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Abstract

Background and Purpose—Previously, we showed that internal cues (such as singing) 

produce similar motor benefits as external cues (such as listening to music) for people with 

Parkinson disease (PD). This study takes that research further by exploring how singing—either 

aloud or mentally—at different tempos can ameliorate gait, and it offers insight into how internal 

cueing techniques may enhance motor performance for older adults and people with PD.

Methods—Sixty participants aged ≥50 years (30 female) were recruited; 30 had PD and 30 were 

healthy age-matched controls. Participants completed walking trials involving internal and external 

cueing techniques at 90, 100, and 110% of preferred cadence. The effects of different cue types 

and rates were assessed in a repeated-measures cross-sectional study by comparing gait 

characteristics (velocity, cadence, stride length) and variabilities (coefficients of variation of stride 

length, stride time, single support time).

Results—All participants modified their cadence and stride length during cued conditions, 

resulting in changes in gait velocity closely reflecting expected changes based upon cue rate. 

External cues resulted in increased gait variability, whereas internal cues decreased gait variability 

relative to uncued walking. Variability decreases were more substantial during mental singing at 

tempos at or above preferred cadence.

Discussion and Conclusions—Matching movement to one’s own voice improves gait 

characteristics while reducing gait variability for older adults and people with PD. Optimizing the 

use of internal cues to facilitate movement is an important step towards more effectively meeting 

the needs of people with gait disorders related to aging or neurological disease.
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INTRODUCTION

Parkinson disease (PD), the second most common neurodegenerative disorder, can cause 

debilitating effects on gait that may contribute to increased falls and decreased quality of 

life.1 Dopamine depletion within the substantia nigra of the basal ganglia leads to 

malfunctioning of temporal control mechanisms, which disrupts both movement timing and 

amplitude.2,3 This affects walking ability; people with PD tend to walk slower and with less 

stability. Reductions in gait speed are typically attributed to a combination of shorter step 

lengths and decreased step frequency and indicate a decline in overall health in both aging 

and patient populations.4

External auditory cueing through metronome beats or music is a well-established method of 

normalizing gait speed for people with PD. By creating an external template to which people 

can align their footfalls, auditory cues impose a walking cadence that, presumably, reduces 

reliance on defective internal timing mechanisms and increases motivation, thereby 

increasing walking speed.5 Externally-imposed cues can induce immediate effects on gait at 

a wide range of stimulation rates from 80% to 125% of preferred cadence, with optimal 

frequencies generally considered to be within 10% above or below.6 However, little is 

known about the effects of rhythmic auditory cueing on gait variability, although recent 

evidence suggests this may be an important yet often overlooked byproduct of rhythmic 

auditory cueing.

Gait variability is a quantifiable measure of altered walking performance that is strongly 

indicative of overall stability. In aging populations, increased gait variability is characterized 

by inconsistent step timing and reduced step symmetry and is considered a measure of 

dyscontrol, arrythmicity, and instability.7 For people with PD, fluctuations between strides 

are even more pronounced. Both temporal and spatial measures of variability are associated 

with functional status and clinical outcomes and are highly predictive of falls in the elderly8 

and people with PD.9 Hence, slower, more variable gait may contribute to diminished 

stability and increase the risk of falls.10

Although external cues are commonly considered a “pacemaker” which act to restore gait 

rhythmicity and thereby reduce gait variability, increasing numbers of studies reporting gait 

variability reveal that external cues can, instead, increase measures of variability in both 

healthy older adults11–17 and in people with PD.13,18–22 Detrimental effects on gait 

variability could reflect the difficulty of synchronizing to an outside source. Recent work 

from our lab explored singing as an alternative to externally imposed musical cueing. 

