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Abstract

Objectives: To assess rhythm abilities, to describe their relation to clinical presentation, and to determine if rhythm production independently

contributes to temporal gait asymmetry (TGA) poststroke.

Design: Cross-sectional.

Setting: Large urban rehabilitation hospital and university.

Participants: Individuals (NZ60) with subacute and chronic stroke (nZ39) and data for healthy adults extracted from a preexisting database (nZ21).

Interventions: Not applicable.

Main Outcome Measures: Stroke group: National Institutes of Health Stroke Scale (NIHSS), Chedoke-McMaster Stroke Assessment (CMSA) leg

and foot scales, Montreal Cognitive Assessment (MoCA), rhythm perception and production (Beat Alignment Test [BAT]), and spatiotemporal

gait parameters were assessed. TGAwas quantified with the swing time symmetry ratio. Healthy group: age and beat perception scores assessed

by the BAT. Rhythm perception of the stroke group and healthy adults was compared with analysis of variance. Spearman correlations quantified

the relation between rhythm perception and production abilities and clinical measures. Multiple linear regression assessed the contribution of

rhythm production along with motor impairment and time poststroke to TGA.

Results: Rhythm perception in the stroke group was worse than healthy adults (F1,56Z17.5, PZ.0001) Within the stroke group, rhythm

perception was significantly correlated with CMSA leg (Spearman rZ.33, PZ.04), and foot (Spearman rZ.49, PZ.002) scores but not

NIHSS or MoCA scores. The model for TGA was significant (F3,35Z12.8, P<.0001) with CMSA leg scores, time poststroke, and asynchrony

of rhythm production explaining 52% of the variance.

Conclusions: Rhythm perception is impaired after stroke, and temporal gait asymmetry relates to impairments in producing rhythmic movement.

These results may have implications for the use of auditory rhythmic stimuli to cue motor responses poststroke. Future work will explore brain

responses to rhythm processing poststroke.
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Whenwe hearmusic, we often feel the urge to tap along, and usually
when we tap, we do not tap the rhythm itself, but instead we tap the
beat (the steady, regularly spaced pulse perceived in music). This
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spontaneous synchronizedmovementmay result from processing of
the rhythm by motor areas in the brain.1 Moreover, perception of a
regular beat is specifically associated with activity in the supple-
mentary motor area and the basal ganglia even when no movement
is produced.1 Rhythm abilities, including (1) the ability to perceive a
beat in an auditory stimulus (eg, music) and (2) the ability to pro-
duce regular rhythmicmovements (eg, tapping to the beat inmusic),
are relevant to poststroke gait rehabilitation in 2 important ways:
gait interventions that use rhythmic auditory cues and deviations in
the gait pattern itself. One way to evaluate the abilities to perceive a
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beat and to produce a regular rhythmic movement is the Beat
Alignment Test (BAT).2 The BAT is comprised of 2 parts: the
perception test requires the individual to judge whether tones
superimposed over a music clip align with the beat of the music and
the production test requires the individual to tap on a keyboard to the
beat of a music clip.

Rhythmic auditory stimulation (RAS) is a gait intervention
which involves walking to a rhythmic cue delivered by a metro-
nome or music.3 The mechanism through which RAS works lies in
the extensive connectivity between the auditory and motor
systems, which allows for entrainment between rhythmic auditory
cues and motor responses.1,4-8 A recent meta-analysis confirmed
large effects sizes for the effect of RAS on velocity, cadence, and
stride length in people with stroke.9 Furthermore, some RAS
studies reported improvement in important kinematic features (eg,
knee flexion midswing)10 and improvements in spatiotemporal
parameters greater than those achieved with standard rehabilita-
tion.3,11 However, it is possible that despite improvements at the
group level, there exists variation in responsiveness to RAS at the
individual level. Individuals with stroke differ in their respon-
siveness to other gait interventions (eg, body weightesupported
treadmill training, resistive cycling).12,13 Furthermore there are
some reports of nonresponders to RAS at the individual level in
people with Parkinson disease.14 One potential contributing factor
to RAS responsiveness is rhythm perception. Even in individuals
without neurologic conditions, there is variation in the ability to
perceive the beat,15 and this ability is related to responsiveness of
gait to rhythmic auditory stimuli. For example, young adults
classified as weak perceivers based on their performance on the
BAT, walked slower and with shorter steps during RAS, whereas
young adults who performed better on the BAT, classified as
strong perceivers, maintained their gait pattern.16 For weak
perceivers, attempting to synchronize steps to a cue might be an
attention-demanding task that slows and shortens strides, nega-
tively affecting responsiveness to RAS.16 We propose that weak
rhythm perception may contribute to diminished responsiveness to
RAS in people with stroke as well. Before investigating respon-
siveness to RAS poststroke, an important first step is to describe
rhythm perception poststroke.

