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Abstract — This study categorizes the response to asymmetric 
rhythmic cues into distinct levels of adaptation using changes in 
their step velocity. Motion capture and force data were collected 
from healthy individuals undergoing split-belt treadmill and 
rhythmic cueing interventions. This allowed comparative insights 
into two distinct adaptation mechanisms (sensorimotor and 
instructional adaptation) corresponding to the interventions and 
integration of those findings with trade-off mechanisms within 
spatiotemporal and kinetic gait parameters. Interlimb gait 
harmony (corresponding to differences between left and right step 
velocities) was significantly different between the gait 
interventions, indicating underlying differences in the dominant 
adaptation mechanisms driving them. The trade-off mechanisms 
among step length, swing time, and push-off forces were 
significantly different (i) between the gait interventions and 
(ii) between adaptable and non-adaptable subject groups to 
external rhythmic cues. This suggests that an orthogonal linear 
relationship between propulsion and either spatial or temporal 
features may indicate the adaptation mechanism that has a greater 
contribution towards their motor outcome.  

Keywords—rhythmic cueing, push-off force, sensorimotor 
adaptation, sensorimotor synchronization, proprioception, split-belt 
treadmill, gait harmony 

I. INTRODUCTION 
Rhythmic auditory cueing (RAC) is a gait rehabilitation 

technique using auditory cues to indicate step timings. For an 
individual with an asymmetric gait pattern, the rhythmic 
auditory cues function as a template for the individuals to match 
the timing of their footfalls. This template constitutes 
symmetric bilateral auditory cues in the form of a metronome, 
a musical beat, or verbal signals [1].     

Although RAC directly targets the timing of gait initiation 
and termination, it has proven effective with other gait 
parameters as well. These parameters include step length, 
cadence, stride length, push-off force, and gait velocity [2, 3, 4, 
5]. However, previous studies have found that there was 
considerable variability in the effectiveness of RAC, most of 
which was linked to individual rhythm abilities within the 
subject population [6, 7]. The effectiveness of RAC in 
entrainment and synchronization have been evaluated using 
measures such as tempo-matched cadence, relative phase angle, 

(a)synchrony, and TGA (temporal gait asymmetry) [7, 8]. 
Crosby et al. [7] determined TGA using the asymmetry in 
single-limb support time between the left and right legs. A 
variation of this measure is also described as a metric for gait 
harmony by Iosa et al. [9, 10]. Gait harmony is an intralimb 
parameter quantified by the swing-to-stance time ratio (SSR) 
[9]. It is reflective of the rhythmic pattern of gait and correlates 
linearly with step velocity [11, 12]. Speed-based asymmetric 
walking, e.g., split-belt treadmill (SBT), is likely to disturb the 
interlimb gait harmony. 

In this study, linear dependency of SSR on step velocity was 
applied to asymmetric walking via different adaptation 
mechanisms to define a metric for the ability to adapt to 
rhythmic cues. Two interventions were chosen for their distinct 
adaptation mechanisms: split-belt treadmill (SBT) and 
asymmetric rhythmic auditory cues (ARAC). ARAC is like 
RAC but involves adjusting the left and right cue durations such 
that the step time of one leg is less than the other, while 
maintaining the individual’s comfortable stride time [13]. SBT 
and ARAC are asymmetric interventions that place the same 
temporal demands on the lower body, while engaging different 
adaptation mechanisms. A study by Rasouli et al. found that the 
effects of SBT and ARAC on one’s gait combine additively 
during adaptation, indicating that they engage independent and 
concurrent dominant adaptation mechanisms [13].  

