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Evaluation of Circumferential Ankle Pressure as an Ergonomic
Intervention to Maintain Balance Perturbed by Localized Muscular
Fatigue of the Ankle Joint

Navrag B. Singh

ABSTRACT

Application of pressure in the form of taping and bracing has been shown to improve
proprioception, and inducing localized muscle fatigue at various musculatures has been shown to
adversely affect postural control. However, the potential for pressure application to mitigate the
effects of localized muscle fatigue on postural control has not yet been determined. This study
investigated specifically the effects of circumferential ankle pressure (CAP) and induced ankle
fatigue on postural control. Fourteen young participants (seven males and seven females)
performed fatiguing sub-maximal isotonic plantar flexion exercises on an isokinetic
dynamometer, in the absence and presence of a pressure cuff (60 mm Hg) used to apply CAP.
Proprioceptive acuity (PA) was determined using a passive-active joint position sense test, with
categorical scores (low or high PA) used as a covariate. Postural sway during quiet standing was
assessed using a force platform both pre- and post-fatigue as well as in the absence and presence
of CAP. Application of CAP resulted in larger postural sway in individuals with low PA, and
reduced postural sway in individuals with high PA. Fatigue effects on postural sway in
individuals with low PA were more substantial as compared to individuals with high PA. CAP
was found to be ineffective in mitigating the effects of fatigue on postural sway in individuals
with lower PA. As a whole, the results suggest a potential for CAP as an ergonomic intervention
in controlling fatigue-related fall incidents, though conclusive recommendations for use are not

justified.
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INTRODUCTION

Occupational falls are a major cause of contemporary concern. In 2003, falls accounted for
272,988 nonfatal injuries and this number rose to 300,000 by the end of 2004 (Department of
Labor, 2005). Falls resulted in 691 occupational fatalities, of which 52.2 % (361) occurred in the
construction industry (Department of Labor, 2005). In 2002, falls from heights accounted for
8% of total occupational falls, resulting in the second largest absence rate, a total of 14 days
away from work (BLS, 2004). In 1999 alone, direct costs associated with workplace injuries
resulting from falls were estimated to be $3.7 billion (Department of Labor, 2005). These
statistics indicate that falls from heights, especially in the construction industry, not only
continue to impede productivity and growth of revenue but also are a cause of substantial

personal costs.

Slips, trips and loss of balance are primary causes of occupational falls (Hsiao & Simeonov,
2001). Collectively, these are considered as ‘loss of balance’ incidents. The review conducted
by Hsiao and Simeonov (2001) highlighted various factors that contribute to occupational falls,
which can be broadly categorized as environmental (visual and physical interactions), task
related (load handling and fatigue) and personal. The review also identified that existing
measures, such as implementation of safety codes, regulations and guidelines and the use of
safety equipment (guardrail systems, covers, etc.), which are aimed primarily at protection have
not been completely effective due to negligence or improper use. Thus there is a need for
identification and control of factors contributing to fall risk, with increased focus on fall
prevention research. Localized muscle fatigue is one such task related factor associated with fall

risk. The review provides motivation for future studies to investigate the effects of localized



muscle fatigue on loss of balance incidents and incorporate controls and interventions to prevent

falls.

According to the Newton’s First Law, an object is in a state of equilibrium (maintenance of
balance) if the resultant forces and moments acting on it are zero. Although quiet standing
seems like a fairly simple task, maintaining balance during standing involves complicated
neuromuscular control processes. During quiet standing, the human body can be modeled as a
multilink inverted pendulum with the upper part of the body comprising two-thirds of total body
weight (Winter, 1995) while simultaneously receiving destabilizing forces from gravity and the
external environment (Alexander, 1994; Maki & Mcllroy, 1996; Yaggie & McGregor, 2002).
Hence, maintaining an upright posture involves controlling an inherently unstable system, and
this task is performed by the postural control system (PCS). PC is a continuous process of
maintaining the body center of mass (COM) over its base of support (BOS), where BOS is the
area of the body in contact with the ground (Alexander, 1994; Winter, 1995; Maki & Mcllroy,

1996; Yaggie & McGregor, 2002).

