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Abstract: Background: Incorporating variability within gait rehabilitation offers a promising 

approach to restore functional capacity. However, it’s success requires adequate 
synchronization, a parameter that lacks report in most of the literature regarding cued gait 
training. Research question: How changes to synchronization performance during fractal-like 
and isochronous cueing impacts gait variability measures? Methods: We asked twelve young 
male participants to walk in synchronization to two different temporally structure cueing 

(isochronous [ISO] and fractal [FRC]). We have also manipulated the cueing’s tempo by 
increasing and decreasing it by 5% to manipulate synchronization, resulting in six conditions 
(stimuli [ISO,FRC] x tempo [SLOW, NORMAL, FAST]). The normal condition was set from an 

uncued trial through the participant’s self-paced stride time. Synchronization performance 
(ASYNC) and gait variability (fractal scaling and coefficient of variation) were calculated from 
stride time data ( -ISIs,CV-ISIs). Repeated measures analysis of variance or Aligned Rank 
Transform were conducted to determine significant differences between metronome tempo 
and stimuli for the dependent variables. Results: Our results showed a FAST tempo decreases 
synchronization performance (ASYNC) and leads to lower -ISIs, for both ISO and FRC stimuli. 
This indicates that when an individual exhibits poor synchronization during cued gait training, 
his/her gait variability patterns will not follow the temporal structure of the presented 
metronome. Specifically, if the individual poorly synchronizes to the cues, the gait patterns 
become more random, a condition typically observed in older adults and neurological patients, 
which runs contrary to the hypothesis when using fractal-like metronomes. Significance: This 
study provides supporting evidence that measuring synchronization performance in cued 
training is fundamental for a proper clinical interpretation of its effects. This is particularly 
relevant for the recent and ongoing clinical research using fractal-like metronomes since the 
expected gait patterns are dependent on the synchronization performance. Randomized 
control trials must incorporate synchronization performance related measures. 

Introduction 

Gait rehabilitation often uses external cues to restore gait patterns. This 

approach, also known as sensorimotor synchronization [1], has demonstrated positive 

effects in the gait patterns of older adults [2] and neurological patients [2-8]. However, 

other studies failed to show gait improvements [9-11], questioning the usefulness of 

external cues in gait rehabilitation. The reported discrepancies in gait improvements are 

likely to have different causes, e.g., the population or pathology under investigation, the 

cueing modality, the temporal structure of the cues, or the frequency used on the cues. 

In the clinic, the cues are typically presented as markers on the floor to step in or 

auditory cues to step on time, mostly aiming stride time and/or stride length. 

Regardless, a fundamental and crucial aspect commonly neglected is cue 

synchronization, also previously pointed out as a major limitation in clinical trials 

[6,12]. Reporting synchronization performance to the cues would allow a more robust 
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and appropriate interpretation of cued gait rehabilitation effects. This would ultimately 

lead to the identification of which approach better suits different populations. 

The understanding of synchronization performance is particularly relevant given 

the growing body of research suggesting the incorporation of variability in the cues‟ 

temporal structure [13-19]. These authors propose that the temporal/spatial distance 

between cues should not be fixed, but rather with non-random variations. Specifically, 

the cues should be presented in a fractal-like pattern. This innovative cue presentation 

relies on previous studies that found gait patterns of healthy individuals to exhibit 

fractal-like patterns, whereas older adults and neurological patients presented 

deterioration of these patterns [16,20,21]. Importantly, these fractal-like patterns are 

thought to represent a „complex‟ system that contains a certain amount of „structured‟ 

variability enabling system‟s adaptability. Conversely, a loss of complexity as in the 

case of ageing, either too much or too little variability, represents an unhealthy system 

with reduced capacity to adapt to environmental constraints [22,23]. Importantly, 

although extensive literature supports the loss of complexity to altered gait control (i.e., 

loss of complexity hypothesis), others associated to motor noise [24,25]. 