Singing might be considered an internal cue that utilizes vocal-motor coupling to match 

one’s movement to one’s own voice. Previously, we saw that this form of cueing particularly 

aids gait variability, as evidenced by reductions in measures of both spatial and temporal 

variability as compared to external cueing.23

In this study, we extended our past research to explore the use of mental singing, or singing 

in one’s head. Several reports suggest that people with PD use this technique in their daily 

lives, however, only one prior study we know of has tested the technique, in which 

improvements in motor timing were shown, but precise gait characteristics were not 
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measured.24 We hypothesized that mental singing would be as effective as singing aloud at 

improving gait for all participants. We also expected to see greater effects with increased cue 

rates, based upon a recent meta-analysis,25 although optimal cue rates vary widely across 

individuals, so we included slower cue rates as well. We tested both people with PD and 

healthy controls to better understand how disrupted rhythmic processing in PD might hinder 

the efficacy of internal cueing techniques.

METHODS

Participants

A total of 60 participants, thirty (15 female) in each of two groups – healthy controls and 

people with Parkinson disease (PD) – took part in this study (Table 1). Group size was 

determined by power analysis based on preliminary data.23 Participants with PD were 

recruited from the Movement Disorders Center at Washington University School of 

Medicine. Healthy controls were recruited via the Research Participant Registry through the 

Volunteers for Health database managed by Washington University School of Medicine and 

via emails, social media, and flyers in and around the Washington University School of 

Medicine campus. All participants were ≥ 50 years of age, and participants with PD had a 

neurological diagnosis of “definite PD”, as previously described and based upon established 

criteria.26,27

All participants were able to stand independently for at least 30 minutes and had no evidence 

of dementia (Mini Mental Status Examination (MMSE) ≥ 26). We excluded people with 

history of neurological deficit (aside from PD), orthostatic hypotension, or deep brain 

stimulation surgery. One healthy control was excluded for cognition (MMSE < 26) and an 

additional participant was recruited.

All participants provided written informed consent prior to testing and were compensated 

for their time. The protocol was approved by the Human Research Protection Office at 

Washington University School of Medicine. The Movement Disorders Society Unified 

Parkinson’s Disease Rating Scale (MDS-UPDRS) was used to assess disease severity. Sub-

sections I (non-motor symptoms), II (motor aspects of daily living), and III (motor sign 

severity) were administered and scored by certified staff. Additional questionnaires included 

the New Freezing of Gait Questionnaire (nFOGq) and the Fall History questionnaire. 

Auditory imagery was assessed using the Betts’ Questionnaire upon Mental Imagery 

(BQMI), which uses a 7-point vividness scale, with 1 indicating high imagery ability and 7 

indicating low imagery ability.28 We collected only the auditory imagery portion of the test 

and calculated an average for each participant. We defined musical experience as any form 

of musical training, practice, and/or performance and quantified it as the total number of 

years.

Experimental Protocol

Participants with PD were tested in the “on” state as determined by self-report during the 

Movement Disorder Society Unified Parkinson Disease Rating Scale (MDS-UPDRS) Part 

III evaluation to capture their normal walking condition. A 5 m instrumented, computerized 
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walkway (GAITRite Walkway, CIR Systems, Inc., Franklin, NJ) recorded walking trials. 

Three baseline trials (UNCUED) were used to assess each participant’s comfortable walking 

characteristics. All participants then completed three blocks of cued trials trials at 90%, 

100% and 110% of preferred walking cadence. The block of trials cued at 100% of preferred 

cadence was always completed first followed by blocks at either 90% or 110% of preferred 

cadence, the order of which was randomized and counterbalanced. Within each block, the 

randomized conditions were:

1. MUSIC: Music was playing and participants were asked to walk to the beat of 

the song. This represents typical external cueing techniques. Participants listened 

to one verse of the song and began walking when they were ready, similar to a 

beat-synchronization paradigm. The song looped throughout the duration of the 

trial.

2. SING: Participants were asked to sing aloud while walking. In this condition, no 

external source provided a cue while they walked, so participants generated the 

cue themselves. Participants listened to one verse of the song and then began 

walking and singing as soon as the music stopped.

3. MENTAL: Participants were asked to sing in their heads without moving their 

lips or producing overt sound. As in the SING condition, participants listened to 

one verse of the song and then began walking when the music stopped.