Adaptation to SBT is autonomous and driven via 
proprioceptive errors as the treadmill belts change their speeds 
– a mechanism known as “sensorimotor feedback.” 
Alternatively, “instructional” adaptation to ARAC requires the 
participant’s active compliance to entrain their gait with the 
external rhythmic cues [14]. Entrainment refers to the 
alignment of rhythmic activity between multiple systems, 
whereas “adaptability” refers to the subjects’ ability to adjust 
their rhythmic activity (i.e., gait pattern) to changes in their 
environment – which may or may not be rhythmic [1, 14]. A 
study using SBT found that exaggerating propulsion demands 
increased step length asymmetry, revealing a trade-off with 
push-off forces – a correlation that persisted with clinical 
subjects [15, 16]. This study attempts to elucidate interaction 
patterns between multiple gait features within the context of the 
two adaptation mechanisms and levels of entrainment. 
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II. MATERIALS AND METHODS 

A. Objectives and Rationale 
Gait asymmetry during SBT training was modeled as an 

“ideal” attainable interlimb gait asymmetry. This limit was used 
to set the optimum standard for successful gait entrainment of 
healthy individuals to asymmetric rhythmic auditory cues. This 
was followed by a comprehensive approach to model potential 
trade-offs between gait parameters in the spatial, temporal, and 
kinetic domains. The outcomes of this study would (i) enable 
quantitative comparisons in the efficacy of sensorimotor and 
instructional adaptation during training, and (ii) optimize 
rhythmic cueing strategies to target gait impairments by 
balancing (or exaggerating) any “trade-off” mechanisms in 
other domains. The two main study objectives are stated as 
follows.    
• Ability to adapt to rhythmic cueing  

The difference between the tread speeds in SBT or between 
the left and right step times in ARAC may lead to disparate step 
velocities, disrupting interlimb gait harmony. This disruption is 
reflected in the asymmetry between the left and right leg’s 
swing-to-stance time ratio, SSRA (%). Since gait harmony is 
correlated with step velocity, it was hypothesized that successful 
rhythmic synchronization would result in an SSRA that is 
correlated with the asymmetry of the applied gait intervention. 
ARAC was applied as the subjects walked on a tied-belt 
treadmill (TBT), which may affect their ability to synchronize 
the timing of their steps with the external cues. The symmetric 
nature of TBT “forces” individuals to walk symmetrically, 
which interferes with the temporal demands placed by ARAC 
[27].  To address this, SBT training incorporated symmetric 
rhythmic auditory cues (RAC), strategically engaging both 
instructional and sensorimotor adaptation mechanisms for the 
two gait interventions.     
• Trade-offs in gait adaptation, adaptation mechanisms, 

and ability to adapt to rhythmic cueing 
Although rhythmic cueing targets step time, effects have 

been observed in other gait parameters as well, such as step 
length and gait kinetics [2]. This study models the response to 
rhythmic cues as a “trade-off” mechanism among spatial, 
temporal, and kinetic gait parameters, exploring different 
adaptation mechanisms (sensorimotor and instructional) and 
“adaptability” levels, indicated by a disturbance in their 
interlimb gait harmony.  

B. Experiment Design 
Experiments were performed using the Computer Assisted 

Rehabilitation ENvironment (CAREN, Motek Medical). The 
CAREN is equipped with a treadmill with a split-belt setting, 
Bertec force plates, 10 Vicon cameras, a 180-degree projection 
screen and surround sound to deliver the verbal “left” and 
“right” cues. Infrared reflective markers were placed on the 
participants’ sternum, lateral trochanters, menisci, malleoli, 
toes, and heels for motion capture. Marker trajectory and force 
plate data were collected using the D-Flow program at 100Hz, 
followed by analysis using a custom-made gait analysis 
program in MATLAB.  

Data were collected from two gait studies that investigated 
the effects of simultaneous and sequential combinations of SBT 
and ARAC on gait symmetry of healthy individuals with an 
unimpaired gait pattern [13, 17]. The two studies were 
randomized in trial order and had a repeated-measures design, 
and their protocol was approved by the University of South 
Florida Institutional Review Board. The asymmetric 
interventions, i.e., SBT and ARAC, were applied at a ratio of 
2:1 (Fig. 1). Written informed consent was obtained from 
subjects. They were then asked to walk at their self-reported 
comfortable speed on a tied-belt treadmill to determine their 
comfortable stride time and spatiotemporal asymmetry. If they 
met the eligibility criteria, the self-reported comfortable gait 
speed and corresponding stride time were used to modulate 
their SBT and ARAC trials. During the SBT and ARAC 
experiments, participants were asked to follow the auditory 
cues as they walked on the treadmill. 