Given the lack of research regarding synchronization performance, it becomes 

questionable whether positive improvements in gait parameters while using isochronous 

cueing are misleading. Thus, it is possible that decreased synchronization to 

isochronous cues may lead to fractal-like patterns by chance during gait, and the 

improvements observed should not be attributed to isochronous cueing. However, since 

this would occur by chance, it is also plausible to consider it would lead to changes in 

the opposite direction. The manipulation of other gait parameters through the increase 

and decrease of cues‟ frequency was previously attempted [26,27]. Significant effects of 

different cueing frequencies on spatiotemporal gait parameters on both treadmill and 
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overground walking have been reported [26,27]. Decrease of cueing frequency resulted 

in the increase of step length when walking on a treadmill, whereas the increase of the 

cueing frequency produced an increase in both cadence and gait speed when walking 

overground in Parkinson patients. [26]. However, it remains to be investigated if 

synchronization performance affects gait variability measures. If synchronization 

performance does affect gait variability, the adjustment of cueing parameters, such as 

frequency, should be considered. In fact, frequency adjustment in the presentation of the 

cues was recently suggested [28].  

The present study investigated the effects of cueing tempo (normal, slow and 

fast) on synchronization performance and gait variability measures during two cued 

walking tasks (isochronous and fractal). We hypothesized that a faster tempo would 

worsen synchronization and, hence, would alter gait variability.  

Methods 

Participants  

Twelve male participants (22.3±3.6 years, 1.74±0.06 m, 69.4±7.8 kg) were 

included in this study. Participants had no medical history of cardiovascular or 

metabolic disease/disorders nor a history of musculoskeletal disorders in the past six 

months. Participants signed an informed consent that the Institutional Review Board 

previously approved. 

 

Experimental Procedures 

 For preferred walking speed (PWS) determination, participants were asked to 

start walking on the treadmill and the speed was gradually increased in increments of 

0.1 km/h. Participants indicated when comfortable with the treadmill‟s speed. Once 
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comfortable with the speed, additional increments of 0.1 km/h were added until the 

participant indicated it was becoming “too fast to be comfortable”. The same procedure 

was conducted to decrease the speed until the participant referred it to be “too slow to 

be comfortable”. This procedure was repeated three times in each direction, and the 

average of the six measures was considered as PWS. The participants were then allowed 

to remain walking at the PWS speed for familiarization for approximately 2 minutes.  

The first trial was a self-paced uncued trial, needed to calculate preferred stride 

time. This trial's stride time was used to design individualized visual stimuli for 6 

randomized cued trials: 3 tempos [SLOW, NORMAL, FAST] x 2 types of stimuli 

[Isochronous – ISO; Fractal – FRC]. The six randomized trials were distributed amongst 

two sessions. Each trial lasted 10-minutes, and a minimum of 5-minutes resting period 

was given between trials. For the NORMAL trials, the stride time determined from the 

self-paced trial was used, while for the SLOW and FAST, a 5% decrease or increase 

was applied to stimulus‟ tempo, respectively.  

The visual cues were provided via a moving horizontal bar moving up and down 

[18], projected on a flat screen in front of the participant. Participants were instructed to 

synchronize their right heel strike to the top of the moving bar‟s path. The moving 

indicator turned red when reaching the top of the display. The FRC cueing was 

generated using an approximation of a -10 dB/decade filter with a weighted sum of 

first-order filters. This cues‟ structure was previously validated using Detrended 

Fluctuation Analysis (DFA) – FRC: α = 1, pink noise [18]. It was scaled using the mean 

and standard deviation of each participant‟s self-paced stride-time. This scaling 

generated a set of individual-specific cueing but also maintained the consistency of 

cueing patterns across participants. The ISO cueing was generated using each 

participant‟s mean self-paced stride-time and a standard deviation of zero. A 
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miniaturized triaxial accelerometer (Plux Biosignals, Portugal), placed at the lateral 

malleoli, was used to determine gait events. Acceleration data were collected at 

1000Hz.  

 

Data Analysis 

The first 15-seconds of each trial were discarded prior to analysis to avoid 

transient effects of familiarization to the stimulus. A 4
th

 order, zero lag low-pass 

Butterworth filter with a cutoff frequency of 20Hz was applied to the accelerometer 

signal. A custom MATLAB code was used to determine inter-stride intervals (ISIs), 

defined as the time difference between two consecutive heel strikes of the same foot. 