All conditions were cued using an instrumental version of “Row, Row, Row your Boat” 

designed with a salient beat that could be readily detected by participants. Everyone was 

familiar with the lyrics and melody of the song and able to sing it without difficulty. The 

musical cue was administered from a laptop connected to speakers no farther than 10 m 

from the participant during walking and at an audible volume. Song tempo was adjusted 

based upon each individual’s preferred walking cadence while maintaining key consistency 

using open source audio editing software (Audacity, The Audacity Team, 

audacity.sourceforge.net/).

Statistical Analysis

Statistical analyses were done using commercial software (SPSS Statistics 24, IBM ____). 

For each participant, data were averaged across the three trials of each condition. Gait 

characteristics (velocity, cadence, and stride length) and variability (coefficients of variation 

for stride length, stride time, and single support time) were compared in three separate 

analyses, one for each cue tempo. Coefficients of variation (CV) were calculated as the 

((standard deviation/mean) x 100) for each person in each condition. Gait asymmetry (GA) 

was calculated for each condition at each tempo based on previous reports as: GA= 100 x ln 

(swing ratio).16 Swing ratio was defined as the ratio of the mean left and right swing times 

with the larger value in the numerator. Mixed model repeated measures ANOVAs with 

between-subject factor of group and within-subject factor of condition were used to assess 

differences, and Tukey-corrected post-hoc pairwise comparisons were used as appropriate. 

When Mauchley’s test of sphericity was not met, adjusted multivariate and univariate 

(Greenhouse-Geisser) statistics were reported. Differences between groups in auditory 
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imagery ability were assessed via independent t-test. Statistical significance was set at 

α=0.05.

RESULTS

Gait Characteristics

Velocity

Differences between conditions: There was a within-subject main effect of condition at 

90% (F(2.03,117.97)=51.06, p<0.001) and at 110% of preferred cadence (F(1.71, 

99.42)=27.28, p<0.001) with pairwise comparisons indicating that velocity was significantly 

different for these cued conditions as compared to UNCUED (all p<0.001) (Figure 1, 

Supplemental Table 1). At 100% of preferred cadence, there was no effect of condition on 

velocity.

Differences between groups: There were between-group differences showing that healthy 

controls walked faster than participants with PD at 90% (F(1,58)=7.70, p=0.007), 100% 

(F(1,58)=7.301, p=0.009), and 110% (F(1,58)=5.47, p=0.023) of preferred cadence. There 

were no significant interactions.

Cadence

Differences between conditions: At 90%, there was a within-subject main effect of 

condition (F(2.64,153.30)=91.29, p<0.001) with pairwise comparisons indicating that 

cadence was significantly lower for all cued conditions than UNCUED. Cadence was also 

significantly lower for MUSIC than SING (p=0.04) and MENTAL (p=0.01). At 100%, there 

was a within-subject main effect of condition (F(3, 174)=7.696, p<.001) with pairwise 

comparisons indicating that cadence was higher in SING than UNCUED (p=0.002), MUSIC 

(p=0.05), and MENTAL (p=0.004). At 110%, there was a within-subject main effect of 

condition (F(3,174)=97.75, p<0.001) with pairwise comparisons indicating that cadence was 

higher for all cued conditions than UNCUED (p<.001) and that MUSIC and SING were 

higher than MENTAL (all p<0.001).

Differences between groups: There were no significant differences between groups and no 

interactions.

Stride length

Differences between conditions: At 90%, there was a within-subject main effect of 

condition (F(1.69, 98.03)=14.21, p<0.001) with pairwise comparisons indicating that stride 

lengths were shorter in all cued conditions than UNCUED (all p<0.014). There were no 

differences at 100%. At 110%, there was a trend toward a within-subject main effect of 

condition (F(1.61, 93.45)=3.09, p=0.06) with pairwise comparisons indicating that strides 

were longer for MENTAL than MUSIC (p=0.002).