For SBT, the fast belt was increased to 4/3 of their 
comfortable walking speed, and the slow belt was set to 2/3 of 
their comfortable walking speed. For ARAC, the same temporal 
asymmetry was applied by assigning a “slow” step time equal 
to 2/3 of their stride time at comfortable speed, and a “fast” 
assigned step time equal to 1/3 of their comfortable stride time. 
The average speed and average stride time were unchanged in 
both interventions. Both experiments involved 23 minutes of 
uninterrupted walking on a treadmill: 3 minutes of baseline (no 
perturbation), followed by 15 minutes of exposure to an 
asymmetric intervention, and 5 minutes of post-adaptation (no 
perturbation). 

C. Data Analysis 
Motion capture and force plate data were processed using 

MATLAB 2022a. Marker location and force plate data were 
reversed laterally for the following datasets from one of the gait 
studies [13] to ensure consistency in direction of asymmetry 
between the datasets (Fig. 1): 

Fig.   1.  Description of the SBT and ARAC experiments in the two gait 
studies. Both studies had the same protocol for the ARAC (Trial 1 in [13] 
and T-C in [17]) and SBT (Trial 2 in [13] and T-S in [17]) sessions but 
different conditions for the remaining trials.  Only the matching sessions 
were used in this study. 

 



 

• Trial 2 (i.e., SBT (1:2) + RAC), Group B (n = 8) from 
Rasouli et al. [13]. 

• Trial 1 (i.e., ARAC (1:2) + TBT), all subjects (n = 16) 
from Rasouli et al. [13].  

Kinetic parameters and heel marker trajectory were used to 
determine asymmetries of the following gait parameters: step 
length (SLA), step time (STA), swing time (SWG), stance time 
(STN), peak push-off force (POF), and peak braking force 
(BRK). Asymmetries were calculated using the symmetry 
index shown in Equation (1) [18].  

% Asymmetry = Left step - right step
mean(left step, right step)

×100                      (1) 

Asymmetries were then passed through a 1st order 
Butterworth filter with a cutoff frequency of 50Hz. Gait 
harmony was calculated using the ratio of swing-to-stance time 
(SSR), and the disturbance in interlimb gait harmony was 
calculated using their asymmetry (SSRA). 

The SSRA for an individual walking at an asymmetric step 
velocity of 2:1 corresponds to an SSRA of 66.67% according to 
Equation (1). The distribution of SSRA during SBT adaptation 
was used to calculate the threshold at which the concavity 
shifts. This threshold accounts for the potential limiting effects 
of the tied-belt treadmill on the subjects’ ability to adapt to 
ARAC. Subjects were categorized as “partially adaptable” if 
their average SSRA during adaptation to ARAC was within 2 
standard deviations of this threshold. Subjects that did not reach 
the lower limit of this range were categorized as “non-
adaptable,” and those that exceeded the upper limit were 
categorized as “adaptable.”  

A linear multivariate regression model was generated to 
reflect changes between spatial, temporal, and kinetic 
asymmetric gain. This model was then adapted to the three 
levels of rhythmic adaptability.  

Upon confirming the normality of their distribution using 
the Shapiro-Wilk test, a two-way analysis of variance 
(ANOVA) was performed on the three chosen gait parameters 
and SSRA to determine the effects of the dominant adaptation 
mechanism (indicated by the intervention type) and the 
adaptability levels. 

III. RESULTS 

A. Subjects 
 Baseline SLA and STA were reevaluated for the combined 
dataset. One participant from the sequential combination study 
was excluded because their baseline SLA exceeded 3 standard 
deviations of the average. Two additional subjects from the 
simultaneous combination study were excluded due to a large 
SLA that exceeded 3 standard deviations of the remaining 
subject population (n = 26) during adaptation to ARAC. The two 
subjects had an average SLA of 36.76% and -85.15%, and their 
outlier status were verified using Z-scores: (i) -4.39 and (ii) 4.08. 
Tukey’s fences also verified that their SLA exceeded the upper 
and lower fences (-12.67,13.77%). The final dataset comprised 

24 subjects with an average comfortable walking speed of 0.98 
± 0.193m/s and average stride time of 1.21 ± 0.18s.  

