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Abstract

Performance of secondary task i.e. dual task affects certain aspects of gait, but the relationship 

between gait variability and dual tasking is not well understood. This study evaluated the effects of 

the dual-task paradigm on measures of movement variability changes in two healthy age groups. 

Seven young (age 22.6±2.5 years, height 170.3±9.3 cm and weight 69.6±15.5 Kgs) and seven old 

participants (age 71.14±6.5 years, height 174.5±10.2 cm and weight 78.5±18.2 Kgs) were 

recruited for this study. Since cognitive task such as mental arithmetic tasks (for example counting 

backwards by subtracting three digits) are self-generated, and are performed with selected 

spontaneous rhythm, so are used as secondary task while walking. An inertial measurement unit 

was affixed at sternum level and anterior-posterior angular velocities were used for determining 

stride intervals and peak accelerations during each stride. It was found that healthy older adults 

have significantly higher dynamic stability (p<0.01) and we also found that dual-tasking 

significantly increases complexity in stride interval time signals in both young and older adults 

(p=0.01). In conclusion the findings of this study elucidate that dual-task related changes in gait 

compensate with movement variability but may not predispose healthy young and older adults to 

falls.
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INTRODUCTION

Human movement variability may be defined as normal variations that occur while 

performing motor task across multiple repetitions [1]. A person being persistent and lacking 

variability in movement may indicate rigidness or inflexible motor behaviors and may have 

limited adaptability towards changing task and environmental demands, whereas greater 

than optimal variability characterizes human movement as noisy and unstable. An optimal 

amount of variability may be defined as the amount of variability necessary for healthy 

biological systems to be adaptable and flexible in unpredictable and ever changing 

environments. With aging there are several changes in muscle properties that, may influence 

movement execution. Some of these changes include reduced muscle cross section area[2] 

with reduction in strength and fiber type distribution [3] which reduces the movement speed. 
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There is also decrease in motor units [4] and all these changes have implications for 

execution of movement in old age[5]. Old age and frailty may result in reduction of muscle 

strength and force production, which has a significant influence on movement trajectories 

and final position accuracy for rapid movements [6].

In addition, age-related deficits are pronounced during dual-tasking [7, 8]. The inability to 

perform in dual tasking has also been reported to increase risk of falls in older adults [9]. In 

older adults impaired walking performance is associated with impaired cognitive 

performance in dual task walking [10]. It is reported that frail older adults have higher 

variability of stride time while backwards counting [11], which has been reported to be 

related to its rhythmic character and not wholly attributable to attentional load. Although 

numerous studies have reported walking speed negatively influences stride time variability 

[12–15], despite suggesting that stride time is independent of walking speed [14, 15]. 

Hollman and colleagues [10] reported that older adults reduced their gait velocity by 20% 

and young adults from 7–8% in dual task walking condition. They also found increase in 

1.3–1.5% increase in stride-to-stride variability in young adults and 2.9% in older adults, 

demonstrating that attention demanding tasks have a destabilizing effect on gait and that 

attentional processes are involved in walking. Dual-task is associated with slow speed may 

be because control of gait speed may involve higher order cognitive systems. Some 

researchers have shown that gait speed is dependent on Prefrontal Cortex (PFC) activation 

[16, 17] and others have linked gait speed with executive function [18]. Thus walking and 

secondary task, compete for these shared neural networks, this leads to cognitive motor 

interference (CMI) [19]. Gait speed and stride length are probably controlled by cortico-

basal ganglia circuit through thalamus [20, 21], whereas cadence is controlled by brainstem 

and spinal cord [22, 23]. Dual task methods can help to determine the cognitive demand of 

gait control and has been used by many researchers [24, 25]. Dual-task related gait changes 

have been reported amongst several populations however firm conclusions are lacking. The 

objective of this study was to determine how nonlinear variability was influenced in healthy 

young and elderly during dual task overground walking.

METHODS

Participants:

Seven young and seven old participants were recruited for this study. The younger 

population consisted college students of Virginia Tech campus, and older adults were retired 

people in Blacksburg area. The recruited participants were in a general good health 

condition, with no recent cardiovascular, respiratory, neurological, and musculoskeletal 

abnormalities. All participants were first familiarized with laboratory equipment’s and were 

provided a verbal explanation of the experimental procedure. Participants were requested to 

wear laboratory clothes and shoes, fitting to their sizes. Height and weight of participants 

were noted below the ID numbers assigned to the subject. This study was approved by the 

Institutional Review Board (IRB) of Virginia Tech. All participants who participated in this 

study provided written consent prior to the beginning of data collection. Demographic 

information for the participants is provided in Table 1.
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Protocol:

The experiment was divided into two sessions: normal session and dual-task session (Figure 

1). Each session was separated by 4 days and each participant was randomly assigned to 

either normal or dual-task as his/her first session.