Differences between groups: At 90%, there was a between-group difference showing that 

controls took longer strides than participants with PD (F(1,58)=7.38, p=0.009), regardless of 

condition. At 110%, there was a between-group difference (F(1,58)=5.71, p=0.02) showing 
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that controls took longer steps than participants with PD, regardless of condition. There were 

no significant interactions.

Gait variabilities

Stride length variability

Differences between conditions: At 90%, there was a within-subject main effect of 

condition (F(2.62, 151.88)=9.77, p<0.001) with pairwise comparisons indicating higher 

variability in MUSIC than UNCUED (p<0.001), SING (p=0.048), and MENTAL (p<0.001). 

At 100%, there was a within-subject main effect of condition (F(2.10, 121.89)=7.35, 

p=0.001) with pairwise comparisons indicating higher variability in MUSIC than UNCUED 

(p=0.02), SING (p=0.004), and MENTAL (p=0.02). At 110%, there was a within-subject 

main effect of condition (F(2.59, 150.07)=2.98, p=0.04) with pairwise comparisons 

indicating higher variability in MUSIC than MENTAL (p=0.006).

Differences between groups: At 90%, there was a between-subject main effect of group 

(F(1,58)=4.63, p=0.036) indicating that participants with PD had higher variability than 

controls. At 100%, there was a between-subject main effect of group (F(1,58)=4.41, p=0.04) 

indicating that participants with PD had higher variability than controls. At 110%, there was 

a between-subject main effect of group (F(1,58)=5.58, p=0.022) indicating that participants 

with PD had higher variability than controls. There were no significant interactions.

Stride time variability

Differences between conditions: At 90%, there was a within-subject main effect of 

condition (F(2.61, 151.28)=9.10, p<0.001) with pairwise comparisons indicating higher 

variability in MUSIC than UNCUED (p=0.009), SING (p=0.01), and MENTAL (p<0.001). 

At 100%, there was a within-subject main effect of condition (F(2.61, 151.32)=11.01, 

p<0.001) with pairwise comparisons indicating that MUSIC was higher than SING 

(p=0.004) and MENTAL (p<0.001). MENTAL was also significantly lower than UNCUED 

(p=0.002). At 110%, there was a within-subject main effect of condition (F(3, 174)=5.67, 

p=0.001) with pairwise comparisons indicating lower variability in MENTAL than 

UNCUED (p=0.006), MUSIC (p<0.001), and SING (p<0.029).

Differences between groups: There were no significant group differences and no 

interactions.

Single support time variability

Differences between conditions: At 90%, there was a within-subject main effect of 

condition (F(3, 178)=12.35, p<0.001) with pairwise comparisons indicating higher 

variability in MUSIC than UNCUED (p<0.001), SING (p=0.001), and MENTAL (p<0.001). 

At 100%, there was a within-subject main effect of condition (F(2.31, 133.81)=11.46, 

p<0.001) with pairwise comparisons indicating higher variability in MUSIC than UNCUED 

(p=0.047). MENTAL had lower variability than UNCUED (p=0.016), MUSIC (p<0.001), 

and SING (p=0.003). At 110%, there was a within-subject main effect of condition (F(3, 
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174)=4.06, p=0.008) with pairwise comparisons indicating lower variability in MENTAL 

than MUSIC (p=0.013) and SING (p=0.038).

Differences between groups: There was a between-subject effect of group at 90% 

(F(1,58)=6.87, p=0.011), at 100% (F(1,58)=5.35, p=0.024), and at 110% (F(1,58)=5.82, 

p=0.019) indicating that participants with PD had higher variability than controls at every 

tempo regardless of condition. There were no significant interactions.

Gait Asymmetry

Univariate tests showed a main effect of group at each tempo: 90% (F(1,58)=26.42, 

p<0.001), at 100% (F(1,58)=15.59, p<0.001), and at 110% (F(1,58)=20.00, p<0.001)

(Supplemental Table 1). There were no differences between conditions at any tempo.

