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ABSTRACT 

Typically, gait rehabilitation uses an invariant stimulus paradigm to improve gait related 

deficiencies. However, this approach may not be optimal as it does not incorporate gait 

complexity, or in more precise words, the variable fractal-like nature found in the gait 

fluctuations commonly observed in healthy populations. Aging which also affects gait 

complexity, resulting in a loss of adaptability to the surrounding environment, could 

benefit from gait rehabilitation that incorporates a variable fractal-like stimulus paradigm. 

Therefore, the present study aimed to investigate the effect of a variable fractal-like 

visual stimulus on the stride-to-stride fluctuations of older adults during over ground 

walking. Additionally, our study aimed to investigate potential retention effects by 

instructing the participants to continue walking after turning off the stimulus. Older adults 

walked 8 min with i) no stimulus (self-paced), ii) a variable fractal-like visual stimulus 

and iii) an invariant visual stimulus. In the two visual stimuli conditions, the participants 

walked 8 additional minutes after the stimulus was turned off. Gait complexity was 

evaluated with the widely used fractal scaling exponent calculated through the 

detrended fluctuation analysis of the stride time intervals. We found a significant ~20% 

increase in the scaling exponent from the no stimulus to the variable fractal-like stimulus 

condition. However, no differences were found when the older adults walked to the 

invariant stimulus. The observed increase was towards the values found in the past to 

characterize healthy young adults. We have also observed that these positive effects 

were retained even when the stimulus was turned off for the fractal condition, 

practically, acutely restoring gait complexity of older adults. These very promising 



results should motivate researchers and clinicians to perform clinical trials in order to 

investigate the potential of visual variable fractal-like stimulus for gait rehabilitation. 

1. Introduction 

Numerous studies in the past two decades have shown that the dynamics of 

diverse biological signals examined over time (e.g. heart rate, blood pressure, gait 

parameters) reveal the presence of physiological complexity in healthy systems. 

Moreover, a loss of complexity due to aging and across a range of illnesses 

(Goldberger, 1996; Hausdorff,  Peng, Ladin, Wei, & Goldberger, 1995; Hausdorff et al., 

1996; Hausdorff, Rios, & Edelberg, 2001; Herman, Giladi, Gurevich, & Hausdorff, 2005; 

Lipsitz, 1992; Manor et al., 2010; Peng et al., 2002; Sosnoff & Newell, 2008; 

Vaillancourt & Newell, 2002). This complexity is defined as the temporal ordering of 

stride-to-stride fluctuations by the occurrence of scale invariant/fractal patterns. The 

classic definition of a fractal, first described by Mandlebrot, is a geometric object with 

“self-similarity” over multiple measurement scales (Mandlebrot, 1977). The outputs of 

the locomotor system measured over time also exhibit such fractal properties (Hausdorff 

et al., 1996; Hunt, McGrath, & Stergiou, 2014; Vaz, Groff, Rowen, Knarr, & Stergiou, 

2019). Furthermore, they demonstrate power-law scaling where the smaller the 

frequency of oscillation (f) of these signals, the larger their amplitude (amplitude 

squared is power). This power-law relation can be expressed as 1/f, and is referred to 

as pink noise, where oscillations appear self-similar when observed over seconds, 

minutes, hours, or days. 

It is widely suggested that fractal scaling confers enhanced connectivity between 

biological processes, while a breakdown in fractal scaling arises from a gradual 

deterioration in the number of “functioning elements of a given system and/or a 

decrease in the interactions between these components” (Goldberger, 2001; 

Goldberger et al., 2002). From this perspective, there is no particular component that 

causes fractal scaling to occur. Instead, it is an emergent property that stems from the 

interactions across the many spatiotemporal scales of organization instantiated within 

an organism (Orden, Holden, & Turvey, 2005), giving rise to a dexterous but 

coordinated biological system (Harrison & Stergiou, 2015). This complexity is thought to 

be biologically adaptive because it is flexible, allowing organisms to cope with stress 

and unpredictable environments (Stergiou, Harbourne, & Cavanaugh, 2006). The loss 

of complexity, on the other hand, is thought to reduce the adaptive capabilities of the 

individual, as in the case of aging (Lipsitz, 1992, 2002; Stergiou et al., 2006). Previous 

research has shown that highly active older adults exhibit more complex patterns of 

locomotor activity than less active older adults, despite the absence of differences 

between these groups in the variability of step counts (Cavanaugh, Kochi, & Stergiou, 

2010). Furthermore, the natural locomotor activity patterns of older adults, particularly 

those with functional limitations, have been associated with a loss of complexity 

compared to a healthy, young group (Cavanaugh, Coleman, Gaines, Laing, & Morey, 

2007). Interestingly, Hu and colleagues have shown that older adults and dementia 



patients have disrupted fractal activity patterns (Hu, Someren, Shea, & Scheer, 2009) 

and that the degree of disruption is positively related to the burden of amyloid plaques - 

a marker of Alzheimer's disease severity (Hu, Harper, Shea, Stopa, & Scheer, 2013). 

Also, a study of primates suggests a loss of complexity in locomotor behavior that is 

associated with illness and aging, reduces the efficiency with which an animal is able to 

cope with heterogeneity in its natural environment (MacIntosh, Alados, & Huffman, 

2011). Additionally, fractal scaling has been observed in the locomotor activity of young, 

healthy small mammals, a feature that is less evident in aged animals (Anteneodo & 

Chialvo, 2009). 

External cueing (visual or auditory) has emerged as a promising tool for 

rehabilitation of gait disorders (e.g. stroke (Hollands et al., 2015), Parkinson's disease 

(Baker, Rochester, & Nieuwboer, 2008), aging (van Ooijen et al., 2016) as it has been 

shown that walking to an invariant stimulus increased gait speed and stride length 

(Spaulding et al., 2013). Whilst these improvements in gait parameters are certainly 

important, we submit that this approach misses some important aspects. Practically, 

training patients towalk to external cues with no variability runs contrary to the natural 

stride-to-stride fluctuations that are known to exist in human gait (Hunt et al., 2014; 

Kaipust, McGrath, Mukherjee, & Stergiou, 2013). Support for this argument arises from 

studies that has found invariant rhythmic stimulus affecting the natural stride-to-stride 

fluctuations and breaking down the fractal properties of the locomotor system (Hunt et 

al., 2014; Kaipust et al., 2013; Marmelat, Torre, Beek, & Daffertshofer, 2014; Vaz et al., 

2019). Specifically, it has been shown that healthy young adults exhibit a loss of 

complexity when walking to invariant cues, while the presence of a fractal-like stimulus 

did not affect the complexity of their gait patterns (Marmelat et al., 2014; Vaz et al., 

2019; Vaz, Rand, Fujan-Hansen, Mukherjee, & Stergiou, 2020). 