PC (Figure 1) involves continuous, nonlinear and complex sets of activities performed by the
central nervous system (CNS) to process inputs received from the visual (planning and
organization of standing and/or locomotion), vestibular (sensing linear and angular accelerations)
and somatosensory (sensing position and velocity of body segments) systems (Patla, 1997; Maki
& Mcllroy, 1996; Winter, 1995; Blaszczyk et al., 2003). The somatosensory system receives
information on length and tension from diverse sensors located in the skin, tendons, muscle

spindles, and Golgi tendon organs (Gribble & Hertel, 2004). In addition, the PC system receives



anticipatory and compensatory feedforward commands from the CNS, which constantly updates
the sensory information, in order to maintain an upright posture. Due to these feedback and
feedforward commands to and from the CNS, non-linear sets of activities, and latencies involved,
a constant upright posture is not possible to achieve. Instead, our body exhibits sway to varying
extents, due to the continuous adjustments and compensations. PC is impaired if any one of the
three inputs to the CNS is perturbed. In such a situation, postural sway is usually observed to

increase (Maki & Mcllroy, 1996; Allum et al., 2004).
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Figure 1. Schematic of processes involved in postural control



Position and movement (and forces causing these motions) of the whole body influence postural
sway, hence, in order to establish sway as a valid indicator of balance and stability, most
researchers have assessed sway during quiet standing. Previous studies have shown that
individuals with a history of falls have a tendency to exhibit larger postural sway than non-fallers
(Lichtenstein et al., 1988; Maki et al., 1994). Studies in the past have also shown that larger
postural sway can be used as a predictor of risk of falls (Fernie et al., 1982). Postural sway can
be assessed during quiet stance with or without subjecting one or more of the inputs to a

perturbation (Loughlin et al., 2003).

During upright stance, the center of vertical reaction force, the center of pressure (COP), acts
directly under the feet and reflects forces and torques required to keep the COM over the BOS
(Loughlin et al., 2003). COP movement can be measured by having individuals stand on a force
plate and plotting the COP path. This COP trajectory measured over a predetermined time
interval, called a stabilogram, can be used to derive COP displacements in the antero-posterior
(AP) and the medio-lateral (ML) directions (Alexander, 1994; Maki & Mcllroy, 1996; Prieto et
al., 1996; Blaszczyk et al., 2003; Loughlin et al., 2003). Many researchers in the past have used
stabilograms to derive different statistical (Prieto et al., 1996; Loughlin et al., 2003), stochastic
(Collins & De Luca, 1996), and kinetic (Riccio et al., 1992; Wegen et al., 2002) COP-based
measures to better investigate the non-linear and complex behaviors involved in postural sway

and control with or without a perturbation.

One underlying assumption supporting the use of COP based sway measures is that COP

displays a time-invariant or stationary behavior. A stationary time series has a consistent mean



and variance at least for the duration of the trial (Cao et al., 2004). However, this assumption has
recently been challenged by various investigators, who have stated that COP is essentially a
time-variant signal (Schumann et al., 1995; Ferdjallah et al., 1999; Loughlin & Redfern, 2001).
If COP is a non-stationary signal, incorporating COP based measures that assume stationarity
could lead to errors in analysis. Thus, one goal in the current study is to formally test the COP

signal for stationarity.

Prior to conducting any analysis incorporating COP based sway measures, one must also
consider the fact that these measures are highly correlated among each other. Prieto et al.,
(1996) showed that only a subset of these measures should be sufficient to analyze the
performance and efficiency of the PCS. However, it must be noted here that very few studies
have investigated which measures might be better suited to investigate the effects of a particular
perturbation and its affects on the PCS. Due to the lack of evidence on the choice of measures,
and specifically with respect to fatigue as a perturbation, this study incorporated a wide variety
of sway measures. A correlation analysis was performed to investigate which measures might be
highly correlated with each other and at the same time are effective in identifying the effects of

fatigue on postural sway.

Localized muscle fatigue (LMF), defined as a reduction in force generating capacity (Corbeil et
al., 2003), impairs proprioceptive (position perception) inputs, by adversely affecting muscle
spindle activity and disrupting mechanoreceptor (somatosensory) feedback (Johnston et al.,
1996; Voight et al., 1996). Previous studies have shown that LMF of the ankle increases

postural sway in the AP and ML directions (Lundin et al., 1993; Vuillerme et al., 2002; Yaggie