Participants were instructed to walk on square hallway with 20 meters straightway inside the 

building continuously for 5 minutes at their self-selected pace. Participants were also 

instructed that they have to walk uninterrupted and keep walking steadily in their self-

selected pace. An experimenter walked behind the participant with the Bluetooth enabled 

laptop and sheet of paper with list of numbers starting from 1000 and serial subtraction of 

digit 3. Participant’s gait data were acquired using inertial measurement (IMU) situated at 

the sternum level (Figure 2).

Dual task walking :

This study used a clear and standardized cognitive task, such as serial subtraction [26, 27]. 

This session was similar to normal walking session described above, except that the 

participants were counting backwards when walking. The investigator told a random number 

(between 0–1000) before the walking trial and participants had to subtract the number by 

three continuously until the end of trial. Participants performed 3 trials of walking. The 

investigator corrected the participants, if error was made in counting backwards.

Instrumentation:

The IMU node consisted of MMA7261QT tri-axial accelerometers and IDG-300 (x and y 

plane gyroscope) and ADXRS300, z-plane uniaxial gyroscope aggregated in the 

Technology-Enabled Medical Precision Observation (TEMPO) platform which was 

manufactured in collaboration with the research team of the University of Virginia [28, 29]. 

The data acquisition was carried out using a Bluetooth adapter and laptop through a custom 

built program in LabView (LabView 2009, National Instruments Corporation, Austin, TX). 

Data was acquired with sampling frequency of 120 Hz. This frequency is largely sufficient 

for human movement analysis in daily activities, which occurs, in low bandwidth [0.8–5Hz] 

[30]. The data was processed using custom software written in MATLAB (MATLAB 

version 6.5.1, 2003, computer software, The MathWorks Inc., Natick, Massachusetts).

Stride Interval Time series (SIT):

The temporal fluctuations in stride intervals time series has been widely used as a non-

invasive technique to evaluate effects of neurological impairments on gait and its changes 

with aging and disease[31, 32]. A customized MATLAB algorithm was used to identify 

peaks from gyroscope signals from trunk mounted inertial sensor. The time difference from 

one peak to the other was considered as stride interval and all these consecutive intervals 

made up Stride Interval Time Series (SIT) (Figure 3).

Signal Magnitude Difference Time series (SMD):

The differences in peak heights of angular velocity signals are categorized as signal 

magnitude differences. These differences in magnitudes of angular velocity were used to 
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construct a time series which was named as Signal Magnitude Difference (SMD) Time 

series. The total length of SMD time series is one less than the total number of strides 

walked by the subject.

Local dynamic stability computation:

According to Taken’s theorem [33], any single dimensional time series can be used to 

reconstruct a multi-dimensional state space via time-delayed coordinate approach and this 

phase plot created contains information for the underlying dynamics of the system.

For each participant 50 continuous gait cycles were extracted from trunk anterior posterior 

angular velocities and resampled to 5000 frames. Rosenstein’s algorithm was applied to 

compute average divergences between neighboring trajectories in the reconstructed state 

space [34]. The nearest neighbor points on separate strides diverge at a rate given by the max 

LE [35].

λ i = ln Dj i /Δt 1

Where Dj(i) is the Euclidean distance between the jth pair of nearest neighbors after i 

discrete time steps, Δt is the sampling period of the time series data and <…> denotes 

average over all values of j.

RESULTS

Variability analysis for 5-minute walk:

Various nonlinear measures such as maximum Lyapunov exponent, sample entropy and 

detrended fluctuation analysis (DFA) were evaluated for 5 minutes of normal walking and 

dual-task walking data. It was also found that dynamic stability of older adults was 

significantly higher than the younger counterparts (p=0.008) (Figure 4). But dual-tasking did 

not affect dynamic stability while walking. We found that dual tasking increased sample 

entropy significantly in both young and older adults (p=0.017).

DISCUSSION

The findings support the use of inertial sensors as a tool for understanding variability in 

healthy young and older adults and augments preexisting knowledge of variability structure 

in healthy young and elderly. We found that elderly have higher dynamic stability than 

younger counterparts, which is consistent with the findings of other previous studies[35]. 