In terms of individuals with poor mobility, the elimination of variability from gait, 

as is the case when walking with an invariant external stimulus, will further impede their 

movement capabilities to navigate real-world, unpredictable environments. On the 

contrary, incorporating a fractal structure in the temporal presentation of an auditory or a 

visual stimulus, can restore healthy gait patterns of such individuals. Interestingly, a 

study by Hove and colleagues (Hove, Suzuki, Uchitomi, Orimo, & Miyake, 2012) 

showed that an “interactive” auditory stimulus, based on nonlinear oscillators restored 

the locomotor fractal properties in Parkinson's disease patients. Moreover, locomotor 

fractal properties persisted 5 min after the stimulus was removed, indicating stabilization 

of the internal rhythm generating system and reintegrated timing networks. Therefore, 

we believe that similar effects could be observed in older adults when a complex (rather 

than invariant) stimulus is utilized. In other words, providing a fractal-like stimulus to 

older adults may be more effective in the restoration of the fractal properties identified in 

walking patterns of the healthy young adults. 

The present study aimed to investigate the immediate effects of how 

synchronizing to a visual external stimulus with different temporal structures could alter 



gait complexity during overground walking in older adults. We hypothesized that older 

adults that exhibit a loss of complexity in their gait patterns will exhibit patterns similar to 

those commonly observed in healthy young adults when they walk to a variable fractal-

like visual stimulus. Additionally, we also aimed to investigate if such effects would 

persist after the removal of the stimulus. Based on the results from Rhea et al. (2014) in 

healthy young adults and from Hove et al. (2012) in Parkinson's Disease patients, we 

hypothesized that after the removal of the variable fractal-like visual stimulus, older 

adults will be able to maintain the above hypothesized positive effects. 

In the present study we utilized visual stimuli because vision is the dominant 

sense during walking. Indeed, it has been shown that, compared to other sensory 

systems, vision uniquely provides positional information during walking (Chien, Eikema, 

Mukherjee, & Stergiou, 2014). Furthermore, we provided the visual stimuli through 

wearable glasses (Vaz et al., 2019). This novel aspect of our research solves concerns 

about clinical translation of visual stimuli as in previous studies authors have used 

virtual reality systems (e.g. head mounted displays) (Lantz, 1996; Mon-Williams, Warm, 

& Rushton, 1993; Santos et al., 2008). Another novelty of our research is that our 

experiment was performed overground and not on the treadmill, which reflects a more 

ecologically valid environment which more likely results in conclusions that translate to 

the real-world. 

2. Methods 

2.1. Participants 

Sixteen older adults (10 females; age = 72 ± 5 yrs.; body mass = 73.2 ± 13.4 kg; 

height = 1.68 ± 0.10 m) participated in this study. The study was approved by the 

University of Nebraska Medical Center Institutional Review Board. Each participant 

provided informed consent prior to participation. Prior to any walking tests, the 

participants underwent a general health assessment for both inclusion criteria and 

demographic purposes. Participants younger than 65 yrs. of age were excluded. Those 

that had any musculoskeletal or neurological diagnoses that could affect gait and 

balance were excluded. Participants were also excluded if they reported any 

cardiovascular clinical diagnosis. Additionally, we only included participants that were 

able to walk independently, with no aids, up to 10 min. This was due to the type of 

analysis that we intended to use that requires longer time series. 

After a brief health questionnaire to determine eligibility, the participants were 

assessed for cognitive function (Mini Mental State Examination, MMSE), confidence 

and balance (Activities-Specific Balance Confidence Scale, ABC), falls (Modified Falls 

Efficacy Scale, MFSE) quality of life (EQ-5D-5L and EQ-VAS). Those that had a score 

below 24 in the MMSE were also excluded from the study. 

2.2. Experimental procedure 



We asked the participants to complete two 16-min walking conditions 

synchronized to a visual stimulus, on a 1/8th-mile indoor track. Prior to this, the 

participants walked for 8 min with no stimulus (self-paced walking) and were instructed 

to walk at their self-selected pace while looking straight forward. For the two stimuli 

conditions, participants were instructed to synchronize their heel strikes to two different 

visual stimuli: invariant (INV) and variable fractal-like (FRC). Between conditions, rest 

periods lasted for a minimum of 15 min. The order of the stimuli conditions was 

randomized. 

Fig. 1 illustrate the visual stimulus that consisted of a vertically moving bar 

displayed in front of a pair of glasses (Vufine+, Sunnyvale CA) as described in (Vaz et 

al., 2019). The participants were instructed to match the heel strikes of their right foot to 

the top of the moving bar's path. The moving indicator flashed red when reaching the 

top of the display. The participants wore the glasses in all three conditions, however for 

the self-selected pace there was no moving bar present. For the stimuli conditions, the 

stimulus was automatically turned off after 8mins and the participants kept walking for 

another 8mins. The participants were not instructed to try to reproduce the rhythms 

imposed by the stimulus during the last 8mins. 

The FRC stimulus was generated using an approximation of a -10 dB/decade 

filter with a weighted sum of first order filters (pink noise). The signal results were 

validated using Detrended Fluctuation Analysis (DFA) and had a fractal exponent α 

equal with 1.0 (Peng, Havlin, Stanley, & Goldberger, 1995). Importantly, the FRC 

stimulus was scaled using the mean and standard deviation of each participant's self-

paced stride-time. This scaling generated a set of subject-specific stimulus, but also 

maintained the consistency of stimulus patterns across subjects. The INV stimulus was 

generated using each participant's self-paced stride-time mean and a standard 

deviation of zero. 

Participants wore footswitch sensors (Noraxon, Scottsdale, USA) sampled at 1500 Hz 

to precisely identify heel strike events. Using a custom MATLAB code, inter-stride 

intervals (ISIs) were determined by calculating the time between two consecutive heel 

strikes of the same foot. 