& McGregor, 2002; Gribble & Hertel, 2004). For example, one study (Yaggie & McGregor,
2002) found that during quiet unilateral stance, total sway and sway in the ML direction
increased after fatigue was induced isokinetically at the ankle. Another study (Gribble & Hertel,
2004) reported that, during quiet single leg stance, postural control (assessed using COP
velocity) was adversely affected in the AP direction but not in the ML direction after fatigue was
induced at the ankle. On the contrary, Adlerton and Moritz (1996), in a study investigating the
effect of calf muscle fatigue on standing balance, reported that the fatiguing exercises did not
increase postural sway. In this latter study, however, fatigue was induced by having individuals
perform calf-raises on tip-toe, indicating a lack of control with regards to force and range of
motion. From the reports summarized here, it could be assumed that fatigue deleteriously affects
postural sway. Impairment of the somatosensory system by injury or a perturbation such as
localized muscle fatigue (LMF) might perturb the sensory inputs to the CNS (Figure 1). These
impairments, in turn, might lead to incorrect predictive feedforward and reactive feedback
commands, through the efferent pathways to the motor mechanisms involved in postural control.
In addition to this, fatigue also affects the efferent pathway (by affecting motor performance) of
the postural control system directly (Enoka & Stuart, 1992). Thus, from the review of concepts
highlighted here, it is evident that localized muscle fatigue perturbs muscle spindle structure,

motor unit firing and the proprioceptive system, thereby likely compromising the PCS.

Proprioception is the sum of joint position sense (JPS) and kinesthesia. JPS or joint
proprioception is defined as the positional sense of one’s own joints in the absence of vision
(Skinner et al., 1984; Voight et al., 1996; Tsang & Hui-Chan, 2003). Joint proprioception is

commonly assessed quantitatively in terms of joint repositioning error. Joint repositioning error



(Voight et al., 1996; Batavia et al., 1999; Halseth et al., 2000; Miura et al., 2004; You et al.,
2004) can be obtained by having individuals move their joints in order to reproduce a certain
angular position which is either predefined or randomly selected. Multiple assessments are
collected and absolute angular error (AAE) is calculated by taking the difference between the
preset position and the reproduced position. Based on the AAE, individuals can be categorized
as having low or high proprioceptive acuity (PA). Kinesthesia or joint motion sense (JMS) is
assessed by detecting the threshold to passive movement, and tests the ability to detect relatively
slow passive joint movement. Both JPS and JMS are methods of assessing the afferent pathways.
Skinner et al., (1986) reported that LMF induced at the knee joint significantly affected JPS but
not JMS, whereas Carpenter et al., (1998) found that shoulder fatigue significantly affected JMS.
Thus, any compromise to proprioception, such as following fatigue, can be expected to increase

postural sway and deteriorate balance.

Muscle, joint and cutaneous receptors constitute the proprioceptive system. Previously it was
assumed that only joint and cutaneous receptors provide information about position and velocity.
This theory was replaced by a more recent focus on muscle spindles and muscle receptors. The
role of muscle receptors in joint positioning and motion was revisited, and researchers argued
that muscle spindle receptors were primarily associated with position and velocity information,
however joint and cutaneous receptors did play a role. Joint receptors were considered to fire
only at the extreme movements or towards the beginning and end ranges of motion. It has also
been argued that the firing of joint receptors, especially the Ruffini endings, Pacinian corpuscles
and Golgi tendon organs, is dependent on whether the movement is active or passive (Schmidt &

Lee, 1993; Lephart et al., 1998). Cutaneous receptors are more sensitive to pressure and pain



sensations. Muscle spindle receptors are sensory gamma motoneurons present in the equatorial
region (muscle belly) of the muscle and are sensitive to the change in position and velocity and
these motoneurons are innervated by the onset of stimulus, thereby affecting proprioception

(Schmidt & Lee, 1999).

Taping, bracing, applying pressure to or stretching the skin can stimulate the mechanoreceptors
present in the muscle spindles (Simoneau et al., 1997; Batavia et al., 1999; Halseth et al., 2004).
These studies report contradictory findings on the benefits of taping or bracing the ankle joint.
For example, studies investigating the effects of taping or bracing the ankle joint (Robbins et al.,
1995; Heit et al., 1996; Simoneau et al., 1997) reported that applying pressure at the ankle joint
improved proprioception. One study (Simoneau et al., 1997) reported that taping improved joint
proprioception while sitting but not while standing. Another study (Halseth et al., 2004)
investigating the effects of specific taping procedure (Kinesio taping) on the ankle joint found no

differences between tape and no-tape conditions on proprioception.

