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Effect of Dual-Tasking on Variability of Spatiotemporal 
Parameters in Subjects with and without Anterior Cru-
ciate Ligament Deficiency Using Linear Dynamics

Purpose: The present study aimed to determine the effect of dual-tasking on spatiotemporal 
characteristics in subjects with and without Anterior Cruciate Ligament Deficiency (ACLD) 
using linear dynamics. 

Methods: In this mixed model design study, spatiotemporal parameters were measured in 22 
patients with ACLD (25.95±4.69 y) and 22 control subjects (24.32±3.37 y) while they were 
walking with different levels of gait velocity (high velocity, self-selected velocity, low velocity) 
in isolation or concurrently with auditory Stroop task. Coefficient of Variation (CV) was used to 
calculate variability of step length, step time and step width as dependent variables using custom-
made MATLAB code. Mixed model of analysis of variance and post hoc analyses were used for 
data analysis. 

Results: The results showed that interactions of group by gait velocity due to cognitive difficulty 
were not significant for all mentioned variables (P>0.05). Group Interactions due to cognitive 
task difficulty were significant only in CV of step width (P=0.05). Interactions of motor task 
difficulty by cognitive difficulty were significant for CV of step length, step time, and step width 
in all participants (P<0.05). The main effects of gait velocity in all dependent variables were 
significant (P<0.05). 

Conclusion: Results showed that step width variability is a more sensitive measure for detecting 
interaction of group due to cognitive task difficulty compared to variability of step length and step 
time. Future studies could test this hypothesis in ACL deficient subjects using different measures. 
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1. Introduction

ait in human is a motor behavior that has 
automatic and rhythmic components [1]. 
When humans walk freely, some varia-
tions in gait spatiotemporal parameters are 
seen between each step. Variability in gait 
always inherent to human movement and 

can be measured in both spatial and temporal charac-
teristics such as step length, step time, and step width, 

which makes it possible to recognize any gait deviation 
from normal ones [2-5]. Results showed that spatiotem-
poral variability in elderly fallers [2, 3], older frail fallers 
[4], and patients with Parkinson disease [5] differs from 
control subjects. 

In addition to gait examination, variability in spatiotem-
poral parameters can be an objective predictor of falling. 
Several studies performed in recent years, demonstrated 
that Central Nervous System (CNS) plays an important 

G

Article info: 
Received: 08 Aug. 2014
Accepted: 09 Dec. 2014



214

role in gait performance [2, 3, 6-8]. For example, step 
width variability is correlated to fall in elderly persons 
who walked near the self-selected speed [3]. Brach et 
al. revealed that CNS deficiencies changes stance time 
variability, especially in slow walking [9]. Also recent 
studies revealed that sensory impairments have impor-
tant role on step width variability in fast walkers [3, 9]. 
Although there are different studies about the effect of 
neural deficiencies and sensory impairment on vari-
ability of spatiotemporal parameters, no study has been 
examined the variability of the mentioned parameters in 
musculoskeletal disorders, which have sensory deficits 
as a result of deafferentation [10]. 

Performing motor tasks need some degree of attention 
[11]. Based on “limited capacity theory” of attention, if 
the subjects were exposed to cognitive load whenever 
they were concurrently walking, these tasks would com-
pete to engage some degree of attention. This competi-
tion results in performance decrement for one of these 
tasks or both of them [12]. 

This is more evident, especially when the central ner-
vous system is structurally impaired. For example, stride 
time variability increases significantly during dual-task-
ing in older adults. Dual-task paradigms are methods for 
studying attention and postural control (gait) in which 
the primary task (gait) and a secondary task (cognitive) 
are being performed together. Auditory Stroop task is 
one of the cognitive tasks that has been frequently used 
during the dual-task paradigm [13, 14].

Although there is no structural destruction in CNS of 
patients with ACLD, there may be some loss of verbal 
memory and slower reaction time in these patients [15]. 
These events increase the probability of CNS dysfunc-
tion functionally [15]. This dysfunction may be deleteri-
ous in these patients, particularly when they experience 
some cognitive load simultaneous with different levels 

of walking velocity. However, the aim of the present 
study was to examine variability of spatiotemporal pa-
rameters (step length variability, step time variability, 
and step width variability) in different walking velocities 
under single- and dual-task conditions in patients with 
ACLD. 