B. Adaptability to rhythmic auditory cueing 
The percentile distribution of SSRA (mean = 47.76%) 

during SBT adaptation exhibited a sigmoidal trend (Fig. 2(d)). 
Its inflection point was found to be at the 20th percentile, 
corresponding to an SSRA of 35.97%. Subjects were 
categorized as “partially adaptable” if their average SSRA 
during ARAC (mean = 27.94%) was between 20.2% and 
41.3%. Subjects were categorized as non-adaptable if their 
average SSRA did not reach the lower limit of 20.2%, and 
subjects were considered adaptable if their average SSRA 
exceeded the upper limit, 41.3%. This resulted in 10 “non-
adaptable” subjects, 7 “partially adaptable” subjects, and 7 
“adaptable” subjects (Fig. 4).  

Normality of SSRA distributions were verified using the 
Shapiro-Wilk test for SBT (W = 0.964, p = 0.533) and ARAC 
(W = 0.933, p = 0.108). A two-way ANOVA revealed that the 
effects of (i) intervention type (F(1,42) = 25.51, p = 9.0e-06), 
(ii) adaptability level (F(2,42) = 10.46, p = 2.06e-04), as well 
as their interaction effects (F(2,42) = 52.31, p = 3.90e-12) on 
SSRA were statistically significant. In addition, a linear 
regression model was fit to the relationship between gait 
harmonies from SBT and ARAC as shown in Equation (2),	
R2	=	0.24, p =	0.016.   

SSRAARAC (%) = 63.41 - 0.74 * SSRASBT	(%)        (2) 
Post-hoc pairwise comparisons showed that SSRA was 

significantly greater during SBT compared to ARAC for 
partially adaptable (p = 0.002) and non-adaptable subjects 
(p = 4.8e-12), but not for adaptable subjects (p > 0.05). SSRA 
of adaptable subjects was significantly higher compared to 
subjects in the other categories for SBT (non-adaptable: p = 
0.003; partially adaptable: p = 0.022) and ARAC training (non-
adaptable: p = 5.75e-12, partially adaptable: p = 3.57e‑05). 
Partially adaptable subjects had a significantly greater SSRA 

Fig.  2. SSRA distribution during SBT and ARAC adaptation. 
 



 

than non-adaptable subjects during ARAC training (p = 8.19e-
04), but not SBT (p > 0.05). 

C. Trade-off mechanisms  
Asymmetries in kinetic parameters, POF and BRK, were 

correlated with all temporal parameters {i.e., step time (STA), 
swing time (SWG), and stance time (STN)} for ARAC. 
Correlation between SLA was statistically significant (p < 0.05) 
with POF, but not with BRK (p > 0.05) during SBT (Fig. 3). For 
ARAC, correlation between POF and all temporal parameters 
were statistically significant (p < 0.05), with the highest 
magnitude of correlation against SWG (Fig. 3). A linear model 
was generated for trade-off mechanisms within the following 
parameters: POF, SLA, and SWG. Since SLA and SWG were 
not correlated during either intervention, they were the predictor 
variables in the regression model, as shown in Equation (3).  

POF = S*(SLA) + T*(SWG) + k                                       (3)

                         
Table I shows the model’s spatial and temporal coefficients, 

“S” and “T,” from Equation (3), and goodness-of-fit for all 
subjects and within the adaptability levels. The linear models 
were statistically significant (p < 0.05) for ARAC but not for 
SBT (Table I, Fig. 5). Fig. 4 and Table II exhibit the average gait 
asymmetries and corresponding statistical outcomes.  

TABLE I.  MODEL PARAMETERS AND FIT FOR SBT AND ARAC. 
COEFFICIENTS MARKED WITH AN ASTERISK INDICATE 
STATISTICALLY SIGNIFICANT CORRELATION (P < 0.05*) OF 
THE CORRESPONDING PARAMETER WITH POF.  

