,83,100]. Greater disease severity, cognitive impairment, and worse
balance scores [36] are related to worse gait impairment, including greater variability and
slower velocity at the preferred walking speed [26,36,57]. This includes the cohort herein,
as Tueth et al. found significant correlations between uncued walking velocity and the
BESTest, UHDRS-TMS, and MoCA [36]. Tueth et al.’s results indicated that individuals
with worse balance, worse disease severity, and worse cognition walked slower during
comfortable pace walking [36]. To our knowledge, only Thaut et al. looked at potential
differences in responsiveness to cues based on other characteristics, and no statistics were
run [26]. Grouping individuals by disability, those with the highest level of disability
were the least able to entrain their steps or increase their gait velocity while walking to
a metronome or musical cue [26]. In our exploratory analyses, associations were similar
between cueing types. There were significant associations between the percent change in
cadence during cueing and global cognition, as measured with the MoCA, and perceived
balance confidence, as measured with the ABC. There was no significant association for
disease severity, as measured with the UHDRS-TMS, or balance ability, as measured via
the BESTest.

For balance confidence, individuals who demonstrated worse balance confidence were
more likely to reduce their cadence, rather than increase their cadence, during cued tasks.
Although the correlation was in the same general direction, balance ability, as measured
by the BESTest, was not significantly correlated with cadence change, demonstrating that
individual perception of balance was more related to cadence change than was actual
balance ability. Tueth et al. reported that neither the ABC and BESTest nor the ABC
and UHDRS-TMS were significantly correlated in this sample [36], illustrating a potential
mismatch between perception and reality for individuals with HD. Individuals with partic-
ularly low balance confidence may have prioritized safety over performance of the task,
even if balance ability and motor severity were not particularly burdensome, as illustrated
by non-significant correlations with task performance. Interestingly, the ABC was not
correlated with the MoCA in this sample [36], illustrating that general cognition is not a
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particularly influential factor on balance confidence. As individuals with HD may have
limited insight into their balance ability [13,101], balance confidence may be of particular
interest for future investigations of rehabilitation techniques in those with HD.

Of the four exploratory variables we investigated regarding relatedness to the ability
to adjust cadence to a cue, the MoCA demonstrated the strongest correlations. This aligns
with the aforementioned research that decreases in cognition are a major contributor
to the inability to adapt gait patterns during cueing and other complex gait tasks in
HD [26–29,83,100]. This finding is not exclusive to this population, as individuals with
PD and comorbid dementia demonstrate similar inability to adapt to musical cues. In
Tueth et al., individuals with a Clinical Dementia Rating score of 0.5–1.0, representing very
mild to mild dementia, were not able to significantly increase cadence, stride length, or
velocity when either the internal or external cue was set to 110% of baseline cadence [102].
This is similar to the exploratory results found herein, suggesting that cognition may
be an important aspect to recognize when utilizing cueing across populations. Of note,
of the eight individuals with HD who could be considered to have limited cognitive
impairment with MoCA scores greater than 25, there was still a range of responsiveness to
both the MUSIC and SING cues (Figure 3a). While repeated practice may be beneficial to
improve gait performance during cueing in HD, motor learning is extensively impaired in
HD [103–106], potentially limiting this approach as well. In combination with the results in
the present study, we do not recommend external musical cues or internal singing cues to
enhance gait in people with HD.

4.1. Limitations

A key limitation of this study is the sample size. The incidence of HD is much lower
than for other movement disorders, such as PD. Published studies found a prevalence
rate for HD of ~4 people per 100,000 [1], compared to the prevalence rate in PD of ~150
per 100,000 [107,108]. This makes recruitment inherently challenging. Our sample of
22 is within the range of sample sizes of prior research investigating the use of cues for
individuals with a definite diagnosis of HD. This includes samples of 15 [27], 20 [29],
23 [26], and 30 [28]. Further, our sample is relatively heterogeneous, with a wide range
of ages, disease severities, and mobility impairments. While this group represents the
range of individuals seeking care in a clinical setting, larger sample sizes would allow
for greater statistical power and may provide greater insight into why some individuals
were able to respond to the cues while others were not. Future studies may want to recruit
specific sub-populations of individuals with HD to analyze the effects of musical cues
on more homogenous groups. Furthermore, while we attempted to control statistical
error through appropriate statistical corrections for multiple comparisons, the number of
pairwise comparisons combined with the smaller sample is an additional limitation of
this study. As such, the results should be interpreted with caution. Although the present
study did not find musical cueing useful for improving gait in HD at the group level,
future studies may want to investigate the appropriateness of music-based cueing on an
individual level.

We chose our methods to align with the previous research, but these choices may have
impacted our results. First, we purposefully did not randomize the trial order so that all
individuals had the same time to integrate the singing cue. While this was performed in
an effort to improve learning and performance of the novel singing task, the fixed order
of the walking conditions may have introduced aspects of bias that we could not control,
including fatigue effects. Similar to Thaut et al., we compared comfortable pace walking
before and after the cueing tasks [26]. While Thaut and colleagues found a significant
increase in gait velocity [26], we found no significant difference between PRE and POST
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trials. Indeed, in our sample, individuals walked with nearly identical cadence, speed, and
stride length during PRE and POST (Appendix C). While we did not find a carryover effect,
individuals did not walk significantly slower after the trials, suggesting that walking fatigue
may not be a substantial factor in their ability to complete the task. Future studies should
investigate whether trial order impacts individuals’ ability to utilize the cues appropriately.