2. Materials & Methods

To examine the hypotheses, a mixed-model design is 
used. Twenty-two patients with ACLD and 22 control 
subjects volunteered through nonprobability-convenient 
sampling. The males with anterior cruciate ligament tear 
were referred from orthopedic section of Akhtar Univer-
sity Hospital, Tehran, Iran. Two groups were matched 
with respect to their age, height, weight, and physical 
activity before the injury (Table 1). The time range be-
tween ACL rupture and experiment was 6-34 months. 
Patients with unilateral, complete ACL rupture were in-
cluded if they have not undergone knee surgical treat-
ment. In both groups those participants with neurologic 
deficiency, orthopedic disorder, auditory and visual defi-
ciencies were excluded. 

All subjects were instructed to know the process of ex-
periment and asked to read and sign a consent form. Also 
a questionnaire that contained injury and demographic 
information was completed by each subject for exclud-
ing any subjects that lacked inclusive study conditions. 
The present study was approved by Ethics Committee 
of University of Social Welfare and Rehabilitation Sci-
ences. 

Motor task 

Vicon Motion System (Oxford Metrics, Oxford, UK) 
with 5 cameras optoelectronics system was used to mea-
sure step length, step time, and step width. The partici-
pants walked on motorized treadmill (Stingray, M8000i, 

Table 1. Demographic information in patients with anterior cruciate ligament deficiency (ACLD) and control group. 

Variables
ACLD (n=14) Control (n=14)

P Value
Mean SD Mean SD

Age (y) 25.95 4.69 24.32 3.37 0.46

Height (cm) 179.23 5.93 177.77 5.45 0.19

Weight (kg) 83.00 13.70 77.91 24.02 0.40

Tegner sport activity level (-) 8.09 1.63 7.32 1.78 0.39

Walking velocity (m/s) 0.98 0.13 0.95 0.14 0.14

P-values refer to statistical significance of independent t tests between mean scores � PHYSICAL TREA MENTS

of ACLD and control groups. 
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and Taiwan) as multiple strides are needed to have better 
judgment about variability of spatiotemporal gait param-
eters. Three markers were attached to sacrum, left heel, 
and right heel to measure the mentioned variables based 
on Zeni study through custom-made MATLAB code 
[16]. The Zeni algorithm calculates step length, step 
time, and step width throughout gait cycle. After extrac-
tion of gait spatiotemporal variables, coefficient of varia-
tion (CV) was calculated using the equation  through the 
Excel software (Microsoft office 2010). Step length CV, 
step time CV, and step width CV, were the dependent 
variables of the present study. The dependent variables 
were measured whenever the subjects walked on three 
levels of gait velocity (self-selected velocity, high ve-

locity 20% faster than self-selected velocity, low veloc-
ity 20% slower than self-selected velocity). Participants 
were exposed to 2 levels of cognitive task difficulty with 
and without auditory Stroop task. Finally, two groups 
walked on treadmill under 6 conditions for 95 seconds. 
The familiarization period with treadmill lasted 6 min-
utes to ensure that subjects have similar gait pattern with 
over-ground walking [17].

Cognitive task

Auditory Stroop task is a modified version of Stroop 
task that was usually used in dual-task paradigm. Dur-
ing walking, participants were exposed to cognitive load 
through auditory Stroop task. They should answer the 

Table 2. Results of analysis of variance for 3 measures of spatiotemporal coefficient of variation (CV) during walking: F ratios 
and P values by variable.

Step length CV Step time CV Step width CV

Independent variables F P F P F P

Main effect

Group 0.18 0.67 0.09 0.77 0.94 0.34

Gait velocity 17.34 0.00 4.61 0.02 24.36 0.00

Cognitive task difficulty 0.11 0.75 1.66 0.21 0.11 0.74

Interaction

Group×Gait velocity 0.76 0.47 0.15 0.86 0.11 0.90

Group×Cognitive task difficulty 1.06 0.31 0.83 0.37 3.97 0.05

Gait velocity×Cognitive task difficulty 10.97 0.00 4.35 0.02 3.97 0.02

Group×Gait velocity×Cognitive task difficulty 1.40 0.25 0.35 0.71 0.18 0.84

P values lower than 0.05 are highlighted in bold.� PHYSICAL TREA MENTS

Table 3. Between groups’ comparison of spatiotemporal coefficient of variation (CV) in 6 conditions of gait velocity and cogni-
tive task difficulty for patients with ACLD and control groups.