Dynamic stability is measured by Lyapunov exponent readily differentiated younger and 

older adults. Older individuals had significantly higher maxLE exponents than younger 

adults (Figure 4). We also found that during dual task overground walking both younger and 

older adults were found to have more complexity in SIT signals than that during normal 

walking (Figure 5). This is in contrast to already reported results that dual-tasking increases 

fall risk[36, 37].

In fact, the reduced capacity to adapt to stress is attributed to the loss of complexity with 

aging and disease [38]. This reduced complexity [38], is dependent on the nature of the 
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intrinsic dynamics of the system and one’s ability for short time adaptive change, which is 

required to meet an immediate task demand is reduced [39]. This study has found that the 

complexity of participants was higher during dual-tasking and therefore dual-tasking does 

not predispose both young and elderly to increased fall risk. We also acknowledge that the 

study is limited with small population size and all the participants are healthy. Previous 

studies have reported for elderly fallers or with any pathology like Multiple scleorosis [36, 

40]. The measures derived in this study serve as ground work for future research and will 

provide an understanding of movement variability to reduce falls in frail older individuals, 

and in designing effective interventions to reduce fall risk and establish a link between fall 

risk and variability in human movement.

CONCLUSIONS

Inertial sensors are appealing for unconstrained and non-invasive ambulatory measurements 

with heuristic approach to summarizing variability measures. Previous studies on dual task 

suggest that older individuals have stride-to-stride fluctuations, step width and stride time 

variability are influenced by attention loading and are related to fall risk. This study 

concludes that probably dual-tasking does not affect healthy human gait such to predispose 

it to fall risk. This study uses inertial sensors to provide new insights into the factors that 

regulate gait variability in healthy young and older adults and the practical application of 

measures of the variability in the clinical settings.

REFERENCES

[1]. Stergiou N, Harbourne R, and Cavanaugh J, “Optimal movement variability: a new theoretical 
perspective for neurologic physical therapy,” J Neurol Phys Ther, vol. 30, no. 3, pp. 120–9, 9, 
2006. [PubMed: 17029655] 

[2]. Kent-Braun JA, and Ng AV, “Specific strength and voluntary muscle activation in young and 
elderly women and men,” J Appl Physiol, vol. 87, no. 1, pp. 22–9, 7, 1999. [PubMed: 10409554] 

[3]. Lexell J, “Human aging, muscle mass, and fiber type composition,” J Gerontol A Biol Sci Med 
Sci, vol. 50 Spec No, pp. 11–6, 11, 1995. [PubMed: 7493202] 

[4]. Galea V, “Changes in motor unit estimates with aging,” J Clin Neurophysiol, vol. 13, no. 3, pp. 
253–60, 5, 1996. [PubMed: 8714347] 

[5]. Kurz MJ, and Stergiou N, “The aging human neuromuscular system expresses less certainty for 
selecting joint kinematics during gait,” Neurosci Lett, vol. 348, no. 3, pp. 155–8, 9 18, 2003. 
[PubMed: 12932817] 

[6]. van Galen GP, and van Huygevoort M, “Error, stress and the role of neuromotor noise in space 
oriented behaviour,” Biol Psychol, vol. 51, no. 2–3, pp. 151–71, 1, 2000. [PubMed: 10686364] 

[7]. Hausdorff JM, Schweiger A, Herman T, Yogev-Seligmann G, and Giladi N, “Dual-task 
decrements in gait: contributing factors among healthy older adults,” J Gerontol A Biol Sci Med 
Sci, vol. 63, no. 12, pp. 1335–43, 12, 2008. [PubMed: 19126846] 

[8]. Plummer-D’Amato P, Altmann LJ, and Reilly K, “Dual-task effects of spontaneous speech and 
executive function on gait in aging: exaggerated effects in slow walkers,” Gait Posture, vol. 33, 
no. 2, pp. 233–7, 2, 2011. [PubMed: 21193313] 

[9]. Lundin-Olsson L, Nyberg L, and Gustafson Y, ““Stops walking when talking” as a predictor of 
falls in elderly people,” Lancet, vol. 349, no. 9052, pp. 617, 3 1, 1997.