2.3. Data analysis 

The first 15 s of each condition were discarded to avoid any transient effect related to 

stimulus familiarization. Similarly, the first 15 s after the stimulus was turned off were 

discarded to avoid transient effects related to task changes. The mean and coefficient of 

variation was calculated for each ISIs time series: No Stimulus, INV-ON, INV-OFF, 

FRC-ON, FRC-OFF. “-ON” indicates walking with the stimulus turned on and “OFF” 

represents the walking after the stimulus turned off. The fractal-scaling exponent, α, was 

also calculated from the ISIs time series (α-ISIs) using DFA. Autoregressive fractionally 

integrated moving average (ARFIMA) modelling was conducted to assess the presence 



of long-range dependence of the time series and hence, justifying the use of DFA (see 

Supplementary materials for details). 

 

 

The DFA is a modified random-walk analysis that makes use of a long-range 

correlated time series. The long-range correlation can be mapped to self-similar 

calculations through simple integration. First, the time series is integrated and then 

divided into window sizes of length n. A least squares fit line is fitted to the data in each 

window, and data is detrended by subtracting the integrated time series from the least 

squares fit line. The root mean square is then calculated for each window and summed 

for the entire time series, F(n). The process is repeated with smaller and smaller n 

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

versus the window sizes). The slope of this plot is the reported α-value. If the α-value is 

greater than 0.5, the long-range correlation is positively persistent. Meaning that 

increases are likely to be followed by increases and decreases are likely to be followed 

by decreases. Whereas if the α-value is smaller than 0.5, the long-range correlation is 

anti-persistent, meaning increases are likely to be followed by decreases and vice 

versa. If the α-value is greater than 1, the signal is regarded as brown (Jordan, Challis, 

& Newell, 2007). In the present study, the FRC stimulus was designed to present an α-

value of 1, indicating pink noise and fractal like complexity in the signal. On the other 

hand, a lower value indicates loss of complexity. For example, a white-noise type of 

signal (i.e. highly variable and unstructured) typically present an α-value of 0.5. The 

range of window sizes of the DFA selected in the current study was from 16 to N/8, 

where N is the number of stride intervals. 

We also calculated the asynchronies (ASYNC), i.e., the time difference between 

the heel strikes and the stimulus, to ensure that differences at the α of ISIs were not the 

result of different performance between condition. A negative value indicates that the 

heel strike occurred before the stimulus. A prior visual inspection of the data showed 

that participants altered the limb with which they synchronized to the stimulus a few 



times throughout the walking conditions. This, therefore, resulted in more strides than 

stimuli events. To overcome this issue, we calculated the time between all steps to the 

stimuli events and determined the ASYNC disregarding the limb with which the 

participants synchronized to the stimulus. Thus, the heel-strike that was closer to the 

stimulus events was considered for the calculation of the asynchrony. The ASYNC 

provide information regarding the strategies used and the performance of the synching 

processes. Thus, the ASYNC serves as a control parameter to reliably interpret our 

results in terms of gait complexity. 

2.4. Statistical analysis 

After a detailed exploration of the individual data, we have identified that four out 

of the sixteen older adults exhibited α-ISIs higher than 0.81, indicating a state of 

complexity similar to what is commonly observed in healthy young adults while walking 

overground (Terrier, Turner, & Schutz, 2005; Vaz et al., 2019). Thus, we have removed 

these four participants from the statistical analysis in order to have a more homogenous 

group of “true” older adults with a representative α-value for an aging population. This 

issue is further elaborated in the discussion section. 

Normality was first assessed through Shapiro-Wilk test. To investigate the immediate 

effect of the stimuli, a one-way repeated measures ANOVA (No Stimulus, FRC-ON, 

INV-ON) was used for α-ISIs. A one-way repeated measures ANOVA was also used to 

investigate the retention effects of the stimuli compared to baseline (No Stimulus, FRC-

OFF, INV-OFF). A two-way repeated measures ANOVA was performed to compare 

changes between ON and OFF states between the two stimuli condition. For this, we 

used the α-ISIs from the stimuli condition normalized to the α-ISIs obtained in the no 

stimulus condition. A positive value represents the percentage increase in α-ISIs relative 

to the no stimulus condition. Zero indicates no changes in α-ISIs. The Mauchly's test 

was implemented to test sphericity and Greenhouse-Geisser correction was used when 

not verified. Additional sample Student's t-tests with zero as a reference value was 

performed to assess if each condition and state (ON or OFF) was significantly different 

from zero to determine differences to baseline. Wilcoxon Signed-Rank Test was used to 

compare ASYNC from INV-ON and FRC-ON. The alpha level was set at 0.05. All 

statistical analyses were performed in SPSS software (SPSS Inc., Chicago, IL). 

3. Results 

3.1. Sample's characteristics 

Twelve older adults (7 females and 5 males, 72 ± 6 yrs.; 1.71 ± 0.11 m; 74.9 ± 

14.6 kg) were included in the statistical analysis (Table 1). The participants revealed 

normal levels of cognition assessed through the MMSE and overall high levels of 

perceived quality of life and health status as assessed through EQ-5D. Likewise, all the 

older adults reported high levels of balance confidence (ABC). Additionally, the fear of 

falling assessment revealed no concerns in all the participants. All together, these 

measures suggest a self-reported overall normal health status and quality of life. 



 

3.2. Inter-Stride-Intervals (ISIs) 

3.2.1. Immediate effects 

A significant main effect for condition was observed for α-ISIs (F(2,22) = 5.454, p 

= 0.002, ηp2=0.434). Pairwise comparisons showed that the α-ISIs was significantly 

higher in the FRC-ON condition (0.85 ± 0.15) as compared to the INV-ON (0.61 ± 0.20, 

p = 0.003) and the No Stimulus (0.71 ± 0.09, p = 0.015) conditions. No differences were 

found between the No Stimulus and the INV-ON conditions (p = 0.265). 

No main effect for condition was observed for mean ISIs (F(1.326,14.583) = 

1.556, p = 0.233; Table 2). 