Level of gait 
velocity Variables

No cognitive load With the cognitive load

ACLD
Mean (SD)

Control
Mean (SD) P value ACLD

Mean (SD)
Control

Mean (SD) P value

High velocity

Step length CV   9.86 (4.78)  8.79 (1.14) 0.33  9.27 (5.29)  8.17 (0.80) 0.34

Step time CV 10.15 (3.47)  9.18 (1.03) 0.95  8.89 (0.94)  9.96 (3.57) 0.27

Step width CV 10.17 (4.42)  9.51 (1.49) 0.22 11.32 (2.86) 11.00 (3.11) 0.97

Self-selected 
velocity

Step length CV   9.50 (5.16)  9.62 (3.30) 0.51   8.17 (0.37) 8 .44 (0.73) 0.73

Step time CV   8.80 (0.63)  9.31 (1.86) 0.58 12.76 (6.64) 11.21 (5.21) 0.50

Step width CV   9.97 (1.73) 10.48 (2.66) 0.26 11.14 (3.41) 10.39 (1.87) 0.59

Low velocity

Step length CV   7.95 (1.71)   8.66 (1.99) 0.24   8.20 (2.63)   7.97 (0.95) 0.20

Step time CV   8.40 (0.38)   8.84 (0.84) 0.39   8.64 (0.99)   8.54 (0.50) 0.53

Step width CV   8.71 (2.02)   9.42 (2.03) 0.46   9.82 (2.30)   9.52 (1.08) 0.65

PHYSICAL TREA MENTS
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questions while performing walking on the treadmill. 
The participants should recognize speaker’s voice that 
was modified by ‘high pitch’ and ‘low pitch’ when he 
utters the words ‘high’ and ‘low’. For example, if the 
speaker uses the word ‘high’ with ‘low pitch’, partici-
pants should answer with word ‘low’ as soon as they 
hear the question.

Statistical analysis

Kolmogorov–Smirnov test was used to compare the 
sample with a reference probability distribution. Since 
the spatiotemporal CV was normally distributed, para-
metric analysis was used for statistical analysis. To ex-
amine the main effect and interaction of the following 
factors for spatiotemporal CV parameters, 2×3×2 (2 
groups, 3 levels of gait velocity, 2 levels of cognitive task 
difficulty) mixed model of analysis of variance (Three-
way ANOVA) was used. Also, post hoc analyses includ-
ing paired t test and independent t test was performed.

3. Results

Demographic properties of all participants including 
age, height, weight, Tegner sport activity level and walk-
ing velocity were demonstrated in Table 1. The results 

showed that there were no significant differences in de-
mographic variables between subjects with and without 
ACLD (Table 1). Also the result of Chi-squared test 
showed that there is not statistical significant difference 
in sex and leg dominance between ACLD and healthy 
groups. 

Prior to analysis of differences, hypothesis of equal 
variances is accepted and it is concluded that there is 
not a difference between the variances in two groups. 
ANOVA results for the variables ‘step length CV’, ‘step 
time CV’, and ‘step width CV’ are presented in Table 2. 
Results showed that only the main effect of gait veloc-
ity was statistically significant in all dependent variables. 
Interaction of group by cognitive task difficulty was not 
statistically significant with the exception of ‘step width 
CV’. Interaction of gait velocity by cognitive task dif-
ficulty was statistically significant for all dependent vari-
ables. 

Table 3 presents between groups’ comparison of all de-
pendent variables in 3 levels of task difficulty as well as 
2 levels of cognitive task difficulty. Table 4 shows the 
significances between different levels of walking veloci-
ties in dual- and single-task conditions in all participants. 
According to Table 4, in all participants the values of step 

Table 4. Results of paired t test for 3 measures of spatiotemporal coefficient of variation (CV) parameters during 3 levels of 
walking velocity in dual- and single-task conditions in all participants: t and P values by variable.