Outliers that fell outside ±2.5 standard deviations from the mean were removed from the 

time series. After outliers were removed, the coefficient of variation (CV) and fractal 

scaling were calculated for each ISI time series. CV was used as a measure of the 

magnitude of variability, while fractal scaling was used as a measure of the temporal 

structure of variability. Asynchronies (ASYNC) were calculated as the time difference 

between the heel strike and the cue. A negative value indicates that the heel strike 

occurred before the stimulus. The mean asynchronies (ASYNCmean) was calculated as a 

global indicator of synchronization performance. In addition, we calculated an 

asynchronies ratio (ASYNCratio). Specifically, we calculated the percentage of negative 

asynchronies (i.e., anticipatory), multiplying by 100 the quotient between the number of 

negative asynchronies and the total number of asynchronies   
             

          
      . For 

example, an ASYNCratio of 80% indicates that 20% of the asynchronies presented a 

reactive nature, i.e., the heel strike occurred after the cue. This is an important 

complementary parameter to appropriately interpret ASYNCmean. 
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Detrended Fluctuation Analysis (DFA) was used to determine the fractal-scaling 

exponent (α) for the ISI time series (α-ISIs). α quantifies the presence of the long-range 

correlations found in a physiological time series. The time-series is first detrended. 

Then, DFA integrates a time series divided into window sizes of length n. In each 

window, a least squares line of best fit is calculated. The data is then detrended by 

subtracting the integrated time series from the least squares line. The root mean square 

is calculated for each window to determine the magnitude of fluctuation, and is summed 

for the entire time series, F(n). This process is repeated for a range of window sizes to 

determine the associated magnitudes of fluctuation for each window size. Next, the log 

F(n) is plotted against log n (the root mean square is plotted against the window sizes), 

and the slope of this line is the α-scaling exponent. α values greater than 0.5 indicate a 

positively persistent long-range correlation. This means that increases tend to be 

followed by increases and decreases tend to be followed by decreases. α values less than 

0.5 indicate anti-persistent correlations, which mean that increases tend to be followed 

by decreases, and vice-versa. Window sizes of 16 to N/8 were used in the ISI analysis, 

where N is the length of the data. 

 

Statistical Analysis 

Statistical analyses were conducted using R [29] with alpha level set a priori 

0.05. Normality of data was confirmed using a Shaprio-Wilk‟s test (p<0.05), skewness 

and kurtosis values, and visual investigation of histograms, normal Q-Q plots, and box 

plots and descriptive data were calculated. Two dependent measures met the assumption 

of normality (ASYNCmean, and  -ISIs); whereas two dependent measures did not meet 

the assumption of normality (ASYNCratio and CV-ISIs). Repeated measures analysis of 

Jo
ur

na
l P

re
-p

ro
of



 8 

variance (ANOVA) were conducted to determine significant differences between cueing 

tempo and stimuli conditions for ASYNCmean and  -ISIs. Aligned Rank Transform 

(ART) were conducted for ASYNCratio and CV-ISIs [30-33]. Where results were 

significant, pairwise comparisons with Bonferroni corrections were conducted. R 

packages included in the analyses were: afex [34], ARTool [35], dplyr [36], emmeans 

[37], grateful [38], openxlsx [39], plyr [40], and rstatix [41]. 

Results 

Mean Asynchronies (ASYNCmean) 

 As for mean ASYNCmean, no Stimuli x Tempo interaction was not observed 

(F(1.07,10.69) = 2.92; p = 0.115;   
  = 0.226). No main effect was observed for Stimuli 

(F(1,10) = 0.662; p = 0.435;   
  = 0.062), but a significant main effect was found for 

Tempo (F(1.64,16.38) = 37.08; p < 0.001;   
  = 0.788). Pairwise comparisons revealed 

NORMAL (-90 ± 15ms) to be higher than SLOW (-154 ± 21ms, p=0.001) and lower 

than FAST (-33 ± 17ms, p=0.006) – Figure 1A; and SLOW was lower than FAST 

(p<0.001). 

[insert Figure 1 here] 

Asynchronies’ Performance Ratio (ASYNCratio) 

 In terms of the ASYNCratio, we have observed a significant Stimuli X Tempo 

interaction (F(2,55) = 5.994; p = 0.004). Table 1 presents all the multiple comparison 

between the six conditions. No main effect was observed for Stimuli (F(1,55) = 2.460; p = 

0.123), but a significant main effect was found for Tempo (F(2,55) = 32.336 p < 0.001). 

Pairwise comparisons revealed NORMAL (89 ± 2%) had a greater percentage of 
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anticipatory strides than FAST (62±7, p = 0.036), but less than SLOW (97 ± 2%, p = 

0.005); and FAST showed significantly less than SLOW (p=0.001) – Figure 1B. 