 Model 
parameter 
and fit 

All 
subjects 

Non-
adaptable 

Partially 
adaptable 

Adaptable 

A
R

A
C

 

Parameter S 1.984 5.018* 2.121 -2.276 
T -1.682* -1.854* -1.747 -2.173* 
k -2.251 0.814 0.471 -19.833 

Model fit R2	=	0.71,	  
p < 0.0001  

R2	=	0.85,   
p = 0.001  

R2 = 0.68,   
p = 0.1  

R2 = 0.85,   
p = 0.024  

SB
T 

Parameter S 2.491* 3.294 -2.867 4.589* 
T -0.034 0.243 0.975 0.634 
k 70.351 79.161 9.356 27.392 

Model fit R2	=	0.17,  
p	=	0.140  

R2	=	0.23,  
p	=	0.402  

R2	=	0.096,  
p	=	0.81 

R2	=	0.67, 
p	=	0.108 

TABLE II.  TWO-WAY ANOVA FOR STEP LENGTH, SWING TIME, AND 
PUSH-OFF FORCES. THE TWO FACTORS ASSESSED WERE THE 
INTERVENTION TYPE AND THE LEVEL OF ADAPTABILITY. 

 Factor(s) 

Intervention Adaptability Intervention* 
Adaptability 

SLA F (1,42) = 43.25,  
p = 5.89e-08 

F (2,42) = 2.36,  
p = 0.107  

F (2,42) = 1.04,  
p = 0.362 

SWG F (1,42) = 54.95,  
p = 3.75e-09 

F (2,42) = 0.55,  
p = 0.581 

F (2,42) = 0.71,  
p = 0.495 

POF F (1,42) = 8.03,  
p = 0.007 

F (2,42) = 0.32,  
p = 0.727 

F (2,42) = 0.44,  
p = 0.648 

IV. DISCUSSION 

A. Adaptability to rhythmic cueing 
The significant difference in interlimb gait harmony between 

SBT and ARAC may be attributed to their dominant adaptation 
mechanisms or the gait parameter that is targeted by the 
interventions. A previous study found that control of spatial and 
temporal features during gait adaptation are independent of each 
other [19]. Therefore, it is not possible to surmise whether the 
difference in SSRA between the two interventions was solely 
due their distinct adaptation mechanisms or due to the gait 
parameter that was targeted by that intervention, i.e., step length 
for SBT and step time for ARAC [20, 21].  

 
Fig.  3. Linear relationship between gait parameters.  

 

 
Fig.  4. Gait asymmetries within the adaptability levels. 

 

 
Fig.  5.  Linear model parameters for trade-off mechanisms between 
POF, SLA, and SWG during adaptation to ARAC. 
 



 

The relationship in SSRA between SBT and ARAC, shown 
in Equation (2), reinforces the previously established linear 
relationship between walking speed and interlimb gait harmony. 
It also shows that the proprioceptive effects on the subject’s gait 
from the treadmill significantly limited (approximately 26%) the 
subjects’ ability to adapt to the rhythmic cues. This may also be 
attributed to a multitude of factors, such as a number of cognitive 
factors that need to remain active to adapt to ARAC compared 
to SBT, and individual rhythm abilities [7, 22]. To summarize, 
there are likely limiting effects of the subjects’ proprioceptive 
abilities that may interfere with or enhance their ability to adapt 
to rhythmic cues on a treadmill setting.  

The significant differences in SSRA between adaptability 
levels show that the disturbance in interlimb harmony is 
correlated with step velocity. However, the lack of statistically 
significant correlation with gait parameters suggests the 
possibility of additional underlying mechanisms among them.  

B. Trade-off mechanisms 
BRK and POF showed a statistically significant correlation 

with all temporal features during ARAC. However, only POF 
(and not BRK) was significantly correlated with SLA during 
adaptation to SBT. This is also consistent with outcomes from 
previous studies that found augmentation of POF was 
significantly more effective than BRK at enhancing step length 
asymmetry during SBT adaptation and post-adaptation [15]. The 
correlates between either spatial or temporal features with POF 
were distinct depending on the intervention, possibly owing to 
their corresponding adaptation mechanisms.  

The linear models for trade-off mechanisms in adaptable and 
non-adaptable subjects were statistically significant for ARAC, 
but not SBT (Table I). This shows that the trade-offs among 
SLA, SWG, and POF are linear in nature with rhythmic 
interventions such as ARAC, but any potential trade-offs within 
SBT are either insignificant or non-linear. The trade-off 
mechanisms were personalized to fit the three adaptability 
levels, which revealed that the models were statistically 
significant for adaptable and non-adaptable subjects. 