[10]. Hollman JH, Kovash FM, Kubik JJ, and Linbo RA, “Age-related differences in spatiotemporal 
markers of gait stability during dual task walking,” Gait Posture, vol. 26, no. 1, pp. 113–9, 6, 
2007. [PubMed: 16959488] 

Soangra and Lockhart Page 5

Biomed Sci Instrum. Author manuscript; available in PMC 2020 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[11]. Beauchet O, Dubost V, Aminian K, Gonthier R, and Kressig RW, “Dual-task-related gait changes 
in the elderly: does the type of cognitive task matter?,” J Mot Behav, vol. 37, no. 4, pp. 259–64, 
7, 2005. [PubMed: 15967751] 

[12]. Brach JS, Berthold R, Craik R, VanSwearingen JM, and Newman AB, “Gait variability in 
communitydwelling older adults,” J Am Geriatr Soc, vol. 49, no. 12, pp. 1646–50, 12, 2001. 
[PubMed: 11843998] 

[13]. Danion F, Varraine E, Bonnard M, and Pailhous J, “Stride variability in human gait: the effect of 
stride frequency and stride length,” Gait Posture, vol. 18, no. 1, pp. 69–77, 8, 2003. [PubMed: 
12855302] 

[14]. Heiderscheit BC, “Movement variability as a clinical measure for locomotion,” Journal of 
Applied Biomechanics, vol. 16, no. 4, pp. 419–427, 11, 2000.

[15]. Van Emmerik RE, Wagenaar RC, Winogrodzka A, and Wolters EC, “Identification of axial 
rigidity during locomotion in Parkinson disease,” Arch Phys Med Rehabil, vol. 80, no. 2, pp. 
186–91, 2, 1999. [PubMed: 10025495] 

[16]. Harada T, Miyai I, Suzuki M, and Kubota K, “Gait capacity affects cortical activation patterns 
related to speed control in the elderly,” Exp Brain Res, vol. 193, no. 3, pp. 445–54, 3, 2009. 
[PubMed: 19030850] 

[17]. Suzuki M, Miyai I, Ono T, Oda I, Konishi I, Kochiyama T, and Kubota K, “Prefrontal and 
premotor cortices are involved in adapting walking and running speed on the treadmill: an optical 
imaging study,” Neuroimage, vol. 23, no. 3, pp. 1020–6, 11, 2004. [PubMed: 15528102] 

[18]. Alvarez JA, and Emory E, “Executive function and the frontal lobes: a meta-analytic review,” 
Neuropsychol Rev, vol. 16, no. 1, pp. 17–42, 3, 2006. [PubMed: 16794878] 

[19]. Klingberg T, “Limitations in information processing in the human brain: neuroimaging of dual 
task performance and working memory tasks,” Prog Brain Res, vol. 126, pp. 95–102, 2000. 
[PubMed: 11105642] 

[20]. Drew T, Prentice S, and Schepens B, “Cortical and brainstem control of locomotion,” Prog Brain 
Res, vol. 143, pp. 251–61, 2004. [PubMed: 14653170] 

[21]. Takakusaki K, Tomita N, and Yano M, “Substrates for normal gait and pathophysiology of gait 
disturbances with respect to the basal ganglia dysfunction,” J Neurol, vol. 255 Suppl 4, pp. 19–
29, 8, 2008.

[22]. Morris ME, Iansek R, Matyas TA, and Summers JJ, “Ability to modulate walking cadence 
remains intact in Parkinson’s disease,” J Neurol Neurosurg Psychiatry, vol. 57, no. 12, pp. 1532–
4, 12, 1994. [PubMed: 7798986] 

[23]. Cho C, Kunin M, Kudo K, Osaki Y, Olanow CW, Cohen B, and Raphan T, “Frequency-velocity 
mismatch: a fundamental abnormality in parkinsonian gait,” J Neurophysiol, vol. 103, no. 3, pp. 
1478–89, 3, 2010. [PubMed: 20042701] 

[24]. Woollacott M, and Shumway-Cook A, “Attention and the control of posture and gait: a review of 
an emerging area of research,” Gait Posture, vol. 16, no. 1, pp. 1–14, 8, 2002. [PubMed: 
12127181] 

[25]. Yogev-Seligmann G, Hausdorff JM, and Giladi N, “The role of executive function and attention 
in gait,” Mov Disord, vol. 23, no. 3, pp. 329–42; quiz 472, 2 15, 2008. [PubMed: 18058946] 

[26]. Strauss E, Sherman EMS, and Spreen O, A Compendium of Neuropsychological Tests: 
Administration, Norms, and Commentary: Oxford University Press, 2006.

[27]. Lezak MD, Neuropsychological Assessment: Oxford University Press, USA, 1995.