Auditory Imagery Ability

Controls ranked their auditory imagery abilities lower (better) than participants with PD 

(F(2,58)=2.579, p=0.013) (Table 1). Bivariate correlations of auditory imagery and changes 

in gait variabilities during MENTAL were not significant.

DISCUSSION

The goal of this study was to determine if internal cueing in the form of singing or mental 

singing could elicit similar gait improvement as external cueing techniques such as listening 

to music. While external cueing is commonly used to improve gait characteristics in people 

with PD, little is known about the effects of internal cueing, in spite of evidence that it may 

be more beneficial to gait variability than external cueing.23 Our results showed that both 

healthy controls and participants with PD were able to utilize internal cues and garner 

similar improvements in gait performance as with external cues. However, only internal cues 

elicited improvements in gait variability as well. Benefits observed during mental singing 

render internal cueing techniques more ecologically relevant for people who would not be 

comfortable walking down the street while singing aloud. At tempos faster than preferred 

cadence, participants were able to significantly improve velocity and variability, both 

markers of stability.

Confirming previous work, we saw several differences in baseline gait characteristics, as 

people with PD walked slower, with shorter strides, and higher levels of gait variability and 

asymmetry. Lower auditory imagery ability, in spite of more years of musical experience, on 

average, did not impede ability to modify walking cadence. Changes in cadence during 

different cue rates suggest that both groups were able to adapt their cadence to match the 

external cue. As velocity is a by-product of both cadence and stride length, altering either 

one can translate to changes in gait speed. Here, the slower cue rate elicited significant 

reductions in all three gait characteristics of velocity, cadence, and stride length. Although 

detrimental effects on gait of experimentally imposed slower cadences have been noted 

previously in both healthy populations29 and people with PD,18,30–32 some have suggested 

that slower auditory stimulation allows for longer step lengths, particularly in people with 

higher disease severity19 and those who experience freezing of gait.29 Thus, the lack of a 
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discernable benefit at the slower rate in our study may relate to less impaired baseline gait 

among our participants. At the 100% cue rate, we saw minimal effects on gait, which is 

consistent with a meta-analysis revealing small effects of unmodulated external cues without 

training.25 The faster cue rate elicited the most benefit, allowing people to increase velocity 

and cadence while stride length increases were non-significant.

In this study, we extend research on external cueing to show that internal cueing, can also 

elicit significant changes in gait characteristics from UNCUED walking. Changes in 

velocity, cadence, and stride length that were significantly different during external cueing 

were also significant for internal cueing. That is, regardless of cueing condition, the slower 

cue rate decreased velocity, cadence, and stride length from UNCUED, and the faster cue 

rate increased velocity and cadence from UNCUED. Notably, at the 110% cue rate, 

increases in stride length were non-significant, which could indicate that rhythmic cueing is 

less conducive than attentional strategies for lengthening strides. We also noted that, at 

110% cue rate, velocity changes during mental singing appear to be driven more by 

increases in stride length than cadence (which was significantly lower than the other cued 

conditions) indicating that mental singing may be more beneficial as a tool to increase 

velocity while also counteracting debilitating tendencies to festinate in people with PD. 

These results suggest that external stimulation may not be necessary and, instead, people 

may gain similar benefit by cueing themselves through their own voices.

It is notable that, while external and internal cues elicited similar effects on gait 

characteristics as compared to UNCUED, only internal cues also improved gait variability. 

A number of previous studies suggest that gait improvements with external rhythmic 

auditory cues come at the cost of increasing gait variability.14,29,33,34 For healthy older 

adults, external cues commonly degrade gait variability, presumably because they interfere 

with normally-functioning internal timing mechanisms.35 In people with PD, external cues 

are thought to act as an external pacemaker that stabilizes the defective internal timing 

mechanisms and restores rhythmicity, thereby reducing gait variability, but mounting 

evidence suggests this is not always the case.