The temporal coefficient for adaptable subjects was greater 
in magnitude than that of non-adaptable subjects, which 
indicates that a stronger impact is observed in POF for adaptable 
subjects (compared to non-adaptable) when magnitude of 
asymmetry in SWG increases. However, the key difference in 
their trade-off mechanisms was within the relationship of SLA 
with POF. Non-adaptable subjects showed a positive correlation 
between SLA and POF, whereas adaptable subjects exhibited a 
negative linear relationship between the two parameters. It may 
be inferred that subjects in these two categories exhibited 
distinct allocation strategies for POF between the spatial and 
temporal domain.  

The primary distinction between subjects classified as 
adaptable and non-adaptable is the adaptation mechanism that 
played a more prominent role during adaptation. Non-adaptable 
subjects had a lower level of engagement with instructional 
adaptation and higher level of engagement with sensorimotor 
feedback compared to adaptable subjects.  

Although there were no significant differences among 
adaptability levels in the gait parameters, the strategies in which 
propulsive forces are allocated to spatial and temporal features 
were distinctive. Therefore, it may be surmised that 
orthogonality of changes in step length and swing time could 
indicate the more dominant adaptation mechanism during 
training. Understanding of adaptation mechanisms and the way 
they are reflected in an individual’s gait pattern contributes 
towards a holistic (and targeted) approach towards gait 
rehabilitation. This would assist therapists to modulate gait 
interventions that target certain parameters (e.g., step time) and 
take into consideration “compensation” or “trade-off 
mechanisms” between different adaptation mechanisms that 
may impact their rehabilitative progress. A post-stroke subject 
with unimpaired cognition would benefit more from 
interventions such as (A)RAC that engage instructive motor 
learning, whereas someone with cognitive decline may benefit 
more from interventions like SBT that engage sensorimotor 
learning methods [28]. The directionality of the trade-off 
mechanisms may indicate the dominant motor learning process, 
which would help clinicians determine an optimal intervention 
type that would maximize the benefits of the individuals.        

C. Limitations and Future Works 
Variability in rhythm abilities between subjects is likely to 

affect the magnitude of correlation between gait harmony 
during ARAC and SBT, and the threshold to categorize the 
three adaptability levels. In addition, the trade-off mechanism 
model for adaptable subjects during ARAC showed an offset of 
approximately 20%. This may be attributed to individuals 
overcoming the proprioceptive impact of the treadmill, or 
inadequacies within the model regarding additional parameters, 
such as joint kinematics during gait initiation.     

Although the study found a significant correlation between 
SLA and POF for adaptable subjects during SBT, it does not 
explain the association between exaggerated propulsion in 
enhancing adaptive and post-adaptive effects on step length 
during SBT training [15]. Other studies have found cognitive 
engagement (e.g., rhythmic auditory or tactile perturbation or 
using distraction/awareness techniques) during SBT adaptation 
to improve post-adaptive effects on their gait pattern [13, 23, 
26]. A previous study found that braking force was significantly 
different between planned (anticipated) and unplanned (or 
sudden) walking contexts, revealing the significant effects of 
awareness levels [24].  

The process(es) of cognitive engagement with retained 
motor memories remains to be understood in the context of 
sensorimotor and instructional adaptation mechanisms. Future 
studies that incorporate such adaptation mechanisms in other 
contexts (e.g., overground walking with rhythmic cueing or 
robot-assisted therapy) may elucidate the limitations of these 
outcomes.  

Although partially adaptable subjects exhibited trends in 
their trade-off mechanisms that were similar to those of non-
adaptable subjects, their model was not statistically significant.   
We suggest a “binary” trade-off mechanism that is based on the 
direction of changes between spatial and temporal features with 



 

respect to propulsive forces. The two possible strategies via 
which propulsion is allocated between spatial and temporal 
parameters may be attributed to the dominant adaptation 
mechanism (sensorimotor or instructional). This would also 
explain the lack of significance in modeling trade-off 
mechanisms for the partially adaptable group. For this subject 
group, both dominant adaptation mechanisms have equal 
contributions towards gait (a)symmetry, which makes it 
challenging to identify transient trade-off mechanisms between 
subjects. Motor adaptation processes are transient and vary in 
contribution level over different stages of adaptation [25]. 
Future studies may improve accuracy of their linear models by 
weighing them according to the type of adaptation mechanism 
and the training stage, i.e., early and late adaptation.  