Circumferential pressure around joints is a relatively new technique involving application of
pressure, which in turn provides stimulation, to the cutaneous receptors, joint mechanoreceptors
and muscle spindle proprioceptors around that joint (Batavia et al., 1999). A preliminary
investigation on the effects of circumferential ankle pressure (CAP) on PA, active stiffness, and
postural stability (You et al., 2004) revealed that CAP improved PA, active stiffness, and
postural stability in individuals with low PA. You et al. (2004) also reported that CAP did not
provide external mechanical support to the ankle joint, thereby arguing that all the changes

observed by application of CAP were due to neuromuscular factors. Proprioceptive acuity was



assessed as the absolute joint position sense error obtained from an active-active joint sense test
protocol. Due to a lack of evidence on the effects of CAP on postural stability, and whether it
can be an effective intervention in situations where the ankle joint has been perturbed by fatigue,
further research is warranted in this area. The current study specifically investigated whether
CAP can help maintain postural stability after it has been perturbed by fatigue, using sway as an

indirect assessment of stability.

RESEARCH OBJECTIVES

Rationale

As previously mentioned, falls from heights are prevalent in industry, and LMF may be an
important factor contributing towards falls. Fall prevention research should be aimed at
preventing rather than protecting against falls as has been suggested in a recent review (Hsiao &
Simenov, 2001). LMF at the ankle can be expected to cause impairment of both the afferent and
efferent pathways involved, thereby impairing PC (Gribble & Hertel, 2004). Interventions
recommending application of taping and/or bracing to apply pressure on mechanoreceptors of the
skin have provided conflicting results. Recent studies have shown that applying circumferential
joint pressure might be better than applying taping or braces to stimulate mechanoreceptors, due
to better control of pressure application (Batavia et al., 1999; You et al., 2004). There are a
limited number of studies investigating the effects of CAP on postural stability and whether it

could be an effective intervention to a balance perturbation.

Previous studies have shown larger postural sway (measured as area of the stabilogram, and

distance from the mean COP) among fallers (individuals with a history of or tendency to fall) as



compared to non-fallers (Lichtenstein et al., 1988; Maki & Mcllroy, 1996). Additionally there is
anecdotal evidence suggesting the role of proprioception for proper functioning of the PCS (Lord
et al., 1993). In the current study, it is hypothesized that CAP will be effective in reducing
postural sway in individuals belonging to the low PA group, thereby helping these individuals

maintain balance.

The rationale for the current study was to investigate whether CAP can be used as an effective
ergonomic intervention to help maintain balance that has been perturbed by fatigue. For
application of CAP to be an effective preventive strategy in controlling fatigue-related falls, it
has to be used during the work activities. Thus, it would be advisable for workers (e.g. roofers)
to apply CAP during daily work activities. In light of this argument, the exercise protocol
required participants to wear CAP during the entire experiment, including the exercise. From a
pilot study conducted previously, it was found that the endurance time (duration of time the
exercise was conducted) for conditions with and without CAP was similar. In the current study,
sway trials were collected during static standing with eyes-closed in a closed and quiet room,
thereby eliminating visual and auditory feedbacks to the CNS. Vestibular input to the CNS
cannot be impaired or affected by the proposed experimental procedure. Since visual input has
been eliminated and vestibular input is unaffected, the current study aimed primarily at
investigating (1) whether localized neuromuscular fatigue impairs the somatosensory input
and/or the efferent motor mechanisms, thereby adversely affecting balance (as measured using
stabilograms), and (2) whether stimulation to the somatosensory system, via CAP can help

maintain balance.
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PRIMARY HYPOTHESES

1.

CAP will be more effective in reducing postural sway (quantified using COP-based sway
measures) in individuals with low PA during upright stance.

Null hypothesis Hy: No interactive effects of CAP and PA
Fatigue affects on postural sway in individuals with low PA will be more substantial as
compared to other individuals during a upright stance.

Null hypothesis Ho: No interactive effect of fatigue and PA
CAP will be more effective in maintaining postural stability after it has been perturbed by
the effect of localized muscle fatigue in individuals with low PA.

Null hypothesis Ho: No interactive effect of CAP, fatigue and PA

11



RESEARCH DESIGN AND METHODS

The current study is an extension of an ongoing research project addressing the effects of
localized muscle fatigue on postural control when fatigue is induced at different joints, namely:
at the ankle, knee, lower back and shoulder. The current study investigated the effectiveness of
CAP as an ergonomic intervention in reducing the effects of localized fatigue, induced at the

ankle joint, on postural control.