 

A significant main effect for condition was observed for CV-ISIs (F(2,22) = 6.530, 

p = 0.006, ηp2=0.373). Pairwise comparisons showed that the CV-ISIs was significantly 

lower in the No Stimulus condition (1.87 ± 0.74%) as compared to the FRC-ON (2.26 ± 

0.98%, p = 0.029) INV-ON (2.74 ± 0.67%, p = 0.007) conditions. No differences were 

found between the FRC-ON and INV-ON conditions (p = 0.121). 

 



 

3.2.2. Retention effects 

A significant main effect for condition was observed for α-ISIs (F(2,22) = 5.050, p 

= 0.016, ηp2=0.315). Pairwise comparisons showed that the α-ISIs was significantly 

higher at the FRC-OFF condition (0.86 ± 0.15) compared to the No Stimulus (0.71 ± 

0.09, p = 0.009; Fig. 2). No differences were found between the No Stimulus and the 

INV-OFF (p = 0.764) conditions.  

No main effect of condition was observed for mean ISIs (F(2,22) = 2.147, p = 

0.141; Table 2). 

A significant main effect for condition was observed for CV-ISIs (F(2,22) = 

16.377, p < 0.001, ηp2=0.598). Pairwise comparisons showed that the CV-ISIs was 

significantly higher in the INV-OFF (3.27 ± 0.98%) as compared to the No Stimulus 

(1.87 ± 0.74%, p < 0.001) and the FRC-OFF (2.36 ± 1.36%, p = 0.007) conditions. No 

differences were found between the FRC-OFF and No Stimulus conditions (p = 0.080). 

3.3. Normalized Inter-Stride-Intervals fractal scaling (α-ISIsnorm) 

An interaction effect (stimuli condition x state) was observed for α-ISIsnorm 

(F(1,11) = 12.572,p = 0.005, ηp2=0.533). A significant main effect was observed for 

stimuli condition (F(1,11) = 10.526,p = 0.008, ηp2=0.489), but not for ON or OFF state 

(F(1,11) = 2.169,p = 0.169, ηp2=0.165). A detailed analysis revealed that for the INV 

stimulus, there was a significant increase (F(1,11) = 4.925, p = 0.048, ηp2=0.309) in the 

α-ISIsnorm from ON to OFF state (−11.90 ± 34.53% and 8.30 ± 21.49%, respectively). 

This was not the case for the FRC stimulus condition (F(1,11) = 0.009, p = 0.925, 

ηp2=0.001). However, both ON and OFF states from the INV condition where not 

significantly different from zero (p = 0.258 and p = 0.208, for ON and OFF respectively), 

indicating that there were no changes in the α-ISIs relative to baseline. Conversely, both 



the ON and OFF states from the FRC condition revealed to be significantly higher than 

zero (p = 0.015 and p = 0.003), demonstrating an ~20% significant increase of α-ISIs 

relative to baseline. Fig. 3 illustrates these differences relative to baseline. 

 

3.4. Asynchronies (ASYNC) 

Mean ASYNC were similar in all stimuli conditions (Table 2). There were no 

differences between ASYNC of the INV and FRC stimuli (p = 0.643). The mean values 

of ASYNC were positive in both stimuli conditions (209 ± 98 ms and 182 ± 83 ms for 

INV and FRC, respectively), meaning that the stepping generally occurred after the 

stimulus, indicating a reactive strategy from the older adults. 

4. Discussion 

The present study aimed to investigate the immediate effects of how 

synchronizing to a visual external stimulus with different 

temporal structures could alter gait complexity during overground walking in older 

adults. Our hypothesis that older adults who exhibit a loss of complexity in their gait 

patterns would have an increase in gait complexity when walking to a fractal-like 

stimulus was verified. This was observed through the significant increase of the 

parameter under study, fractal scaling, from 0.71 to 0.85 in the fractal-like stimulus. We 

have also observed that walking to an invariant stimulus did not affect gait complexity of 

older adults. Additionally, we aimed to investigate potential retention effects after the 

stimulus was turned off. Our hypothesis that older adults would maintain their higher 

levels of gait complexity generated by the fractal-like stimulus even after this stimulus 

will be turned off, was also verified. These findings suggest that gait complexity can 

potentially be restored in older adults by means of a fractal-like visual stimulus.  



As expected from older adults, we observed in this study a lower fractal scaling 

as compared to what is typically observed in healthy young adults during overground 

walking (Terrier et al., 2005; Vaz et al., 2019). A mean value of α=0.71 indicates that the 

older adults of the present study present fluctuations in their gait pattern that are more 

towards randomness (α=0.5 is typically observed in white-noise type of signals). This 

represents a breakdown in the fractal structure (α~1.0) of the gait patterns observed in 

healthy adults. This breakdown has previously been observed as an effect of aging and 

in the presence of neurological diseases (Buzzi, Stergiou, Kurz, Hageman, & Heidel, 

2003; Hausdorff et al., 1997, Hausdorff, Cudkowicz, Firtion, Wei, & Goldberger, 1998, 

Hausdorff et al., 2001; Peng et al., 2002; Stergiou & Decker, 2011). Likewise, fallers 

older adults also exhbit a breakdown in fractal scaling compared to non-fallers (Herman 

et al., 2005). Therefore, restoring the fractal structure in older adults can possibly result 

in other health-related outcomes. In a previous study, we have recently shown that a 

visual fractal-like stimulus does not alter the fractal scaling of healthy young adults while 

walking overground (Vaz et al., 2019). On the other hand, an invariant stimulus 

exhibited a decrease in fractal scaling, towards values closer to what is observed in 

older populations. These and other similar findings (Hunt et al., 2014; Kaipust et al., 

2013; Marmelat et al., 2014; Rhea et al., 2014), together with previous literature 

indicating that older adults present decreased gait complexity, motivated the 

investigation of how would sensorimotor synchronization would possibly improve gait 

complexity. In the present study, we found that synchronizing with a visual fractal-like 

stimulus altered gait complexity in older adults towards values typically observed in 

healthy young adults, and these values persisted after the removal of the stimulus. 

Interestingly, we have also observed the fractal-like stimulus resulted in a reduced stride 

time variability (i.e. coefficient of variation) after the stimulus was turned off. That 

resulted in values similar to those observed during uncued walking. On contrary, the 

stride time variability was higher during the invariant cueing and those values persisted 

after the stimulus was turned off. 