Another important reason for investigating rhythm abilities is
related to the temporal asymmetry of gait exhibited by >55% of
individuals with stroke.17-19 Symmetric gait is often a target of
rehabilitation, possibly because persisting asymmetry is linked to
long-term consequences (eg, challenges to balance control, joint
pain and degeneration, bone density loss, gait inefficiencies).20-23

Unfortunately, temporal gait asymmetry (TGA) appears resistant
to intervention.24 For example, a longitudinal study of individuals
admitted to an inpatient stroke rehabilitation program revealed a
significant increase in gait velocity at discharge but no change in
TGA.19 It is our view that resistance of TGA to intervention is
related to lack of specificity of some gait training programs rather
than a reflection of incapacity for change; however, there has been
List of abbreviations:

ANOVA analysis of variance

BAT Beat Alignment Test

CMSA Chedoke-McMaster Stroke Assessment

MoCA Montreal Cognitive Assessment

NIHSS National Institutes of Health Stroke Scale

RAS rhythmic auditory stimulation

TGA temporal gait asymmetry
little direct investigation on the matter. Other concerns include the
fact that TGA may be more severe during daily walking than
walking observed in the laboratory25 and additionally TGA may
worsen over time.26,27 Development of new interventions that
train symmetric gait will depend on a deeper understanding of the
mechanisms underlying TGA. A common assumption is that TGA
is caused by the unilateral nature of poststroke motor impairments.
Indeed, gait asymmetry relates to motor impairment17 but it does
not fully explain TGA. For example, individuals with good motor
recovery who walk quickly do not necessarily walk symmetri-
cally.17 Investigation of other factors contributing to TGA, outside
the obvious ones, is necessary. One such factor may be impaired
rhythm production.

Healthy gait features regular, reciprocal leg movement and
therefore has an inherent rhythm. TGA can be described as having
an uneven or impaired rhythm. Previous work suggests a neuroan-
atomic link between rhythm abilities and TGA; injury to the
posterolateral putamen was 60% to 80% more likely in poststroke
individuals with TGA than thosewithout TGA.28 In addition, a case
report provided evidence of a man with ischemic stroke (right
temporal lobe, capsular and basal ganglia lesions) who could
reproduce individual rhythms, but could not tap a steady beat to
either a metronome or marching band music.29 Therefore, there is
both neuroimaging and neuropsychological evidence that the ability
to perceive and produce irregular temporal patterns dissociates from
the ability to perceive and produce an underlying beat, and in several
cases, damage to or dysfunction of the basal gangliawas implicated.
Given the involvement of putamen in TGA, beat production abilities
may be impaired after stroke and these impairments may prevent
individuals from producing a regular, steady gait pattern.

Knowledge about rhythm abilities poststroke will expand our
understanding and guide future investigations of poststroke TGA.
Such knowledge may also guide adaptations to improve existing
gait interventions (ie, RAS), or inform the development of new
interventions. Therefore, the objectives of this study were (1) to
characterize rhythm abilities after stroke, (2) to describe the
relation of rhythm abilities to clinical presentation poststroke, and
(3) to determine if rhythm production independently contributes to
TGA poststroke.
Methods

Participants

A cross-sectional study was conducted with data collected from
people with stroke in a single visit. Participants with stroke were
recruited from an urban rehabilitation hospital and the surrounding
community. Inclusion criteria included (1) first occurrence of stroke
and (2) ability to walk 10m without physical assistance or gait aid.
Exclusion criteria included (1) history of other neurologic condi-
tions that influence gait (eg, Parkinson disease) and (2) hearing
impairment beyond what can be corrected with devices. This study
was approved by the University Health Network Research Ethics
Board, and all participants provided informed, written consent.