[Insert Table 1 here] 

Inter Stride Intervals (ISIs) 

 In terms of  -ISIs, no Stimuli x Tempo interaction was observed (F(1.97,21.66) = 

0.28; p = 0.758;   
  = 0.004). A significant main effect was found for both Stimuli 

(F(1,11) = 26.52; p < 0.001;   
  = 0.548) and Tempo factors (F(1.73,19) = 6.98; p = 0.007;   

  

= 0.114). Pairwise comparisons showed that  -ISIs was higher during FRC (0.76±0.18) 

than ISO (0.43±0.14, p < 0.001, Figure 2). For the Tempo factor, pairwise comparisons 

showed  -ISIs during FAST (0.52±0.23) to be significantly lower than NORMAL 

(0.65±0.22, p=0.030); while no differences were observed between SLOW and 

NORMAL (p = 0.792); nor SLOW and FAST (p = 0.058).  

[insert Figure 2 here] 

 Regarding CV-ISIs, no Stimuli x Tempo interaction was observed (F(2,55) = 

0.150; p = 0.861). Likewise, no main effect was found for Tempo (F(2,55) = 0.151; p = 

0.860). A significant main effect was observed for Stimuli (F(1,55) = 53.281; p < 0.001), 

where CV-ISIs was found to be higher in FRC (2.99 ± 0.44%) compared to ISO (1.72 ± 

0.15%). 

Discussion  

This study aimed to investigate how changing the cueing tempo affects 

synchronization performance and gait variability measures during cued walking. We 

experimentally manipulated the synchronization by increasing and decreasing the 

cueing tempo by 5%. Additionally, this was tested while the participants walked to both 

to an isochronous and a fractal-like cues. We hypothesized that a faster tempo would 
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affects gait variability because of a decreased synchronization, regardless of the cueing 

condition (FRC or ISO). The findings supported our hypotheses. Overall, we have 

found that decreased synchronization performance altered gait variability patterns. 

First and foremost, it is important to emphasize that we have successfully 

affected synchronization performance through our experimental design (i.e., 

manipulating the cueing‟s tempo). This is supported by our results related to the 

asynchronies (ASYNCmean and ASYNCratio). On the one hand, we have observed that by 

slowing the cueing‟s tempo, the asynchronies negatively increased than at normal 

tempo (i.e., the individuals stepped earlier). Conversely, the asynchronies negatively 

decreased (i.e., closer to 0) when the cueing‟s tempo was faster compared to the normal 

tempo condition. These results should be carefully interpreted. Mean asynchronies close 

to 0 do not necessarily represent a better synchronization. Individual data presented in 

Figure 1A shows that some participants exhibited positive mean asynchronies during 

the fast condition, indicating that they used a more reactive type of strategy rather than 

anticipatory. Therefore, we have added a complementary parameter to provide us with 

more details in terms of the synchronization strategy – ASYNCratio (Figure 1B). Here, 

we globally demonstrated that when the cueing tempo was 5% faster, there was a 

decrease in the number of anticipatory strides compared to normal and slow tempo 

conditions (i.e., more reactive strides). Overall, these results suggest that either 

increasing or decreasing the cueing‟s tempo affects synchronization performance, 

although in different directions: larger distance to the cues while keeping an anticipatory 

strategy (slow condition) or transitioning to more reactive strategy (fast condition). 

Regarding gait variability measures ( -ISIs), the results indicate that changes in 

synchronization similarly affected both walking to an isochronous and a fractal-like 

cueing conditions. However, we did not observe an increase in  -ISIs during 
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isochronous cueing when the synchronization worsens. This means that, high  -ISIs are 

unlikely to emerge during isochronous cueing. Not surprisingly,  -ISIs was higher 

during the fractal-like cued condition compared to isochronous, similarly to previous 

reports [15-18]. It is noteworthy the decrease in  -ISIs during the fast tempo condition, 

regardless of the cueing condition used. This is particularly important for those 

considering introducing fractal patterns within cueing systems [13-19]. If the cueing is 

not properly adjusted to the individual‟s characteristics (e.g., self-paced speed, self-

preferred stride frequency, etc.), there is a greater likelihood of worse synchronization 

performance. In other words, we can be observing unexpected changes in gait 

variability measures because the training is not focused on optimizing synchronization 

performance in the first place. Specifically, an individual walking to fractal-like cues is 

expected to present gait variability with a fractal scaling between 0.8-1.0 [18,42], but if 

the synchronization performance is decreased, it can result in substantially lower   

values, which is contradictory to the aim of the intervention. Our results support this 

rationale by exhibiting a decrease in fractal scaling of gait patterns when the cueing 

tempo was faster than normal. For magnitude measures of variability (CV), we found 