PARTICIPANTS

Due to the lack of evidence in existing literature addressing the issue of combined effects of CAP
or taping, localized muscle fatigue and PA on postural sway, a formal power analysis could not
be performed on the hypotheses being tested in the current study. Instead, a power approach
based on existing data obtained from fallers and non-fallers was chosen to determine an adequate
number of participants. As already mentioned, fallers tend to exhibit greater postural sway than
non-fallers. For detecting the main effects of CAP with and without fatigue, values of a COP
based sway measure (RMS distance in ML direction) for fallers (3.4 + 2.3 mm) and non-fallers
(2.1 £0.9 mm) were obtained from an earlier study (Maki & Mcllroy, 1996). Weighted averages
for mean and standard deviation were taken as the data was obtained from unequal sample sizes.

The non-centrality parameter (d) for a one factor, two level study is given as:

|ﬂ1 _ﬂ2|
0 =——"+— (1)
o |2
n

where, o is the standard deviation of error terms, pu; and p, are means of two populations
of fallers and non-fallers and n is the sample size.

Table 1 presents power vs. n derived from this data.

12



Table 1. Power approach for sample size estimation

n df A Power (1 - )
2 1 1.655172 0.07
4 3 2.340767 0.29
6 5 2.866843 0.67
8 7 3.310345 0.73
10 9 3.701078 0.94
12 11 4.054328 0.95
14 13 4.379175 0.96
16 15 4.681535 1.00

Note: py — pp, =2.877, 6 = 1.737 (Maki & Mcllroy, 1996) and Power for a. = 0.05

The current study is an exploratory investigation on the combined effects of CAP, localized
muscle fatigue and PA on postural sway. Although, the sample size using the approach above
might be too small to detect any interesting effects outlined in the hypotheses, the study aims at
highlighting the importance of CAP in maintaining balance and attempts to provide a
preliminary basis for future research investigations in the area of joint activation via applying
pressure, and indicating how it might affect postural sway differently in various individuals.
Simultaneously, the study also aims at providing a basis for treating pressure application as an
intervention towards mitigating the effects of applied perturbations (especially localized muscle
fatigue) and eventually achieving better postural control (and thereby indirectly providing better
balance). The sample size chosen was n = 14. It is assumed that this sample size will be

adequate across all dependent measures being used in the study.

Since this is an exploratory study, it is assumed that employing a relaxed alpha level is justified
in order to increase power for detecting interactive effects, which are the main focus as outlined
in the hypotheses. Thus, o = 0.1 and n = 14, is assumed adequate for detecting any important

effects associated with these hypotheses.
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Fourteen participants (7 males and 7 females), with no self-reported injuries, illnesses,
musculoskeletal disorders or occurrences of falls in the past year, were selected from the local
community. Other relevant demographics, such as age, dominant leg, gender, etc., were also
collected using the form provided in Appendix A. Level of physical activity was assessed using
a questionnaire which incorporates physical activity during work, sports, and leisure time
(Baecke et al., 1982). The questionnaire uses a semi-continuous scale ranging from low (1) to
high (2), and has three different subsections for work (work index WI), sports (sports index, SI)
and leisure (leisure index, LI). These subsections can be registered as three distinct indices to
assess physical activity level. The physical activity questionnaire has been shown to have good
reliability and validity for both male and female participants (Folsom, et al., 1997). Table 2
presents participant demographics and physical activity scores.

Table 2. Participant characteristics
Physical Activity Scores
Age Mass (kg) Stature (cm) WI SI LI
Males 202+23 772+81 1758+5.5 20+0.6 3.0£02 3.1+09
Females 199+19 594+82 1658+49 24+04 28+0.6 3.6+0.6

EXPERIMENTAL PROCEDURES

Upon arrival, participants were informed about the experimental procedures and completed an
informed consent procedure approved by the VT IRB. Participants were provided several
practice sway trials to help familiarize them with standing on a force plate (AMTI OR6-7-1000,
Watertown, Massachusetts, USA). The participants were then calibrated with respect to a
Postural Stability Ratings (PSR) scale, which was used in the experiment as a subjective measure.
For the upper extreme of the scale (100, completely stable), the participants stood with their eyes

open, head facing straight ahead, feet shoulder width apart and holding on to a solid object. For
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the lower extreme (0, not at all stable), the participants stood with their eyes closed in an
unilateral stance. During the sway trials, participants stood on the force plate for 75 seconds,
maintaining an upright posture with their feet together, arms by their sides, head straight and
eyes closed, and were instructed to "concentrate on standing as still as possible". The

participants were also requested to “think about the PSRs during the period of the quiet stance”.