Data related to age and rhythm perception were extracted from
a preexisting dataset of healthy older adults (nZ21) who were
tested on the same perception portion of the BAT used in this
study. These participants were originally tested in a study
comparing beat perception ability in older adults and patients with
Parkinson disease; therefore, beat production scores were not
available.30
www.archives-pmr.org
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Testing protocol for participants with stroke

Clinical assessment
Clinical presentation was characterized with performance-based
measures administered by a research assistant. Stroke severity was
measured with the National Institutes of Health Stroke Scale
(NIHSS), which is a valid and reliable measure with larger values
indicating greater severity of stroke-related impairments.31 The
Chedoke-McMaster Stroke Assessment (CMSA) was used to
measure motor impairment of the leg and foot. The CMSA leg and
foot scales are each measured with a 7-point scale, and smaller
scores indicate greater motor impairment.32 Cognitive impairment
was measured with the Montreal Cognitive Assessment (MoCA),33

and smaller scores indicate greater cognitive impairment.

Spatiotemporal gait assessment
Overground, self-paced gait was assessed with a pressure sensitive
mat (495�86�0.4cm) that recorded spatiotemporal parameters.a

Participants walked across the mat without any physical assis-
tance or gait aids for 2 trials, which allowed an adequate number
of footfalls to ensure confidence in the measures without fatiguing
the participants.34 Participants began and ended each walking trial
1m away from the mat so that only steady-state gait was collected.
Participants were instructed to walk at their preferred pace across
the mat and to not alter their walking pattern to adjust to the mat.

Rhythm abilities assessment
The abilities to perceive and produce a regular beat were measured
with the BAT from the Goldsmiths Musical Sophistication Index
v1.02 administered with a laptop computer.1 For the perception
task, participants heard musical stimuli over the laptop speakers.
The task required participants to discriminate a series of tones
overlaid on the music. Participants were asked to answer yes or no
to the question “Are the tones on the beat of the music?” For the
production task, participants were required to tap to the beat of
musical stimuli with the unaffected hand on the spacebar of the
laptop keyboard.

Data processing

Spatiotemporal gait parameters
The manufacturer’s software that accompanies the pressure
sensitive mat automatically identifies footfalls that can subse-
quently be manually edited. Each walking trial was visually
inspected, and footfalls that were partially off either end of the mat
were removed from analysis. Spatiotemporal parameters were
then calculated by the manufacturer’s software. Spatiotemporal
parameters were averaged over the 2 walking trials, and mean
values were used in subsequent data analysis. TGAwas quantified
per recommendations with the swing ratio (ratio of the mean left
and right swing times with the larger value in the numerator).18

Rhythm abilities
BAT perception task performance was expressed as accuracy
(percentage of correct responses). BAT production performance
was expressed as asynchrony, which is the difference (millisec-
onds) on average between the beat times in the music presented to
participant and their tap times on the keyboard. The timing of the
spacebar key presses was measured using E-Prime 2.0,b which has
millisecond-level accuracy. The participant’s tap times were
matched to the nearest beat time in the music, and the absolute
www.archives-pmr.org
value of the difference between the tap time and the nearest beat
time was calculated. Therefore, asynchrony represents the average
amount a participant’s tapping is off the beat, with lower scores
(less asynchrony) representing more accurate performance.

Statistical analyses

All statistical analyses were performed with SAS 9.3.c The
mean � SD values of all demographic, clinical, gait, and rhythm
variables were calculated for the stroke group, and the mean � SD
values for rhythm perception scores were calculated for the
healthy adults.

Objective 1: rhythm abilities poststroke
Descriptive statistics were used to characterize performance on the
BAT in people with stroke. To determine if people with stroke
exhibit impaired rhythm perception, a 1-way analysis of variance
(ANOVA) was used to compare perception accuracy scores in the
stroke group with scores in the group of healthy adults. Similarity in
age between the 2 groupswas also checkedwith a 1-wayANOVA to
rule out the effects of ageing as a potential cause of impaired rhythm
perception poststroke. Unequal sample sizes between the stroke and
healthy adults for the ANOVAswere accounted for by using type III
sum of squares, which has been recommended for unbalanced
data.35 Significance was set at PZ.05.