ACKNOWLEDGMENT 
The authors acknowledge Fatemeh Rasouli for the 

experiments conducted and data collected.  

REFERENCES 
[1] S. Ghai, I. Ghai, and A. O. Effenberg, “Effect of Rhythmic Auditory 

Cueing on Aging Gait: A Systematic Review and Meta-Analysis,” Aging 
and disease, vol. 9, no. 5, p. 901, 2018. 

[2] Y. Jiang and K. E. Norman, “Effects of visual and auditory cues on gait 
initiation in people with Parkinson’s disease,” Clinical Rehabilitation, 
vol. 20, no. 1, pp. 36–45, Jan. 2006. 

[3] S. Ghai and I. Ghai, “Effects of (music-based) rhythmic auditory cueing 
training on gait and posture post-stroke: A systematic review & dose-
response meta-analysis,” Scientific Reports, vol. 9, no. 1, Feb. 2019. 

[4] G. E. Yoo and S. J. Kim, “Rhythmic Auditory Cueing in Motor 
Rehabilitation for Stroke Patients: Systematic Review and Meta-
Analysis,” Journal of Music Therapy, vol. 53, no. 2, pp. 149–177, 2016. 

[5] J. E. Wittwer, K. E. Webster, and K. Hill, “Rhythmic auditory cueing to 
improve walking in patients with neurological conditions other than 
Parkinson’s disease – what is the evidence?,” Disability and 
Rehabilitation, vol. 35, no. 2, pp. 164–176, Jun. 2012. 

[6] S. D. Bella et al., “Gait improvement via rhythmic stimulation in 
Parkinson’s disease is linked to rhythmic skills,” Scientific Reports, vol. 
7, no. 1, Feb. 2017. 

[7] L. D. Crosby, J. S. Wong, J. L. Chen, J. Grahn, and K. K. Patterson, “An 
Initial Investigation of the Responsiveness of Temporal Gait Asymmetry 
to Rhythmic Auditory Stimulation and the Relationship to Rhythm Ability 
Following Stroke,” Frontiers in Neurology, vol. 11, Oct. 2020. 

[8] L. Moumdjian, J. Buhmann, I. Willems, P. Feys, and M. Leman, 
“Entrainment and Synchronization to Auditory Stimuli During Walking 
in Healthy and Neurological Populations: A Methodological Systematic 
Review,” Frontiers in Human Neuroscience, vol. 12, Jun. 2018. 

[9] M. Iosa et al., “The Golden Ratio of Gait Harmony: Repetitive 
Proportions of Repetitive Gait Phases,” BioMed Research International, 
vol. 2013, pp. 1–7, 2013. 

[10] D. De Bartolo, C. S. Zandvoort, M. Goudriaan, J. N. Kerkman, M. Iosa, 
and N. Dominici, “The Role of Walking Experience in the Emergence of 
Gait Harmony in Typically Developing Toddlers,” Brain Sciences, vol. 
12, no. 2, p. 155, Jan. 2022. 

[11] Pietro Scaglioni-Solano and J. C. Moreno, “Effect of Gait Speed on 
Dynamic Postural Stability, Harmony and Upper Body Attenuation,” 
Springer eBooks, pp. 753–757, Jan. 2013. 

 
 
 
 

[12] M. Iosa, G. Morone, and S. Paolucci, “Golden Gait: An Optimization 
Theory Perspective on Human and Humanoid Walking,” Frontiers in 
Neurorobotics, vol. 11, Dec. 2017. 

[13] F. Rasouli, S. H. Kim, and K. B. Reed, “Superposition principle applies 
to human walking with two simultaneous interventions,” Scientific 
Reports, vol. 11, no. 1, Apr. 2021. 