Walking velocity Variable No cognitive load
Mean (SD)

With the cognitive load
Mean (SD) Mean difference t p

High velocity

Step length CV 9.10 (3.19) 8.71 (3.74) -0.39 -1.24 0.22

Step time CV 9.63 (4.36) 8.31 (0.58) -1.32 -1.47 0.16

Step width CV 8.21 (1.77) 7.85 (1.20) -0.35 -1.41 0.17

Self-selected velocity

Step length CV 9.68 (1.38) 9.06 (5.89) -0.62 -1.48 0.15

Step time CV 9.06 (1.38) 11.99 (5.89) 2.93 2.29 0.03

Step width CV 8.62 (0.67) 8.60 (0.67) -0.01 -0.08 0.94

Low velocity

Step length CV 9.51 (2.61) 11.25 (1.17) 1.74 3.95 0.00

Step time CV 10.21 (1.38) 10.82 (2.81) 0.56 0.83 0.42

Step width CV 9.07 (2.03) 9.72 (1.81) 0.65 1.92 0.06

P values lower than 0.05 are highlighted in bold.� PHYSICAL TREA MENTS

Table 5. Results of paired t test for step width coefficient of variation (CV) parameters during dual- and single task in both 
ACLD and healthy groups separately: t and P values by variable.

Variable Group No cognitive load
Mean (SD)

With the cognitive load
Mean (SD) Mean difference t p

Step width CV
ACLD 8.28 (1.48) 8.77 (1.89) 0.48 2.60 0.01

Healthy 8.97 (1.73) 8.69 (1.11) -0.28 -1.18 0.24

P values lower than 0.05 are highlighted in bold.� PHYSICAL TREA MENTS
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length CV in dual-task condition significantly increased 
compared to single-task in low velocity. Furthermore, ir-
respective to group CV of step length variability and step 
width variability in self-selected velocity were similar 
in dual- and single-task conditions but CV of step time 
significantly increased in dual-task condition compared 
to single-task condition. Table 5 shows the significances 
between different levels of group in dual- and single-task 
conditions. According to Table 5, CV of step width in 
dual-task condition significantly increased compared to 
single-task in ACLD participants. 

Table 6 shows the significances between different lev-
els of cognitive task difficulty in ACLD and healthy 
groups. According to Table 6, the values of step width 
CV in single-task condition significantly decreased in 
ACLD subjects compared to healthy subjects. Figure 
1 shows Interactions plots of step length CV, step time 
CV and step width CV as a function of gait velocity and 
cognitive difficulty in all participants. Figure 2 shows In-
teractions plots of step width CV as a function of group 
and cognitive difficulty. 

4. Discussion

The present study was the first study which investigat-
ed effect of dual-tasking on variability of spatiotemporal 
characteristics in patients with ACLD at different levels 
of walking velocity. 

Results showed that velocity changed the variability of 
spatiotemporal characteristics in both groups. However, 
Owings et al. showed that walking velocity did not af-
fect step kinematic variability and this finding was not 
compatible with the findings of the present study. A pos-
sible explanation for this discrepancy is the difference 
between the walking velocities in two mentioned stud-
ies. Owings et al. used the preferred velocity and slow 
velocity that was 10% slower than self-selected veloc-
ity in their study [8]. However, in our study both groups 
were examined in self-selected velocity as well as high 
and low velocity which were 20% upper and lower than 
self-selected velocity. Also, Dingwell et al. stated that 
variability is more prominent at very high or very low 
speeds [18].

Results showed that variability of step length and step 
time have similar behavior in single- and dual–task con-
ditions in ACLD and healthy groups. Because walking is 
a well-learned and more-automatic task, it may require 

Figure 2. Interactions plots showing step width coefficient of 
variation (A) as a function of group and cognitive difficulty.
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Figure 1. Interactions plots showing step length coefficient 
of variation (CV) (A), step time CV (B) and step width CV 
(C) as a function of gait velocity and cognitive difficulty.
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more dynamic balance task to differentiate variability 
of spatiotemporal parameters between two groups [19]. 
Also, strategies for compensating dual-task effect, were 
not significant enough to cause differences between 
mentioned variables [20]. These findings were support-
ed by Negahban et al. study which investigated effect 
of dual-tasking in different levels postural difficulty in 
patients with ACLD and control group [21]. 