Objective 2: relation of rhythm abilities to clinical
presentation poststroke
The relation between rhythm production and perception and the
relation of both perception and production with clinical charac-
teristics (ie, NIHSS, CMSA, and MoCA scores) within the stroke
group were explored with Spearman correlations. Spearman
correlations were used because we expected variables to covary
and some of the variables were ordinal.36 Significance was set
at PZ.05.

Objective 3: contribution of rhythm production to TGA
poststroke
Linear multiple regression was run to determine the independent
contribution of rhythm production ability to TGA poststroke. Leg
motor impairment and time poststroke were also included in the
model as independent variables because both factors have a positive
relation with severity of TGA.17,26,27 Significancewas set at PZ.05.
Results

Participants with stroke

Thirty-nine participants with stroke participated. Nineteen
participants were <6 months poststroke and 20 were �6 months
poststroke. The clinical characteristics, TGA, and rhythm abilities
of the participants with stroke are summarized in table 1. All
individuals in the stroke group successfully performed the walking
trials without a gait aid. Data were missing from participants with
stroke for the following variables: perception (nZ1), NIHSS score
(nZ1), and MoCA score (nZ4). These individuals were excluded
from any analysis that involved those variables. The mean age of
the stroke group was 63.3�11.7 years, which was not significantly
different from the group of older adults in the preexisting database
(65.0�7.9y; PZ.56).

http://www.archives-pmr.org


Table 1 Clinical characteristics, TGA, and rhythm abilities

Variable Stroke Group (nZ39)

Age 63.3�11.7 (59.5e67.1)

Sex (F/M) 20/19

Months poststroke 40.8�64.6 (19.8e61.7)

Affected side (R/L) 15/24

NIHSS score (0e42) 2.7�1.8 (2.1e3.3)

CMSA leg score (0e7) 5.6�1.0 (5.2e5.9)

CMSA foot score (0e7) 4.8�1.5 (4.4e5.3)

MoCA score (0e30) 24.7�4.1 (23.2e26.1)

Swing ratio 1.18�0.22 (1.11e1.26)

Perception (% correct) 57.0�16.7 (51.6e62.5)

Asynchrony (ms) 103.3�12.2 (99.3e107.3)

NOTE. Values are mean � SD (95% confidence interval) or n.

Abbreviations: F, female; L, left; M, male; R, right.
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Objective 1: rhythm abilities poststroke

Within the stroke group, beat perception accuracy was not
significantly correlated with beat production asynchrony
(Spearman rZe.27, PZ.10). The stroke group scored signifi-
cantly lower on the beat perception component of the BAT than
the healthy group (F1,56Z17.52, PZ.0001) (fig 1).

Objective 2: relation between rhythm abilities and
clinical presentation poststroke

Beat perception in the stroke group significantly correlated with
CMSA leg (Spearman rZ.33, PZ.04) and foot (Spearman
rZ.49, PZ.002) scores but not NIHSS (Spearman rZe.11,
PZ.50) or MOCA scores (Spearman rZ .21, PZ.22) (fig 2).
Asynchrony of beat production was not significantly correlated
with any clinical measure (all P>.15).

Objective 3: contribution of rhythm production to
TGA poststroke

The results of linear multiple regression analysis are summarized
in table 2. The model for TGA was significant (F3,35Z12.76,
P<.0001, R2Z.52).
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Fig 1 Rhythm perception. Mean accuracy on the rhythm perception

test for healthy (open bar) and stroke (shaded bar) groups. Error bars

represent SD. The scores were significantly different (PZ.0001).
Discussion

The main findings of this study are that rhythm perception is
impaired after stroke compared with healthy older adults, and
impaired rhythm production ability is related to TGA poststroke.
In this study, beat perception performance measured by the BAT
significantly correlated with measures of lower extremity motor
impairment. Motor areas such as the basal ganglia and supple-
mentary motor area have been linked to rhythm abilities,29,37 and
it is possible that stroke-related damage to these areas resulted in
both motor impairment of the lower extremity and impaired
rhythm perception in the current study group. It is unlikely that the
observed poor beat perception can be attributed to general stroke
severity or a lack of understanding of how to complete the BAT
because test performance was not related to either NIHSS or
MoCA scores.