[14] K. A. Leech, R. T. Roemmich, J. Gordon, D. S. Reisman, and K. M. 
Cherry-Allen, “Updates in Motor Learning: Implications for Physical 
Therapist Practice and Education,” Physical Therapy, vol. 102, no. 1, Oct. 
2021. 

[15] C. J. Sombric, J. S. Calvert, and G. Torres-Oviedo, “Large Propulsion 
Demands Increase Locomotor Adaptation at the Expense of Step Length 
Symmetry,” Frontiers in Physiology, vol. 10, Feb. 2019. 

[16] C. J. Sombric and G. Torres-Oviedo, “Augmenting propulsion demands 
during split-belt walking increases locomotor adaptation of asymmetric 
step lengths,” Journal of NeuroEngineering and Rehabilitation, vol. 17, 
no. 1, Jun. 2020. 

[17] A. Hoque, "Interaction of Sequentially Applied Interventions for Gait 
Symmetry." Order No. 29994482, University of South Florida, United 
States -- Florida, 2022. 

[18] M. Błażkiewicz, I. Wiszomirska, and A. Wit, “Comparison of four 
methods of calculating the symmetry of spatial-temporal parameters of 
gait,” Acta of Bioengineering and Biomechanics, vol. 16, no. 1, pp. 29–
35, 2014. 

[19] K. Kozlowska, M. Latka, and B. J. West, “Asymmetry of short-term 
control of spatio-temporal gait parameters during treadmill walking,” 
Scientific Reports, vol. 7, no. 1, Mar. 2017. 

[20] S. Carr, Fatemeh Rasouli, Seok Hun Kim, and K. B. Reed, “Real-time 
feedback control of split-belt ratio to induce targeted step length 
asymmetry,” Journal of Neuroengineering and Rehabilitation, vol. 19, no. 
1, Jun. 2022. 

[21] V. Belluscio, M. Iosa, G. Vannozzi, S. Paravati, and A. Peppe, “Auditory 
Cue Based on the Golden Ratio Can Improve Gait Patterns in People with 
Parkinson’s Disease,” Sensors, vol. 21, no. 3, p. 911, Jan. 2021. 

[22] B. H. Repp and P. E. Keller, “Adaptation to tempo changes in 
sensorimotor synchronization: Effects of intention, attention, and 
awareness,” The Quarterly journal of experimental psychology, vol. 57, 
no. 3, pp. 499–521, Apr. 2004. 

[23] M. Mukherjee et al., “Plantar tactile perturbations enhance transfer of 
split-belt locomotor adaptation,” vol. 233, no. 10, pp. 3005–3012, Jul. 
2015. 

[24] C.-W. Kwon, S.-H. Yun, D.-K. Koo, and J.-W. Kwon, “Kinetic and 
Kinematic Analysis of Gait Termination: A Comparison between Planned 
and Unplanned Conditions,” Applied Sciences, vol. 13, no. 12, p. 7323, 
Jan. 2023. 

[25] D. Spampinato and P. Celnik, “Multiple Motor Learning Processes in 
Humans: Defining Their Neurophysiological Bases,” The Neuroscientist, 
vol. 27, no. 3, pp. 246–267, Jul. 2020. 

[26] D. M. Mariscal, P. A. Iturralde, and G. Torres-Oviedo, “Altering attention 
to split-belt walking increases the generalization of motor memories 
across walking contexts,” Journal of Neurophysiology, vol. 123, no. 5, pp. 
1838–1848, May 2020. 

[27] M. Hoppe, G. Chawla, N. Browner, and M. D. Lewek, “The effects of 
metronome frequency differentially affects gait on a treadmill and 
overground in people with Parkinson disease,” Gait & Posture, vol. 79, 
pp. 41–45, Jun. 2020. 

[28] M. A. French, M. L. Cohen, R. T. Pohlig, and D. S. Reisman, “Fluid 
Cognitive Abilities Are Important for Learning and Retention of a New, 
Explicitly Learned Walking Pattern in Individuals After 
Stroke,” Neurorehabilitation and Neural Repair, vol. 35, no. 5, pp. 419–
430, Mar. 2021. 

 