4.1. Restoration of gait complexity by means of a fractal-like stimulus 

This is the first time that gait complexity is found to be acutely restored in older 

adults while walking overground by means of a visual stimulus. Others have shown 

improvements in gait complexity of older adults while walking on a treadmill, either when 

exposed to an auditory (Kaipust et al., 2013) or a visual stimulus (Wittstein et al., 2019). 

Hove and colleagues have also reported improvements in gait complexity when 

Parkinson's Disease patients synchronized their steps to an auditory stimulus (Hove et 

al., 2012). Our results demonstrate a significant increase of ~20% in gait complexity 

relative to baseline (i.e. self-paced condition) while walking to the fractal-like stimulus. 

This increase is two to four times higher than those observed when an auditory stimulus 

was used during overground walking [~9%, (Hove et al., 2012)] and during treadmill 

walking [~5%, (Kaipust et al., 2013)], and when a visual stimulus was used during 

treadmill walking [~7%, (Wittstein et al., 2019)]. More importantly, this increase in gait 

complexity observed in our study was retained after the removal of the stimulus, 



indicating a positive retention effect. Hove and colleagues observed a similar effect in 

Parkinson's Disease patients. The authors further suggested that the stimulus may have 

fostered a stabilization of timing networks and basal ganglia functionality. Wittstein and 

colleagues, however, have not observed a retention effect when older adults walked to 

a fractal-like stimulus (Wittstein et al., 2019). The major difference in Wittstein et al.'s 

was the use of the treadmill. The treadmill can act as an external invariant pacemaker 

and, therefore, decrease gait complexity (Frenkel-Toledo et al., 2005). Getting back to 

the constant-speed state provided from the treadmill may have abolished any potential 

effect observed while the stimulus was on. It is also important to point out additional 

differences between the present study and others. Both Hove et al. and Wittstein et al. 

collected the “after-stimulus” data with a break in between. In our study, we have asked 

the participants to keep walking for 8 min after the stimulus was turned off. Although our 

~20% increase after the stimulus was turned off is highly encouraging, using a different 

experimental design with a washout period in between the on and off states is a 

necessary next step to investigate the duration of the retention effects at the short term. 

Likewise, the implementation of a randomized control trial will also be required to 

establish the relationship between improvements in gait complexity with other health-

related outcomes. 

4.2. Synchronization performance is similar between invariant and fractal-like 

stimuli 

The performance of the synchronization with the cues, commonly named 

‘asynchronies’, are often not reported in the literature. This limits the interpretation of the 

results as one would question if the effects observed in gait complexity are affected or 

are the result of potential differences in the asynchronies. In the present study, we 

showed no differences between the invariant and fractal-like stimuli, supporting our 

interpretation of the fractal scaling values. These results also suggest that adding 

variability to the stimulus does not increase the task difficulty. It is likely, however, this is 

the case for our apparatus. Synchronizing to a continuous stimulus, that allows the 

anticipation of the stepping timing, can potentially increases performance compared to a 

discrete stimulus that does not allow anticipation of the events to syncrhonize with. Also 

interesting was the observation that the asynchronies were positive, indicating a 

reactive stepping strategy. In other words, the participants stepped after the stimulus 

events. We have recently shown that healthy young adults exhibit an anticipatory 

strategy, regardless of the type of stimuli (Vaz et al., 2019). This was observed with 

exactly the same apparatus and stimulus design used in this study. Marmelat et al. 

(2014) have also reported an anticipatory strategy while healthy young adults walked to 

discrete auditory stimuli. Considering that older adults tend to have a slower reaction 

time (Richer, Polskaia, Raymond, Desjardins, & Lajoie, 2019; Sun, Cui, & Shea, 2017), 

our results suggest that the pace set in the stimulus may need to be adjusted to improve 

synchronization (i.e. slower). Adjusting the stimulus may have resulted in greater 

increases when walking to a fractal-like stimulus and lower values when the participants 

walked to an invariant stimulus, as they would better follow the temporal structure of 



those. Regrettably, our data does not allow a more in depth understanding of the nature 

of synchronization, e.g. by means of windowed cross-correlation analysis (Roume et al., 

2018). This is because some participants exhibited extra strides to follow the stimulus 

and others have changed the limb the use to synchronize to the stimulus several times 

across the cued trials, as we previously described. Future research should test the 

effects of stimulus's cadence on gait complexity and its correlation with asynchronies. 

In addition, our results indicate that regardless of the temporal structure of the 

stimuli, the coefficient of variation from the inter-stride-intervals was similarly higher in 

both invariant and fractal-like cued conditions, compared to uncued walking. This further 

support our findings regarding gait complexity as both conditions were very similar from 

a task-constraint standpoint. More importantly, we found that this coefficient of variation 

decreased after the stimulus was removed (i.e. unconstrained walking), but only after 

the fractal-like stimulus. These values decreased towards the values observed in the 

uncued walking condition. No changes were observed after the invariant stimulus was 

turned off. These results strenghten our belief that the fractal-like stimulus likely modify 

internal regulatory processes that allow the restoration of these fractal-like, healthy, 

patterns of human walking. 

4.3. Continuous visual stimulus as a more effective approach 

There are several possible explanations for the greater improvement observed in 

the present study as compared to others. First, the apparatus and the type of stimulus 

was different from previous studies. Regardless of the modality of the stimulus (visual or 

auditory), our apparatus allows the presentation of the stimulus in a continuous fashion. 

Previous research has shown that a continuous visual stimulus increases the 

performance of matching with the cues, compared to a discrete stimulus (Repp & Su, 

2013). Second, the design of the stimuli is not the same as in previous studies. While 

we and Wittstein et al. (2019) validated the fractal properties of the temporal structure of 

the stimulus provided, Hove et al. (2012) and Kaipust et al. (2013) did not report such 

information. Thus, it is possible that the fractal scaling from the stimuli was not what was 

really expected in those studies. Lastly, and perhaps more important, the characteristics 

of the participants under investigation are different compared to ours. Our sample's 

mean baseline values (no stimulus condition) are considerably lower (α=0.71) than 

those presented in other studies investigating acute effects of cueing intervention 

[α=0.92, α=0.85, α=0.80 in Hove et al., 2012, Kaipust et al., 2013 and Wittstein et al., 

2019, respectively]. Compared to the pioneering studies from Hausdorff and colleagues 

(Hausdorff et al., 1997) that showed the breakdown of fractal scaling with aging, their 

results are similar to ours (α=0.68). These other studies possibly had a bias of 

assessing highly fit older adults, as actually some discussed within their limitations. To 

avoid the same type of bias, we have removed four older adults that exhibit a fractal 

scaling similar to what is typically observe in healthy young adults from the analysis. 