In this study, Spearman correlations revealed that rhythm
perception ability was not associated with rhythm production
ability. This differs from the general finding with neurologically
intact individuals that performance on rhythm perception and
production tasks are highly correlated.38,39 However, even in this
previous work, there are individuals who perform very poorly on
either perception, or production, but not both. Therefore, although
not unique, the dissociation of rhythm perception from production
in patients with stroke appears to be more common than in the
general population.

Our results provide preliminary support for the hypothesis that
TGA is in part attributable to impaired rhythm production ability
poststroke. Asynchrony of rhythmic tapping was associated with
TGA independent of time poststroke and motor impairment of the
leg. However, it appears that TGA decreases as asynchrony of beat
production increases, which is opposite of what was expected. The
reasons for this are unknown, and this study is not designed to
answer this question. Further investigation of this relation between
rhythm production and the gait pattern poststroke is warranted.

Our results are relevant to work that uses auditory rhythmic
stimuli to cue motor performance poststroke. There is strong
evidence that RAS improves key spatiotemporal9 and kinematic10

variables poststroke and that these improvements are greater than
those achieved with standard rehabilitation.3,9,11 Unfortunately,
TGA seems less responsive to RAS, with individuals demonstrating
39% change compared with a 128% change in velocity.11Moreover,
the mean swing ratio achieved after RAS (1.72) is still considered
grossly asymmetric compared with the normative cutoff point
(1.06).18 The present results suggest a potential explanation for this.
Most theories of RAS mechanisms suggest that the external cue
compensates for a deficient internal timing mechanism; therefore,
matching step timing to the cue is thought to be an important
element of the intervention.40 Some individuals poststroke may be
unable to perceive the steady beat of the auditory cue and/or produce
a regular rhythmic stepping response and therefore may not be as
responsive to the RAS cue. This argument assumes that the benefit
of RAS comes frommatching steps to the cue; however, peoplewith
stroke could benefit simply from a cue to step faster, even if they are
unable to match their step to the beat. Future work should investi-
gate the relation between rhythm abilities and responsiveness to
RAS in individuals with poststroke TGA and determine whether
improvements are enhanced when footfalls are matched correctly to
the cue. Another interesting and related avenue to pursue is whether
rhythm abilities can improve with training poststroke and whether
this translates into improved gait rhythmicity and/or greater
responsiveness to RAS.
www.archives-pmr.org
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Fig 2 Relations between motor and cognitive impairment and rhythm abilities. Beat perception in the stroke group significantly correlated with

CMSA scores for the leg (A) and foot (B) (both P<.05) but not scores on the NIHSS (C) or MoCA (D).
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Study limitations

This study has some limitations. First, on average, the stroke
group exhibited mild to moderate motor impairment, and all
individuals could walk without a gait aid. Therefore, the results
likely cannot be generalized to those with more severe motor
impairment and less independent walking function. Second,
characterization of the stroke lesion with imaging was not avail-
able. Third, an adult control group that completed the full protocol
was not included. We would not expect individuals without
neurologic impairment to exhibit TGA41 nor would we expect
them to show significant deficits on the clinical measures (ie,
CMSA, MoCA); therefore, an adult control group would not have
Table 2 Results of multiple regression analysis

Measure Model R2 Model P

Swing time symmetry .52 <.0001

Intercept

CMSA leg

Rhythm production asynchrony

Time poststroke

NOTE. The model for swing time symmetry was tested using CMSA leg scor

variables.

www.archives-pmr.org
been used in the correlation or linear regression analyses. How-
ever, it would have been informative to have the production scores
on the BAT for comparison. Future work will recruit individuals
with a wider range of motor deficits and investigate both lesion
characteristics and brain activity associated with rhythm abilities
with magnetic resonance imaging in comparison with age-
matched adults without stroke.
Conclusions

The ability to perceive a beat in an auditory stimulus is impaired
poststroke, and impaired rhythm production ability may be
Parameter Estimate t P

2.15 7.06 <.0001

e0.09 e3.57 .001

e0.005 e2.17 .04

0.001 2.91 .006

e, time poststroke, and rhythm production asynchrony as independent

http://www.archives-pmr.org
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another factor contributing to TGA poststroke. This information
can inform future investigations into the underlying mechanisms
of TGA and the development of gait rehabilitation interventions to
address TGA.
Suppliers

a. GAITRite; CIR Systems.
b. E-Prime version 2.0; Psychology Software Tools.
c. SAS version 9.3; SAS Institute.
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