Second, we chose to have all participants walk at 110% of PRE cadence and had all
participants walk to the same song. While there was an aspect of personalization, as tempo
was set as a percentage of individual baseline cadence, further individualization of the
cue may have elicited greater benefits. For example, our previous work in people with PD
demonstrated that not all participants respond similarly to the same cueing percentage [44].
In Harrison et al., 2025 [44], more than 60% of participants had the longest strides at 120%
of baseline walking, but there were individuals who demonstrated the longest stride at
90%, 100%, and 110%. While our sample herein was not able to improve gait as a group in
response to either cue, participants differed in cognitive ability, balance ability, and disease
severity. In the future, it may be fruitful to determine optimal tempo on an individual basis.
Also, in the interest of simplicity, we only used one song across all trials. This was done
to control the effect of musical variation. Variation in genre [109], beat salience [110], and
groove [111] may influence the success of cueing paradigms. We also did not measure
enjoyment of the song in our participants, which may be a factor that influences movement
vigor [112]. These aspects should be considered in future studies.

Another limitation was that we did not analyze synchronization or determine the suc-
cess of each participant’s ability to complete either task. We did not have time-synchronized
walking and auditory data, limiting our ability to explore synchronization or entrainment
in this sample. This would be of particular interest in future studies to investigate how close
or far participants were from being “on beat” and how secondary variables of stride length,
speed, and variability may be affected by how synchronized participants are. Regarding
people with PD, Harrison and colleagues noted that all participants were able to do the
SING tasks with “apparent ease.” This was not the case for our sample of individuals with
HD. While all individuals were able to sing the song seated, many struggled to remember
the lyrics or the overall melody of the song while walking. As the MUSIC trials were not
significantly different from the SING trials, the specific task of singing the song aloud was
clearly not the only factor impacting performance. No participants commented on either
cueing task being hard or challenging. However, participants were not asked any questions
on usability or difficulty directly. Investigating participants’ perceptions of the task would
provide important insight into how effective cues may be in a rehabilitation setting.

In the current paper, we consider greater variability in stride length and stride time to
be an indicator of timing dysfunction [57] and instability [76–79,83]. There is the potential
that greater variability may represent greater exploration [113] during locomotion and
may not necessarily be a negative aspect of gait [114]. As cueing tasks may be novel
to participants, increased variability is expected due to initial learning, but too much
variability at baseline is detrimental to the motor learning process [115]. As gait variability
is higher in those with HD compared to those with PD [57], the amount of baseline
variability may be too great to utilize the cues appropriately. In the present sample,
the significant differences observed in variability during cueing exceeded the change
in variability observed during DT, a phenomenon not observed in people with PD [42].
Investigating changes in gait variability with walking and gait rehabilitation would be
helpful to discern the effects of gait variability on mobility impairment in those with HD.
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4.2. Clinical Implications

Due to the several limitations of this study, we are cautious to make recommendations
for clinicians in their use of cueing as a rehabilitation tool. Our data suggest that, as a
group, the 22 ambulatory individuals with HD could not, or did not, improve their walking
performance with cues. Importantly, we did not observe any adverse events or falls during
the cueing tasks. However, gait variability did increase, potentially indicating unsteady
movement patterns. The safety and efficacy of cueing as a long-term gait rehabilitation
tool have not been assessed in this population. New and challenging mobility tasks should
always be performed under the supervision of professionals to avoid injuries. As shown
with the exploratory correlation analysis, there were a few individuals who were able to
increase their cadence during the cueing task. While we did not conduct a “responder”
analysis to expand on our correlations, this type of analysis may be of relevance in future
larger studies [116,117]. If a clinician thinks that music-based cueing may be beneficial for
an individual patient, it may be useful to consider the individual’s cognitive ability and
perceptions of their balance.

5. Conclusions
This study represents the first direct comparison between a cognitive DT and external

and internal rhythmic auditory cueing in individuals with HD. It is also the first study to
investigate the relationship between key characteristics related to mobility and individuals’
ability to respond to rhythmic auditory cueing. Our results suggest that externally played
and internally generated musical cues do not significantly improve gait and may even in-
crease gait variability, potentially worsening gait stability. The cueing tasks were somewhat
similar to the cognitive DT, as both the DT and cueing trials increased variability compared
to the baseline. Greater subjective balance confidence and global cognitive performance
were associated with greater ability to change cadence during cueing tasks, suggesting the
high cognitive demand of cues may be a limitation for individuals with HD. Based on our
findings, we advise caution when using music-based cues to enhance gait in HD.
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Abbreviations
The following abbreviations are used in this manuscript:

HD Huntington’s disease
PD Parkinson’s disease
RAS Rhythmic auditory stimulation
MoCA Montreal Cognitive Assessment
UHDRS-TMS Unified Huntington’s Disease Rating Scale Total Motor Score
BESTest Balance Evaluation Systems Test
MUSIC externally based cue of music being played aloud
SING internally generated cueing of participants singing aloud
PRE baseline, uncued walking trials
DT cognitive dual-task trials
POST final, uncued walking trials
CV coefficient of variation
ABC Activities-Specific Balance Confidence Scale
T-MoCA Telephone MoCA

Appendix A

Table A1. Participant specific demographics and medication status.