Evidently, variability of step width is a more sensitive 
measure than other ones to differentiate interaction of 
group by cognitive task difficulty. On the contrary to step 
length and step time, step width is medial-lateral stability 
parameters. This result was in agreement with the results 
of Brach et al. who studied fall history in older adults 
who walk at or near normal gait speed. Although Brach 
et al. study used different target population, it seems that 
step width variability was more correlated to the falling 
history than the variability of step length and step time 
when their samples walked with speed upper than 1.0 
m/s [3]. 

Also Owings declared that step width variability is 
a more significant index of postural control than step 
length variability and step time variability [8, 22]. Gra-
biner et al. demonstrated that step width variability 
significantly decreased 16% in visual Stroop test  con-
dition and these findings were different with the result 
of present study. Participants in their study walked on 
motorized treadmill for 10 minutes while performing 
visual Stroop task. Apparently, visual inputs play more 
important role in dynamic postural control than auditory 
cues [23]. The difference between step width variability 
in their study with our findings may be related to effect 
of visual suppression in dynamic postural control. 

Considering the present study, the future research 
should investigate the effect of dual task on variability 
of kinematic measures like variability of knee flexion-
extension angle. Also, more challenging motor and cog-
nitive tasks can be conducted on patients with ACLD or 
different musculoskeletal disorders.

Acknowledgements

This research was partially supported by University of 
Social Welfare and Rehabilitation Sciences (USWR), 
Tehran, Iran. The authors thank Hoda Nabavi from Frgo-
nomic Laboratory of USWR who provided her expertise 
and greatly assisted the research.

Also the authors would like to express their apprecia-
tion to Drs Fatemeh Navvab and Shiva Sherafat as well 
as Mr Pezhman Lali for their contribution in writing the 
MATLAB codes used in the present study. 

Conflict of interest 

The authors declare that there are no financial and per-
sonal relationships with other persons or institutions that 
could inappropriately affect their work.

References

[1] Newell K, Corcos D. Issues in variability and motor control. 
Variability and Motor Control. Human Kinetics Publishers. 
1993: 1-12.

[2] Hausdorff JM, Edelberg HK, Mitchell SL, Goldberger AL, 
Wei JY. Increased gait unsteadiness in community-dwelling 
elderly fallers. Archives of Physical Medicine and Rehabili-
tation. 1997; 78(3):278-83.

[3] Brach JS, Berlin JE, VanSwearingen JM, Newman AB, Stu-
denski SA. Too much or too little step width variability is 
associated with a fall history in older persons who walk at 
or near normal gait speed. Journal of NeuroEngineering and 
Rehabilitation. 2005; 2:21.

[4] Herman T, Giladi N, Gurevich T, Hausdorff JM. Gait insta-
bility and fractal dynamics of older adults with a “cautious” 
gait: why do certain older adults walk fearfully? Gait & Pos-
ture. 2005; 21(2):178-85.

[5] Schaafsma JD, Giladi N, Balash Y, Bartels AL, Gurevich T, 
Hausdorff JM. Gait dynamics in Parkinson’s disease: re-
lationship to Parkinsonian features, falls and response to 
levodopa. Journal of the Neurological Sciences. 2003; 212(1-
2):47-53.

Table 6. Results of independent t test for step width coefficient of variation (CV) parameters in both ACLD and healthy groups 
in dual- and single task separately: t and P values by variable

Variable Cognitive load ACLD 
Mean (SD)

Healthy 
Mean (SD) Mean difference t p

Step width CV
No cognitive load 8.28 (1.08) 8.97 (1.73) 0.48 0.69 0.04

With the cognitive load 8.77 (2.18) 8.69 (1.09) -0.28 -0.08 0.45

P values lower than 0.05 are highlighted in bold.� PHYSICAL TREA MENTS

l Mahyar Salavati et al. l Effect of Dual-Tasking on Variability of Spatiotemporal Parameters 



219

PHYSICAL  TREA MENTS January 2015 . Volume 4 . Number 4

[6] Maki BE. Gait changes in older adults: predictors of falls or 
indicators of fear. Journal of the American Geriatrics Society. 
1997; 45(3):313-20.