This resulted in a better representative sample of those older adults that are more likely 

to benefit from the proposed intervention. Conversely, one could also argue that our 



greater increase in gait complexity is also related to our lower baseline values and not 

uniquely the result of the apparatus itself. However, it remains to be determined if with 

similar baseline values, different approaches (e.g. visual vs auditory) would have 

resulted in the same increase. We believe that the apparatus used here would produce 

greater improvements as it provides continuous information that allow the user to 

anticipate when to step and to update the body segments relative to the phase of the 

moving bar. The commonly used auditory discrete stimulus, does not provide such rich 

information and may result in poorer synchronization (Vaz et al., 2020). 

It is important to note that although our sample exhibited a lower fractal scaling in 

gait patterns, it is still a group of older adults considered at an overall good health and 

mobility, according to our health-related questionnaires. Although out of scope of the 

present study, this is an interesting finding to report as it can potentially suggest that an 

alteration in fractal scaling can emerge in earlier stages before behavioral manifestation. 

Indeed, this looks to be the case in the study of the complexity of activity patterns. Hu 

and colleagues found that older adults and individuals with dementia exhibit lower 

fractal scaling in their activity patterns (Hu et al., 2009) and that the degree of disruption 

is positively related to Alzheimer's disease severity (Hu et al., 2013). Additionally, these 

authors also showed that the decreased fractal scaling in activity patterns is strongly 

related to cognitive decline (Hu et al., 2016) and is a strong predictor of mortality (Li et 

al., 2019). Although speculative based on the present study's data, fractal scaling from 

gait data may also represent an important biomarker of health. This is worthy of 

investigation in future studies. 

5. Conclusion 

The present study showed that a continuous visual fractal-like stimulus can 

acutely restore gait complexity in older adults. Conversely, the commonly used invariant 

stimulus in clinical environment did not reveal such capabilities. We have also shown 

that regardless of the type of stimulus, there were no differences in terms of 

synchronization performance (i.e. asynchronies), despite older adults exhibiting a 

reactive strategy by stepping after the stimulus. 

Acknowledgments 

This study was supported by the Center for Research in Human Movement Variability, 

the NIH (P20GM109090, R15HD08682 and R15HD094194) and the Office of Research 

and Creative Activity at the University of Nebraska at Omaha. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at 

Https://doi.org/10.1016/j.humov.2020.102677. 

 

 

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


References 

Anteneodo, C., & Chialvo, D. R. (2009). Unraveling the fluctuations of animal motor Activity. 

Chaos (Woodbury, N.Y.), 19(3), Article 033123. https://doi.org/10.1063/1.3211189. 

Baker, K., Rochester, L., & Nieuwboer, A. (2008). The effect of cues on gait variability–

reducing the attentional cost of walking in people with Parkinson’s disease. 

Parkinsonism & Related Disorders, 14(4), 314 320.  

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

Buzzi, U. H., Stergiou, N., Kurz, M. J., Hageman, P. A., & Heidel, J. (2003). Nonlinear 

dynamics indicates aging affects variability during gait. Clinical biomechanics, 18(5), 

435–443. https://doi.org/10.1016/s0268-0033(03)00029-9. 

Cavanaugh, J., Coleman, K., Gaines, J., Laing, L., & Morey, M. (2007). Using step activity 

monitoring to characterize ambulatory activity in community-dwelling older adults. 

Journal of the American Geriatrics Society, 55(1), 120 124. 

https://doi.org/10.1111/j.1532-5415.2006.00997.x. 

Cavanaugh, J., Kochi, N., & Stergiou, N. (2010). Nonlinear analysis of ambulatory activity 

patterns in community-dwelling older adults. The Journals of Gerontology Series A: 

Biological Sciences and Medical Sciences, 65(2), 197 203. 

https://doi.org/10.1093/gerona/glp144. 

Chien, J. H., Eikema, D.-J. A., Mukherjee, M., & Stergiou, N. (2014). Locomotor sensory 

organization test: A novel paradigm for the assessment of sensory contributions in gait. 

Annals of Biomedical Engineering, 42(12), 2512 2523. https://doi.org/10.1007/s10439-

014-1112-7. 

Frenkel-Toledo, S., Giladi, N., Peretz, C., Herman, T., Gruendlinger, L., & Hausdorff, J. M. 

(2005). Treadmill walking as an external pacemaker to improve gait rhythm and stability 

in Parkinson’s disease. Movement Disorders, 20(9), 1109 1114. 

https://doi.org/10.1002/mds.20507. 

Goldberger, A. L. (1996). Non-linear dynamics for clinicians: Chaos theory, fractals, and 

complexity at the bedside. The Lancet, 347(9011), 1312 1314. 

https://doi.org/10.1016/s0140-6736(96)90948-4. 

Goldberger, A L. (2001). Heartbeats, hormones, and health: Is variability the spice of life? 

American Journal of Respiratory and Critical Care Medicine, 163(6), 1289 1290. 

doi:https://doi.org/10.1164/ajrccm.163.6.ed1801a. 

Goldberger, Ary L, Amaral, L. A. N., Hausdorff, J. M., Ivanov, P. C., Peng, C. K., & Stanley, H. 

E. (2002). Fractal dynamics in physiology: alterations with disease and aging. 

Proceedings of the National Academy of Sciences of the United States of America, 99 

Suppl 1(Supplement 1), 2466 2472. doi:https://doi.org/10.1073/pnas.012579499. 



Harrison, S. J., & Stergiou, N. (2015). Complex adaptive behavior and dexterous action. 

Nonlinear Dynamics, Psychology, and Life Sciences, 19(4), 345–394. 

Hausdorff, J. M., Cudkowicz, M. E., Firtion, R., Wei, J. Y., & Goldberger, A. L. (1998). Gait 

variability and basal ganglia disorders: Stride-to-stride variations of gait cycle timing in 

Parkinson’s disease and Huntington’s disease. Movement Disorders, 13(3), 428 437. 

https://doi.org/10.1002/mds.870130310. 