Inconsistent effects of external cues have led researchers to explore a range of cue rates in 

order to glean more benefit. The majority of studies show that slow paced cues tend to 

negatively affect gait variability.18,36,37 Our results support this, as increases were most 

apparent at the slower cue rate, in which MUSIC increased all measures of variability from 

UNCUED. In contrast, Hausdorff et al33 found no effect on gait variability until the cue rate 

was raised to 110%. This was only true of people with PD and not of healthy controls, 

leading the authors to suggest that effects of external cues on PD gait may be rate-

dependent. Others, however, show that increasing walking speed alone does not reduce 

variability,38–40 supporting a dissociation between gait speed and gait variability that is more 

in line with our results, as we observed that external cueing did not benefit gait variability 

for either group at any tempo.

In contrast to external cues, internal cues did not cause similar increases in variability. 

Compared to externally-generated cues, internal cues generally reduced variability measures, 

as we showed in a previous study for singing aloud.23 In the present study, however, mental 
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singing elicited even greater reductions in variability than overt singing. Compared to 

UNCUED, MENTAL significantly reduced temporal variability of stride time at 100% and 

110% and single support time at 100% whereas decreases during SING were not significant.

In light of reductions of gait variability during mental singing, we wondered if gait 

asymmetry, a known marker of gait rhythmicity, would also improve. Calculated as a 

measure of swing time variability, gait asymmetry may be a more reliable assay of impaired 

gait automaticity independent of gait speed.16,41 As expected, gait asymmetry was higher in 

participants with PD, presumably due to impaired rhythmic processing mechanisms in the 

basal ganglia. Cueing did not significantly improve asymmetry in either group although 

some differences during cued conditions (from 3.87 to 3.04 in MENTAL at 110%, for 

instance) fell within a range reported as sufficient to reduce risk of freezing of gait and falls.
16,42

From a theortical perspective, degradation of gait variability with the use of external cues in 

people with PD is problematic to explain because rhythmic auditory stimulation is presumed 

to replace malfunctioning basal ganglia-related timing mechanisms. Others have pointed out 

that differential effects between groups and at different rates of cueing also present 

difficulties to this theory.33,36 Perhaps the simplest explanation for increases in gait 

variability during external cueing is that it is difficult to synchronize to an outside source. 

External cues require constant adjustment to match the auditory stimulus, which may further 

degrade gait rhythmicity and lead to less consistent step patterns.

Internal cues may pose less of a challenge compared to external cues. Potentially, matching 

one’s movement to one’s own voice through vocal-motor coupling enables more accurate 

motor entrainment. In this study, even greater reductions in variability during mental singing 

imply that it may not be necessary to overtly produce the vocal component in order to 

benefit gait. Perhaps, by eliminating the need to create and monitor sound, participants were 

able to direct more attentional resources to walking.22 Elements of vocalization such as 

respiratory kinematics, word formation, and monitoring aural feedback, unnecessary when 

mental singing, potentially simplified task demands and enabled more efficient movement.

Another benefit of mental singing is that it may facilitate greater integration of motor, 

kinesthetic, and auditory imagery capabilities.43,44 This distinction could make it more 

accessible than overt singing for neurologic populations. The preservation of motor imagery 

ability in people with PD suggests that auditory imagery may also remain vivid and 

accurate. While participants with PD in our sample reported higher (worse) auditory 

imagery vividness than controls, both groups reported better than normative averages. Thus, 

auditory imagery impairment in people with PD may not be sufficient to erode sensorimotor 

synchronization capabilities during imagined, or mental, singing, though future work may 

shed more light on this.