differences between the isochronous and fractal conditions. Although this is an 

important parameter of gait control, we believe the differences observed are not 

physiologically meaningful considering the 1.27% absolute difference. In addition, no 

effects from tempo changes were observed at the magnitude of variability indicating 

that synchronization appears not to affect this gait variability measure. Synchronization 

performance is likely one of the major reasons clinical trials in cued walking often set 

the cueing‟s tempo at under the self-preferred stride frequency [11,43,44], although 

research in the field severely lacks reporting synchronization related outcomes.  
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Although conducted in healthy young adults, some of our findings might have 

important implications to older adults‟ gait training. Specifically, the results related to 

the fast tempo condition that led to lower values of variability in the gait patterns. Older 

adults are known to a lower rate of information processing that typically results in 

slower motor response and longer reaction times [45]. Therefore, if older adults are 

instructed to match the cues and these are set at 100% of their self-preferred stride time, 

there is a likelihood of a greater number of reactive strides, as observed in our fast 

conditions in young adults. However, Vaz et al. [28] reported that older adults presented 

the expected fractal values when walking at their self-preferred stride frequency during 

cued trials. Importantly, the present study took place on a treadmill where the walking 

speed is fixed, while conducted overground in Vaz and colleagues‟ study, during which 

the walking speed can fluctuate. Although not reported, it is likely that the walking 

speed during the cued trials was not the same as during the uncued trial. This 

interpretation is certainly speculative and should be carefully discussed given the aging 

related changes in gait go beyond this simplistic analysis (e.g., automatic processes are 

also affected). Despite the need for further investigation to the older adults‟ gait, the 

present study‟s findings support it by showing no differences in gait variability patterns 

between normal and slow tempo conditions. Therefore, slowing the cueing when 

training older adults will most likely be beneficial, as it will decrease task‟s difficulty 

without compromising gait variability. 

 

 

Conclusion 

This study showed that decreased synchronization performance alters gait 

variability patterns. Importantly, when the synchronization performance was 

significantly affected, the gait variability measures were equally negatively affected. 
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This is particularly relevant for the recent and ongoing clinical research using fractal-

like cues since the expected gait patterns are dependent on the synchronization 

performance. We presented here that if the individual poorly synchronizes to the cues, 

the gait patterns become more random, a condition typically observed in older adults 

and neurological patients, which runs contrary to the hypothesis when using fractal-like 

cues. Thus, this study provides supporting evidence that measuring synchronization 

performance in cued gait training is fundamental for a proper clinical interpretation of 

its potential effects. In particular, randomized control trials must incorporate 

asynchronies measures to quantify such synchronization performance.  

References 

[1] B.H. Repp, Y.H. Su, Sensorimotor synchronization: A review of recent research 

(2006-2012), Psychonomic Bulletin and Review, 20(3) (2013) 403–452. 

https://doi.org/10.3758/s13423-012-0371-2. 

[2] S. Ghai, I. Ghai, A.O. Effenberg, Effect of rhythmic auditory cueing on aging gait: 

A systematic review and meta-analysis,  Aging and Disease. 9(5) (2018) 901–923. 

https://doi.org/10.14336/AD.2017.1031. 

[3] S. Ghai, I. Ghai, I, Effects of rhythmic auditory cueing in gait rehabilitation for 

multiple sclerosis: A mini systematic review and meta-analysis, Frontiers in 

Neurology. 9(JUN) (2018) 1–14. https://doi.org/10.3389/fneur.2018.00386. 

[4] S. Ghai, 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. 9(1) (2019) 1–11. https://doi.org/10.1038/s41598-019-38723-3. 

[5] S. Ghai, I. Ghai, G. Schmitz, O.A. Effenberg, Effect of rhythmic auditory cueing on 

parkinsonian gait: A systematic review and meta-analysis, Scientific Reports. 8(1) 

(2018). 1–19. https://doi.org/10.1038/s41598-017-16232-5. 

[6] N. Muthukrishnan, J.J. Abbas, H.A. Shill, N. Krishnamurthi, Cueing paradigms to 

improve gait and posture in parkinson‟s disease: A narrative review, Sensors 

(Switzerland). 19(24) (2019) 1–16. https://doi.org/10.3390/s19245468. 

[7] P.A. Rocha, G.M. Porfírio, H.B. Ferraz, V.F.M. Trevisani, Effects of external cues 

on gait parameters of Parkinson‟s disease patients: A systematic review, Clinical 

Neurology and Neurosurgery. 124 (2014) 127–134. 

https://doi.org/10.1016/j.clineuro.2014.06.026. 