Hausdorff, J. M., Mitchell, S. L., Firtion, R., Peng, C. K., Cudkowicz, M. E., Wei, J. Y., & 

Goldberger, A. L. (1997). Altered fractal dynamics of gait: Reduced stride-interval 

correlations with aging and Huntington’s disease. Journal of Applied Physiology, 82(1), 

262 269. https://doi.org/10.1152/jappl.1997.82.1.262. 

Hausdorff, J. M., Peng, C. K., Ladin, Z., Wei, J. Y., & Goldberger, A. L. (1995). Is walking a 

random walk? Evidence for long-range correlations in stride interval of human gait. 

Journal of Applied Physiology, 78(1), 349 358. 

https://doi.org/10.1152/jappl.1995.78.1.349. 

Hausdorff, J. M., Purdon, P. L., Peng, C. K., Ladin, Z., Wei, J. Y., & Goldberger, A. L. (1996). 

Fractal dynamics of human gait: Stability of long-range correlations in stride interval 

fluctuations. Journal of Applied Physiology, 80(5), 1448 1457. 

https://doi.org/10.1152/jappl.1996.80.5.1448. 

Hausdorff, J. M., Rios, D. A., & Edelberg, H. K. (2001). Gait variability and fall risk in 

community-living older adults: A 1-year prospective study. Archives of Physical 

Medicine and Rehabilitation, 82(8), 1050 1056. 

https://doi.org/10.1053/apmr.2001.24893. 

Herman, T., Giladi, N., Gurevich, T., & Hausdorff, J. M. (2005). Gait instability and fractal 

dynamics of older adults with a “cautious” gait: Why do certain older adults walk 

fearfully? Gait & Posture, 21(2), 178 185. https://doi.org/10.1016/j.gaitpost.2004.01.014. 

Hollands, K. L., Pelton, T. A., Wimperis, A., Whitham, D., Tan, W., Jowett, S., ... Vliet, P. M.v. 

(2015). Feasibility and preliminary efficacy of visual Cue training to improve adaptability 

of walking after stroke: Multi-Centre, single-blind randomised control pilot trial. PLoS 

One, 10(10), Article e0139261. https://doi.org/10.1371/journal.pone.0139261. 

Hove, M. J., Suzuki, K., Uchitomi, H., Orimo, S., & Miyake, Y. (2012). Interactive rhythmic 

auditory stimulation reinstates natural 1/f timing in gait of Parkinson’s patients. PLoS 

One, 7(3), e32600 8. https://doi.org/10.1371/journal.pone.0032600. 

Hu, K., Der Lek, R. F. R., Patxot, M., Li, P., Shea, S. A., Scheer, F. A. J. L., & Someren, E. J. 

W. V. (2016). Progression of dementia assessed by temporal correlations of physical 

activity: Results from a 3.5-year, longitudinal randomized controlled trial. Scientific 

Reports, 6(1), 27742. https://doi.org/10.1038/srep27742. 



Hu, K., Harper, D. G., Shea, S. A., Stopa, E. G., & Scheer, F. A. J. L. (2013). Noninvasive 

fractal biomarker of clock neurotransmitter disturbance in humans with dementia. 

Scientific Reports, 3(1), 597. https://doi.org/10.1038/srep02229. 

Hu, K., Someren, E. J. W. V., Shea, S. A., & Scheer, F. A. J. L. (2009). Reduction of scale 

invariance of activity fluctuations with aging and Alzheimer’s disease: Involvement of the 

circadian pacemaker. Proceedings of the National Academy of Sciences, 106(8), 2490 

2494. https://doi.org/10.1073/pnas.0806087106. 

Hunt, N., McGrath, D., & Stergiou, N. (2014). The influence of auditory-motor coupling on 

fractal dynamics in human gait. Scientific Reports, 4(1), 5879. 

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

Jordan, K., Challis, J. H., & Newell, K. M. (2007). Walking speed influences on gait cycle 

variability. Gait & Posture, 26(1), 128 134. 

https://doi.org/10.1016/j.gaitpost.2006.08.010. 

Kaipust, J. P., McGrath, D., Mukherjee, M., & Stergiou, N. (2013). Gait variability is altered in 

older adults when listening to auditory stimuli with differing temporal structures. Annals 

of Biomedical Engineering, 41(8), 1595 1603. https://doi.org/10.1007/s10439-012-0654-

9. 

Lantz, E. (1996). The future of virtual reality: head mounted displays versus spatially 

immersive displays (panel). 485–486. doi:https://doi.org/10.1145/237170.237289. 

Li, Peng, Lim, Andrew S. P., Gao, Lei, Hu, Chelsea, Yu, Lei, Bennett, David A., Buchman, 

Aron S., & Hu, Kun (2019). More random motor activity fluctuations predict incident 

frailty, disability, and mortality. Science Translational Medicine, 11(516), 1806–1809. 

https://doi.org/10.1126/scitranslmed.aax197. 

Lipsitz, L. A. (1992). Loss of “complexity” and aging. Potential applications of fractals and 

chaos theory to senescence. JAMA: The Journal of the American Medical Association, 

267(13), 1806 1809. https://doi.org/10.1001/jama.267.13.1806. 

Lipsitz, L. A. (2002). Dynamics of stability: The physiologic basis of functional health and frailty. 

The Journals of Gerontology Series A: Biological Sciences and Medical Sciences, 

57(3), B115 B125. https://doi.org/10.1093/gerona/57.3.b115. 

MacIntosh, A. J. J., Alados, C. L., & Huffman, M. A. (2011). Fractal analysis of behaviour in a 

wild primate: Behavioural complexity in health and disease. Journal of the Royal Society 

Interface, 8(63), 1497 1509. https://doi.org/10.1098/rsif.2011.0049. 

Mandlebrot, B. B. (1977). The fractal geometry of nature. W. H. Freeman and Company. 

Manor, B., Costa, M. D., Hu, K., Newton, E., Starobinets, O., Kang, H. G., & Lipsitz, L. A. 

(2010). Physiological complexity and system adaptability: Evidence from postural 

control dynamics of older adults. Journal of Applied Physiology (Bethesda, Md. : 1985), 

109(6), 1786–1791. https://doi.org/10.1152/japplphysiol.00390.2010. 