[28]. Soangra R, Lockhart TE, Lach J, and Abdel-Rahman EM, “Effects of Hemodialysis Therapy on 
Sit-to-Walk Characteristics in End Stage Renal Disease Patients,” Ann Biomed Eng, 12 5, 2012.

[29]. Barth AT, Hanson MA, Powell HC Jr, and Lach J, “TEMPO 3.1: A Body Area Sensor Network 
Platform for Continuous Movement Assessment,” pp. 71–76, 2009.

[30]. Bouten CVC, Koekkoek KTM, Verduin M, Kodde R, and Janssen JD, “A triaxial accelerometer 
and portable data processing unit for the assessment of daily physical activity,” Ieee Transactions 
on Biomedical Engineering, vol. 44, no. 3, pp. 136–147, 3, 1997. [PubMed: 9216127] 

[31]. Aziz W, and Arif M, “Complexity analysis of stride interval time series by threshold dependent 
symbolic entropy,” Eur J Appl Physiol, vol. 98, no. 1, pp. 30–40, 9, 2006. [PubMed: 16841202] 

Soangra and Lockhart Page 6

Biomed Sci Instrum. Author manuscript; available in PMC 2020 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[32]. Fasano A, Marmelat V, Torre K, Beek PJ, and Daffertshofer A, “Persistent Fluctuations in Stride 
Intervals under Fractal Auditory Stimulation,” PLoS ONE, vol. 9, no. 3, pp. e91949, 2014. 
[PubMed: 24651455] 

[33]. Takens F, “Detecting strange attractors in turbulence,” vol. 898, pp. 366–381, 1981.

[34]. Rosenstein MT, Collins JJ, and De Luca CJ, “A Practical Method for Calculating Largest 
Lyapunov Exponents from Small Data Sets,” Physica D-Nonlinear Phenomena, vol. 65, no. 1–2, 
pp. 117–134, 5 15, 1993.

[35]. Lockhart TE, and Liu J, “Differentiating fall-prone and healthy adults using local dynamic 
stability,” Ergonomics, vol. 51, no. 12, pp. 1860–72, 12, 2008. [PubMed: 19034782] 

[36]. Muir-Hunter SW, and Wittwer JE, “Dual-task testing to predict falls in community-dwelling older 
adults: a systematic review,” Physiotherapy, vol. 102, no. 1, pp. 29–40, 3, 2016. [PubMed: 
26390824] 

[37]. Sample RB, Jackson K, Kinney AL, Diestelkamp WS, Reinert SS, and Bigelow KE, “Manual 
and Cognitive Dual Tasks Contribute to Fall-Risk Differentiation in Posturography Measures,” 
Journal of Applied Biomechanics, vol. 32, no. 6, pp. 541–547, 2016. [PubMed: 27398708] 

[38]. Lipsitz LA, and Goldberger AL, “Loss of ‘complexity’ and aging. Potential applications of 
fractals and chaos theory to senescence,” JAMA, vol. 267, no. 13, pp. 1806–9, 4 1, 1992. 
[PubMed: 1482430] 

[39]. Vaillancourt DE, and Newell KM, “Changing complexity in human behavior and physiology 
through aging and disease,” Neurobiol Aging, vol. 23, no. 1, pp. 1–11, Jan-Feb, 2002. [PubMed: 
11755010] 

[40]. Etemadi Y, “Dual task cost of cognition is related to fall risk in patients with multiple sclerosis: A 
prospective study,” Clinical Rehabilitation, vol. 0, no. 0, pp. 0269215516637201.

Soangra and Lockhart Page 7

Biomed Sci Instrum. Author manuscript; available in PMC 2020 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Participants were assigned to normal or dual-task session randomly and the listed tests were 

conducted
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Figure 2: 
Attachment of IMU sensors at sternum level using Velcro strap.
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Figure 3: 
Schematic diagram of derivation of SID and SMD time series from angular velocity signals 

from trunk IMU during walking on treadmill.
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Figure 4. 
max LE for young and older individuals
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Figure 5: 
Sample Entropy of SIT signals for normal and dual task condition
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Table 1

Background characteristics of study participants

Age Group

Old Young

Mean SD Mean SD

Age 71.143 6.5174 22.643 2.5603

Height [cm] 174.571 10.2446 170.376 9.3302

Weight [Kg] 78.559 18.2576 69.651 15.5270

BMI 25.529 4.2731 23.786 4.0004
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