Limitations

A few limitations should be considered. During the mental singing condition, we monitored 

lip movement and audible vocalizations but not laryngeal movements, so small sub-glottal 

movements may have contributed to motor output. Although participants verbally confirmed 
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that they were, in fact, singing in their heads, we did not otherwise validate this. Also, in 

order to compare conditions within different tempos, participants heard the music play 

before all walking trials, even those considered “internal”. This external pacing before each 

trial may account for improvements during internal cueing that may not translate to daily 

walking outside of the laboratory. Although external auditory stimuli can establish a 

temporal structure that can be continued in silence within the mind of the listener even after 

the cue is removed, basal ganglia involvement in this process may impede people with PD 

from generating the cue themselves, which would necessitate the use of a pre-cue. The 

propensity of healthy adults to retrieve familiar songs at previously-encoded absolute tempos 

when singing aloud or imagining well-known songs suggests that the pre-cue may not be 

necessary in order to initiate internal cueing techniques, but work should address the 

feasibility of this in people with PD as well.45,46

Interpretation of our results is also limited by our testing only short bouts of walking. During 

internal cueing, we observed less extreme differences in cadence than during external 

cueing, which suggests that, without a cue present, people may exhibit a tendency to drift 

back towards their preferred walking cadence. Though slight, this reversion suggests the 

possibility that, over longer time courses, internal cues may allow gait to regress toward 

baseline rates. Lastly, up to 40 footfalls may be necessary to capture reliable estimates of 

gait variability and asymmetry47 so future studies should assess gait over longer periods of 

time in order to assess how well internal cueing techniques would transfer to real world 

situations for people with PD. Finally, we did not assess whether responsiveness to cuing 

was influenced by disease severity in our participants with PD, as has been suggested by 

prior work.50

Conclusions

The results of this research indicate that older adults and people with PD may gain greater 

benefit from internal versus external cueing techniques, the latter of which are commonly 

prescribed and seemingly detrimental to gait variability. In contrast, internal cues allow 

people to increase gait velocity while simultaneously reducing gait variability, which may 

ultimately contribute to overall gait stability and reduced fall risk. Furthermore, although we 

saw the greatest benefit to gait at tempos above preferred cadence, this does not preclude the 

possibility that some participants may benefit more from slower cue rates. Optimal cue rate 

is highly variable and should likely be determined on an individual basis. Internal cues may 

also be useful for improving gait in other populations, as a recent study showed 

improvements in velocity, cadence, and stride length after a single session of mental singing 

in patients with post-stroke hemiplegia. Here, we showed that mental singing provides more 

benefit to gait variability than singing aloud which makes internal cueing more practical for 

everyday use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Gait Characteristics

Gait characteristics of velocity (A), cadence (B), and stride length (C) across conditions as 

compared to UNCUED walking at three different tempos: 90%, 100%, and 110% of 

preferred walking cadence. All bars represent means ± SEM. The gray and black dotted 

lines represent the Control group and PD group baseline mean values, respectively. 

Horizontal significance bars indicate an overall effect of condition. ★ indicates significant 

difference from UNCUED across groups. * indicates between-condition difference across 

groups. # indicates between-group difference across conditions.
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Figure 2. 
Gait Variability

Coefficients of variation of stride length (A), stride time (B), and single support time (C) 

across conditions as compared to UNCUED walking at three different tempos: 90%, 100%, 

and 110% of preferred walking cadence. All bars represent means ± SEM. The gray and 

black dotted lines represent the Control group and PD group baseline mean values, 

respectively. Horizontal significance bars indicate an overall effect of condition. ★ indicates 

significant difference from UNCUED across groups. * indicates between-condition 

difference across groups. # indicates between-group difference across conditions.
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Table 1.

Participant Demographics.

Controls PD

N (male) 30(15) 30(15)

Age, yrs 64.9(±7.2) 65.8(±6.5)

MDS-UPDRS-III - 24.9(±10.27)

MMSE, median (range) 30(27,30) 29(24,30)

Years since dx - 5.77(±3.79)

LEDD, mg - 933(±658)

Musical experience, yrs 4.42(6.02) 7.77(11.45)

BQMI 1.68(0.57) 2.12(0.68)

Values represent mean ±SD, except where noted.

MDS-UPDRS, Movement Disorder Society Unified Parkinson Disease Rating Scale. MMSE, Mini Mental Status Examination. LEDD, Levodopa 
Equivalent Daily Dose. BQMI, Betts’ Questionnaire upon Mental Imagery (auditory portion only).
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