Marmelat, V., Torre, K., Beek, P. J., & Daffertshofer, A. (2014). Persistent fluctuations in stride 

intervals under fractal auditory stimulation. PLoS One, 9(3), e91949. 

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

Mon-Williams, M., Warm, J. P., & Rushton, S. (1993). Binocular vision in a virtual world: Visual 

deficits following the wearing of a head-mounted display. Ophthalmic and Physiological 

Optics, 13(4), 387–391. https://doi.org/10.1111/j.1475-1313.1993.tb00496.x. 

Van Ooijen, M. W., Roerdink, M., Trekop, M., Janssen, T. W. J., & Beek, P. J. (2016). The 

efficacy of treadmill training with and without projected visual context for improving 

walking ability and reducing fall incidence and fear of falling in older adults with fall-

related hip fracture: A randomized controlled trial. BMC Geriatrics, 16(1), 215. 

https://doi.org/10.1186/s12877-016-0388-x. 

Orden, G. C. V., Holden, J. G., & Turvey, M. T. (2005). Human cognition and 1/f scaling. 

Journal of Experimental Psychology: General, 134(1), 117 123. 

https://doi.org/10.1037/0096-3445.134.1.117. 

Peng, C. K., Havlin, S., Stanley, H. E., & Goldberger, A. L. (1995). Quantification of scaling 

exponents and crossover phenomena in nonstationary heartbeat time series. Chaos 

(Woodbury, N.Y.), 5(1), 82 87. https://doi.org/10.1063/1.166141. 

Peng, C. K., Mietus, J. E., Liu, Y., Lee, C., Hausdorff, J. M., Stanley, H. E., ... Lipsitz, L. A. 

(2002). Quantifying fractal dynamics of human respiration: Age and gender effects. 

Annals of Biomedical Engineering, 30(5), 683 692. https://doi.org/10.1114/1.1481053. 

Repp, B. H., & Su, Y.-H. (2013). Sensorimotor synchronization: A review of recent research 

(2006–2012). Psychonomic Bulletin & Review, 20(3), 403 452. 

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

Rhea, C. K., Kiefer, A. W., Wittstein, M. W., Leonard, K. B., MacPherson, R. P., Wright, W. G., 

& Haran, F. J. (2014). Fractal gait patterns are retained after entrainment to a fractal 

stimulus. PLoS One, 9(9), Article e106755. 

https://doi.org/10.1371/journal.pone.0106755. 

Richer, N., Polskaia, N., Raymond, B., Desjardins, B., & Lajoie, Y. (2019). Reaction time of 

healthy older adults is reduced while walking fast. Journal of Motor Behavior, 51(6), 

600–602. https://doi.org/10.1080/00222895.2018.1538097. 

Roume, C., Almurad, Z. M. H., Scotti, M., Ezzina, S., Blain, H., & Delignières, D. (2018). 

Windowed detrended cross-correlation analysis of synchronization processes. Physica 

A: Statistical Mechanics and Its Applications, 503, 1131–1150. 

https://doi.org/10.1016/j.physa.2018.08.074 (Hum. Mov. Sci, 54 2017). 

Santos, B. S., Dias, P., Pimentel, A., Baggerman, J.-W., Ferreira, C., Silva, S., & Madeira, J. 

(2008). Head-mounted display versus desktop for 3D navigation in virtual reality: A user 

study. Multimedia Tools and Applications, 41(1), 161. https://doi.org/10.1007/s11042-

008-0223-2. 



Sosnoff, J. J., & Newell, K. M. (2008). Age-related loss of adaptability to fast time scales in 

motor variability. The Journals of Gerontology. Series B, Psychological Sciences and 

Social Sciences, 63(6), P344 P352. https://doi.org/10.1093/geronb/63.6.p344. 

Spaulding, S. J., Barber, B., Colby, M., Cormack, B., Mick, T., & Jenkins, M. E. (2013). Cueing 

and gait improvement among people with Parkinson’s disease: A meta-analysis. 

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

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

Stergiou, N., & Decker, L. M. (2011). Human movement variability, nonlinear dynamics, and 

pathology: Is there a connection? Human Movement Science, 30(5), 869-888. 

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

Stergiou, N., Harbourne, R., & Cavanaugh, J. (2006). Optimal movement variability: A new 

theoretical perspective for neurologic physical therapy. Journal of Neurologic Physical 

Therapy : JNPT, 30(3), 120–129. https://doi.org/10.1097/01.npt.0000281949.48193.d9. 

Sun, R., Cui, C., & Shea, J. B. (2017). Aging effect on step adjustments and stability control in 

visually perturbed gait initiation. Gait & Posture, 58(J. Gerontol. Series A: Biol. Sci. Med. 

Sci. 2016), 268–273. doi:10.1016/j.gaitpost.2017.08.013. 

Terrier, P., Turner, V., & Schutz, Y. (2005). GPS analysis of human locomotion: Further 

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

Human Movement Science, 24(1), 97 115. https://doi.org/10.1016/j.humov.2005.03.002. 

Vaillancourt, D. E., & Newell, K. M. (2002). Changing complexity in human behavior and 

physiology through aging and disease. Neurobiology of Aging, 23(1), 1–11. 

https://doi.org/10.1016/s0197-4580(01)00247-0. 

Vaz, J. R., Groff, B. R., Rowen, D. A., Knarr, B. A., & Stergiou, N. (2019). Synchronization 

dynamics modulates stride-to-stride fluctuations when walking to an invariant but not to 

a fractal-like stimulus. Neuroscience Letters, 704, 28–35. 

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

Vaz, J. R., Rand, T., Fujan-Hansen, J., Mukherjee, M., & Stergiou, N. (2020). Auditory and 

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

Measures of Gait Variability. Frontiers in Physiology, 67(11), 11:67. 

doi:https://doi.org/10.3389/fphys.2020.00067. 

Wittstein, M. W., Starobin, J. M., Schmitz, R. J., Shulz, S. J., Haran, F. J., & Rhea, C. K. 

(2019). Cardiac and gait rhythms in healthy younger and older adults during treadmill 

walking tasks. Aging Clinical and Experimental Research, 31(3), 367–375. 

https://doi.org/10.1007/s40520-018-0962-5. 


	Gait complexity is acutely restored in older adults when walking to a fractal-like visual stimulus
	Recommended Citation

	tmp.1652814569.pdf.ktsKV