[8] S.J. Spaulding, B. Barber, M. Colby, B. Cormack, T. Mick, M.E. Jenkins, Cueing 

and gait improvement among people with Parkinson‟s disease: A meta-analysis, 

Archives of Physical Medicine and Rehabilitation. 94(3) (2013) 562–570. 

https://doi.org/10.1016/j.apmr.2012.10.026. 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.3758/s13423-012-0371-2
https://doi.org/10.1038/s41598-019-38723-3


 14 

[9] Y. Baram, J. Aharon-Peretz, S. Badarny, Z. Susel, I. Schlesinger, Closed-loop 

auditory feedback for the improvement of gait in patients with Parkinson‟s disease, 

Journal of the Neurological Sciences. 363 (2016) 104–106. 

https://doi.org/10.1016/j.jns.2016.02.021. 

[10] L. Rochester, V. Hetherington, D. Jones, A. Nieuwboer, A.M. Willems, G. 

Kwakkel, et al., The effect of external rhythmic cues (auditory and visual) on 

walking during a functional task in homes of people with Parkinson‟s disease, 

Archives of Physical Medicine and Rehabilitation. 86(5) (2005) 999–1006. 

https://doi.org/10.1016/j.apmr.2004.10.040. 

[11] C. Schreiber, A. Remacle, F. Chantraine, E. Kolanowski, F. Moissenet, Influence 

of a rhythmic auditory stimulation on asymptomatic gait, Gait and Posture. 50 

(2016) 17–22. https://doi.org/10.1016/j.gaitpost.2016.07.319. 

[12] R.S. Schaefer, Auditory rhythmic cueing in movement rehabilitation: Findings and 

possible mechanisms, Philosophical Transactions of the Royal Society B: 

Biological Sciences. 369(1658) (2014). https://doi.org/10.1098/rstb.2013.0402. 

[13] D.G. Dotov, S., Bayard, V. Cochen de Cock, C. Geny, V. Driss, G. Garrigue, et al., 

Biologically-variable rhythmic auditory cues are superior to isochronous cues in 

fostering natural gait variability in Parkinson‟s disease, Gait and Posture. 51 (2017) 

64–69. https://doi.org/10.1016/j.gaitpost.2016.09.020. 

[14] M.J. Hove, J.R. Iversen, A. Zhang, B.H. Repp, Synchronization with competing 

visual and auditory rhythms: Bouncing ball meets metronome, Psychological 

Research. 77(4) (2013)  388–398. https://doi.org/10.1007/s00426-012-0441-0. 

[15] N. Hunt, D. McGrath, N. Stergiou, The influence of auditory-motor coupling on 

fractal dynamics in human gait, Scientific Reports. 4 (2014) 1–6. 

https://doi.org/10.1038/srep05879. 

[16] J.P. Kaipust, D. McGrath, M. Mukherjee, N. Stergiou, Gait variability is altered in 

older adults when listening to auditory stimuli with differing temporal structures, 

Annals of Biomedical Engineering. 41(8) (2013) 1595–1603. 

https://doi.org/10.1007/s10439-012-0654-9. 

[17] V. Marmelat, K. Torre, P.J. Beek, A. Daffertshofer, Persistent fluctuations in stride 

intervals under fractal auditory stimulation, PLoS ONE.  9(3) (2014) 1–9. 

https://doi.org/10.1371/journal.pone.0091949. 

[18] J.R. Vaz, B.R. Groff, D.A. Rowen, B.A.Knarr, N. Stergiou, N, Synchronization 

dynamics modulates stride-to-stride fluctuations when walking to an invariant but 

not to a fractal-like stimulus, Neuroscience Letters. 704 (2019) 28–35. 

https://doi.org/10.1016/j.neulet.2019.03.040. 

[19] J.R. Vaz, T. Rand, J. Fujan-Hansen, M. Mukherjee, N. Stergiou, Auditory and 

Visual External Cues Have Different Effects on Spatial but Similar Effects on 

Temporal Measures of Gait Variability, Frontiers in Physiology. 11(February) 

(2020). 1–10. https://doi.org/10.3389/fphys.2020.00067. 