ID Age Age of
Onset Gender

Falls in the
Last

Month
MoCA UHDRS-

TMS BESTest ABC VMAT-
Inhibitor

Benzo-
Diaze-
pine

Anti-
Psychotic

Tetracyclic
Antide-
pressant

SNRI SSRI Anti-
convulsant

1 64 41 male 3 11 33 42 30 N Y Y Y Y N N
2 63 55 female 0 21 27 65 100 N Y N Y N Y N
3 31 28 female 2 25 3 101 95 N N N N N Y N
4 65 61 male 0 18 24 63 100 N N N N N N N
5 48 41 male 0 28 4 96 100 N N N N N N N
6 74 59 male 0 20 38 53 66.9 N N N N N Y Y
7 43 33 female 0 23 13 78 91.3 N N Y Y N Y Y
8 70 48 male 0 25 24 67 53.8 N N Y N N Y N
9 61 50 female 0 20 47 46 71.3 N N Y N N Y N
10 53 46 male 6 19 46 47 35 N Y Y Y N Y Y
11 56 43 male 0 26 31 70 92.5 N N N N N N N
12 65 54 male 0 21 54 51 93.8 Y N N N N Y N
13 54 35 female 0 28 17 83 93.1 N N N N N N N
14 68 59 female 0 17 45 44 76.3 N N Y Y N Y N
15 62 52 male 0 16 32 61 23.1 Y N N N N Y Y
16 37 36 female 0 29 3 95 91.9 N N N N N N N
17 34 29 female 0 22 16 73 51.9 N Y N Y Y N N
18 41 32 female 2 26 2 96 77.5 N N N N N N N
19 57 33 female 10 22 8 86 51.3 N N N N N Y N
20 45 42 female 1 28 17 83 76.3 N Y N N N Y N
21 50 46 female 0 26 5 79 91.3 N N N N Y N N
22 46 34 male 1 26 8 97 99.4 N N N N N N N

Abbreviations: Montreal Cognitive Assessment (MoCA); Unified Huntington’s Disease Rating Scale Total Motor
Score (UHDRS-TMS); Balance Evaluation Systems Test (BESTest); Activities-Specific Balance Confidence Scale
(ABC); vesicular monoamine transporter (VMAT); serotonin-norepinephrine reuptake inhibitor (SNRI); selective
serotonin reuptake inhibitor (SSRI); Yes, the individual was taking regular medication in this drug class (Y); No,
the individual was not taking medication in this drug class (N).

Appendix B
Both log-transformed variability measures are shown in Table A2.

Table A2. Log-transformed measures of variability.

Gait Variable PRE DT MUSIC SING

Log (stride
length CV) −1.67 ± 0.25 −1.56 ± 0.26 −1.53 ± 0.27 −1.60 ± 0.26

Log (stride time CV) −1.79 ± 0.21 −1.60 ± 0.25 −1.65 ± 0.23 −1.67 ± 0.26
Abbreviations: baseline, uncued walking trials (PRE); cognitive dual-task trials (DT); externally based cue of music
being played aloud (MUSIC); internally generated cueing of participants singing aloud (SING); and coefficient of
variation (CV).
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Appendix C
No measures of gait were significantly different between PRE and POST (Table A3).

Table A3. Gait variables of participants at PRE and POST.

Gait Variable PRE POST t(df) = t, p

Cadence (steps/min) 109.75 ± 11.52 109.04 ± 12.51 t(21) = 0.630, p = 0.535
Stridelength (m) 1.19 ± 0.19 1.19 ± 0.19 t(21) = 0.019, p = 0.985
Velocity (m/s) 1.08 ± 0.20 1.08 ± 0.21 t(21) = 0.229, p = 0.821

Stride length CV (%) * 2.58 ± 2.28 2.53 ± 2.00 t(21) = 0.352, p = 0.729
Stride time CV (%) * 1.85 ± 1.07 1.98 ± 1.15 t(21) = −0.866, p = 0.396

Log (stride length CV) * −1.67 ± 0.25 −1.68 ± 0.26 t(21) = 0.321, p = 0.752
Log (stride time CV) * −1.79 ± 0.21 −1.77 ± 0.25 t(21) = −0.530, p = 0.601

* Variability in stride length and stride time was not normally distributed. After log-transformation, the vari-
ables were normally distributed. Both original and log-transformed data and statistics are presented herein.
Abbreviations: baseline, uncued walking trials (PRE); final, uncued walking trials (POST); and coefficient of
variation (CV).
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