[7] Hausdorff JM, Rios DA, Edelberg HK. Gait variability and 
fall risk in community-living older adults: a 1-year prospec-
tive study. Archives of Physical Medicine and Rehabilita-
tion. 2001; 82(8):1050-6.

[8] Owings TM, Grabiner MD. Step width variability, but not 
step length variability or step time variability, discriminates 
gait of healthy young and older adults during treadmill lo-
comotion. Journal of Biomechanics. 2004; 37(6):935-8.

[9] Brach JS, Studenski S, Perera S, VanSwearingen JM, New-
man AB. Stance time and step width variability have unique 
contributing impairments in older persons. Gait & Posture. 
2008; 27(3):431-9.

[10] Johansson H, Sjolander P, Sojka P. Activity in receptor af-
ferents from the anterior cruciate ligament evokes reflex ef-
fects on fusimotor neurones. Neuroscience Research. 1990; 
8(1):54-9.

[11] Woollacott M, Shumway-Cook A. Attention and the con-
trol of posture and gait: a review of an emerging area of re-
search. Gait & Posture. 2002; 16(1):1-14.

[12] Dault MC, Frank JS. Does practice modify the relationship 
between postural control and the execution of a secondary 
task in young and older individuals? Gerontology. 2004; 
50(3):157-64.

[13] Akhbari B, Salavati M, Ahadi J, Ferdowsi F, Sarmadi A, 
Keyhani S, et al. Reliability of dynamic balance simultane-
ously with cognitive performance in patients with ACL 
deficiency and after ACL reconstructions and in healthy 
controls. Knee Surgery, Sports Traumatology, Arthroscopy: 
Official Journal of the ESSKA. 2014: 1-8.

[14] Sherafat S, Salavati M, Takamjani IE, Akhbari B, Rad SM, 
Mazaheri M, et al. Effect of dual-tasking on dynamic pos-
tural control in individuals with and without nonspecific 
low back pain. Journal of Manipulative and Physiological 
Therapeutics. 2014; 37(3):170-9.

[15] Swanik CB, Covassin T, Stearne DJ, Schatz P. The relation-
ship between neurocognitive function and noncontact an-
terior cruciate ligament injuries. The American Journal of 
Sports Medicine. 2007; 35(6):943-8.

[16] Zeni JA Jr, Richards JG, Higginson JS. Two simple meth-
ods for determining gait events during treadmill and over-
ground walking using kinematic data. Gait & Posture. 2008; 
27(4):710-4.

[17] Matsas A, Taylor N, McBurney H. Knee joint kinematics 
from familiarised treadmill walking can be generalised to 
overground walking in young unimpaired subjects. Gait & 
Posture. 2000; 11(1):46-53.

[18] Dingwell JB, Marin LC. Kinematic variability and local 
dynamic stability of upper body motions when walking at 
different speeds. Journal of Biomechanics. 2006; 39(3):444-52. 

[19] Dault MC, Geurts AC, Mulder TW, Duysens J. Postural 
control and cognitive task performance in healthy partici-
pants while balancing on different support-surface configu-
rations. Gait & Posture. 2001; 14(3):248-55. 

[20] Latash ML, Scholz JP, Schoner G. Motor control strategies 
revealed in the structure of motor variability. Exercise and 
Sport Sciences Reviews. 2002; 30(1):26-31.

[21] Negahban H, Hadian MR, Salavati M, Mazaheri M, Talebi-
an S, Jafari AH, et al. The effects of dual-tasking on postural 
control in people with unilateral anterior cruciate ligament 
injury. Gait & Posture. 2009; 30(4):477-81.

[22] Owings TM, Grabiner MD. Variability of step kinematics 
in young and older adults. Gait & Posture. 2004; 20(1):26-9.

[23] Gago MF, Fernandes V, Ferreira J, Yelshyna D, Silva HD, 
Rodrigues ML, et al. Role of the visual and auditory systems 
in postural stability in Alzheimer’s disease. Journal of Alz-
heimer’s Disease. 2015.



220