[20] U.H. Buzzi, N. Stergiou, M.J. Kurz, P.A. Hageman, J. Heidel, Nonlinear dynamics 

indicates aging affects variability during gait, Clinical Biomechanics. 18(5) (2003) 

435–443. https://doi.org/10.1016/S0268-0033(03)00029-9. 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1371/journal.pone.0091949
https://doi.org/10.1016/S0268-0033(03)00029-9


 15 

[21] J.M. Hausdorff, M.E. Cudkowicz, R. Firtion, Gait variability and basal ganglia 

disorders, Movement Disorders, 13(3) (1998) 428–437. 

[22] N. Stergiou, R.T. Harbourne, J.T. Cavanaugh, Optimal movement variability: A 

new theoretical perspective for neurologic physical therapy, Journal of Neurologic 

Physical Therapy. 30(3) (2006) 120–129. 

https://doi.org/10.1097/01.NPT.0000281949.48193.d9. 

[23] N. Stergiou, L.M. Decker, Human movement variability, nonlinear dynamics, and 

pathology: Is there a connection?, Human Movement Science. 30(5) (2011) 869–

888. https://doi.org/10.1016/j.humov.2011.06.002. 

[24] J. B. Dingwell, J. P. Cusumano, Re-interpreting detrended fluctuation analyses of 

stride-to-stride variability in human walking, Gait and Posture. 32(3) (2010) 348-

353. http://doi.org/10.1016/j.gaitpost.2010.06.004 

[25] J. B. Dingwell, M. M. Salinas, J. P. Cusumano, Increased gait variability may not 

imply impared stride-to-stride control of walking in healthy older adutls: Winner: 

2013 Gait and Clinical Movement Analysis Society Best Paper Award, Gait and 

Posture. 55 (2017) 131-137. https://doi.org/10.1016/j.gaitpost.2017.03.018 

[26] M. Hoppe, G. Chawla, N. Browner., M.D. Lewek, The effects of metronome 

frequency differentially affects gait on a treadmill and overground in people with 

Parkinson disease, Gait and Posture. 79(April) (2020) 41–45. 

https://doi.org/10.1016/j.gaitpost.2020.04.003. 

[27] S.W. Ducharme, C.J. Sands, C.C. Moore, E.J. Aguiar, J. Hamill, C. Tudor-Locke, 

Changes to gait speed and the walk ratio with rhythmic auditory cuing, Gait and 

Posture. 66(August) (2018) 255–259. 

https://doi.org/10.1016/j.gaitpost.2018.09.006. 

[28] J.R. Vaz, B.A. Knarr, N. Stergiou, Gait complexity is acutely restored in older 

adults when walking to a fractal-like visual stimulus; Human Movement Science. 

74(September) (2020) 102677. https://doi.org/10.1016/j.humov.2020.102677. 

[29] R Core Team, R: A language and environment for statistical computing, R 

Foundation for Statistical Computing, Vienna, Austria. (2020) 

[30] J.O. Wobbrock, L. Findlater, D. Gergle, J.J. Higgins, The aligned rank transform 

for nonparametric factorial analyses using only ANOVA procedures, Proceedings 

of the ACM Conference on Human Factors in Computing Systems (CHI '11). 

Vancouver, British Columbia (May 7-12, 2011). (2011) New York: ACM Press, 

143-146. Honorable Mention Paper. [ACM DL] 

[31] L.A. Elkin, M. Kay, J. Higgins, J.O. Wobbrock, J.O, An aligned rank transform 

procedure for multifactor contrast tests, Proceedings of the ACM Symposium on 

User Interface Software and Technology (UIST '21). Virtual Event (October 10-14, 

2021). (2021) New York: ACM Press, pp. 754-768. [ACM DL 

[32] M. Kay, L.A. Elkin, J.O. Wobbrock, Contrast tests with ART. ARTool [R] package 

vignette. (2021) Updated October 12, 2021  

[33] M. Kay, Effect sizes with ART. ARTool [R] package vignette. (2021) Updated 

October 12, 2021. 

[34] H. Singmann, B. Bolker, J. Westfall, F. Aust, M. S. Ben-Shachar, Afex: Analysis 

Jo
ur

na
l P

re
-p

ro
of

https://doi.org/10.1016/j.gaitpost.2018.09.006
https://doi.org/10.1016/j.humov.2020.102677


 16 

of factorial experiments. (2021) 

[35] M. Kay, L. A. Elkin, J. J. Higgins, J. O. Wobbrock, ARTool: Aligned rank 

transform for nonparametric factorial anovas. (2021) 

[36] H. Wickham, R. François, L. Henry, K. Müller, Dplyr: A grammar of data 

manipulation. (2021) 

[37] R.V. Lenth, Emmeans: Estimated marginal means, aka least-squares means. (2020) 

[38] F. Rodríguez-Sánchez, S. D. Hutchins, Grateful: Facilitate citation of r packages. 

(2020) 

[39] P. Schauberger, A. Walker, Openxlsx: Read, write and edit xlsx files. (2020) 

[40] H. Wickham, The split-apply-combine strategy for data analysis, Journal of 

Statistical Software 40 (2011) 1–29. 

[41] A. Kassambara, Rstatix: Pipe-friendly framework for basic statistical tests. (2020) 

[42] P. Terrier, V. Turner, Y. Schutz, GPS analysis of human locomotion: Further 

evidence for long-range correlations in stride-to-stride fluctuations of gait 

parameters, Human Movement Science. 24(1) (2005) 97 115. 

https://doi.org/10.1016/j.humov.2005.03.002. 

[43] K. Baker, L. Rochester, A. Nieuwboer, The Immediate Effect of Attentional, 

Auditory, and a Combined Cue Strategy on Gait During Single and Dual Tasks in 

Parkinson‟s Disease, Archives of Physical Medicine and Rehabilitation. 88(12) 

(2007) 1593–1600. https://doi.org/10.1016/j.apmr.2007.07.026. 

[44] K. Baker, L. Rochester, A. Nieuwboer, The effect of cues on gait variability-

Reducing the attentional cost of walking in people with Parkinson‟s disease. 

Parkinsonism and Related Disorders. 14(4) (2008) 314–320. 

https://doi.org/10.1016/j.parkreldis.2007.09.008. 

[45] R. Sun, C. Cui, J.B. Shea, Aging effect on step adjustments and stability control in 

visually perturbed gait initiation, Gait and Posture. 58(August) (2017) 268–273. 

https://doi.org/10.1016/j.gaitpost.2017.08.013. 

 

 Jo
ur

na
l P

re
-p

ro
of



 17 

 

Figure 1. A) The mean asynchronies (ASYNCmean) from the three tempo conditions 

(SLOW, NORMAL, FAST) and two cueing conditions: isochronous (ISO) and fractal 

(FRC). Grey bars represent the FRC condition; white bars represent the ISO condition. 

Data are presented as Mean and 95% of Confidence Intervals. The individual data 

points represent each participant value. ** indicates p<0.01. B) The percentage of 

Anticipatory Strides (ASYNCRATIO) for the three tempo conditions (SLOW, NORMAL 

and FAST) and two cueing conditions: ISO and FRC. Grey bars represent the FRC 

condition; white bars represent the ISO condition. Data are presented as Mean and 95% 

of Confidence Intervals. The individual data points represent each participant value. * 

indicates p<0.05. ** indicates p<0.01. 
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Figure 2. The fractal scaling from the Inter Stride Intervals   -ISIs) for the three tempo 

conditions (SLOW, NORMAL and FAST) and two cueing conditions: isochronous 

(ISO) and fractal (FRC). Grey bars represent the FRC condition; white bars represent 

the ISO condition. Data are presented as Mean and 95% of Confidence Intervals. The 

individual data points represent each participant value. * indicates p<0.05.  

Table 1. P-values from multiple comparisons for ASYNCratio. Significant differences 

are highlighted in bold. + indicates the condition presented as row showed higher 

ASYNCratio; - indicates the condition presented as row showed higher ASYNCratio. Note 

that each pairwise comparison should be read as row-column. 

  Isochronous  Fractal 

  slow normal fast  slow normal fast 

Is
o
ch

r

o
n

o
u

s slow - 0.031 (+) < 0.001 (+)  - - - 

normal - - < 0.001 (+)  - - - 
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Highlights 

 Reduced synchronization in fractal-like metronome alters gait variability 

patterns. 

 Synchronization performance in cued walking is affected by the metronome‟s 

tempo. 

 Synchronized walking to a faster metronome increases the number of reactive 

strides. 

 Appropriate synchronization maintains the metronome structure on the gait 

patterns. 

 

fast - - -  - - - 
F

ra
ct

al
 slow 0.393 0.336 < 0.001 (+)  - 0.005 (+) < 0.001 (+) 

normal < 0.001 (-) 0.193 0.031 (+)  - - 0.059 

fast < 0.001 (-) < 0.001 (-) 0.717  - - - 
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