The trials were conducted in a closed room to eliminate any noise disturbance, and to reduce or
eliminate the effects of changing visual and auditory inputs to the CNS. A sheet of paper was
placed on top of the force plate for each participant and tape was placed parallel to the AP edges
and 15 cm behind the center of the force plate. Participants aligned their heels with the tape
while standing, and an outline of the feet (or BOS) was drawn to standardize the location of

stance across trials as shown in the Figure 2 (Maki, 1994; Wegen et al., 2002).

Figure 2. Foot placement and markings used to standardize stance during sway trials

Participants were requested to sit while resting between trials. Standing up on the force plate
immediately after rest might induce changes in blood flow, thereby impacting postural sway
patterns. Thus, participants were required to stand on the force plate 15 s prior to the onset of the

trial to eliminate these transitional changes. Three sway baseline (pre-fatigue) trials were
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collected, with one minute in between. A total of 19 markers were placed bilaterally over the
temple, chin, acromion, sternum, elbow joint centers (jc), wrist jc, iliac crest, knee jc, lateral
malleoli, and the 5™ metatarsal, and used, as described below, to estimate whole-body center of

mass location.

A dynamometer (Biodex 3 Pro, Biodex Medical Systems Inc., Shirley, New York, USA) was
used to induce fatigue in the ankle plantar flexors of the dominant foot. In situations where
participants were not sure, the dominant foot was determined by asking participants which foot
they used to kick a ball (Appendix A). Participants were then required to do calf-raises on the

floor as warm-up exercise, consisting of 2 sets of 10 repetitions each.

Prior to the fatiguing exercises, maximum voluntary contractions (MVC) and sham exercises
were conducted. MVC was conducted iso-kinetically for a minimum of five times at a speed of
60°/sec with an interval of 1 min in between for rest. Participants performed the exertions from
approximately 15° dorsi-flexion to 30° plantar-flexion, as this is the range of motion most
individuals can comfortably achieve (NASA, 1978). Participants were instructed to perform the
exertions “as hard and as fast as they can” and were given non-threatening encouragement.
MVC was recorded as the peak torque after adjusting for body segment and fixture masses. The
dynamometer was brought back to the start range of motion passively, as the ankle attachment
has a considerable mass and can cause fatigue in the dorsi-flexors. After this, participants were

provided a rest period of 10 min.
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Fatigue was induced using the dynamometer, with sub-maximal isotonic plantar-flexion
exertions conducted at 60% of MVC, at a speed of 12 repetitions/min, through the same range of
motion. Participants were instructed to start the exertions at the sound of an audio tone, and to
try to reach the end of the range of motion at the sound of a second tone, in order to ensure that
they maintained a consistent speed. Trials were terminated when the participant could not
perform exertions for the entire range of motion in three consecutive trials. A final MVC trial
was then conducted to determine the extent of fatigue. Participants were then asked to step on
the force plate after 45 s and a sway trial was conducted. Due to the limitations of the
experimental setup this was the shortest time for participants to step on the force plate after

conducting exercises on the Biodex dynamometer.

In the CAP condition, the participants repeated the same protocol described earlier after applying
60 mm Hg pressure using a pediatric aneroid sphygmomanometer (Signature, Mabis Healthcare
Inc., Lake Forest, Illinois, USA). The distal end of the cuff was aligned with the proximal end of

the medial and lateral malleoli (You et al., 2004) of the dominant foot (Figure 3).

Figure 3. CAP is applied using an aneroid sphygmomanometer
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DATA COLLECTION, PROCESSING & REDUCTION

Each sway trial lasted for 75 s and the first 10 s and the last 5 s were removed, providing a
sample duration of 60 s (Le Clair & Riach, 1996; Corbeil et al., 2003). The first 10 s of the
collected signal were removed to eliminate postural changes that might occur while participants
closed their eyes while the last 5 s were removed to eliminate any potential effects of anticipation

towards the end of the trial.

The mean of three pre-fatigue sway trials was obtained for different sway measures to improve
intra-session reliability (Lafond et al., 2004). Triaxial ground reaction forces and moments were
sampled at 100 Hz. The raw signal was low-pass filtered (Butterworth, 5 Hz cut-off frequency,
2" order, zero lag) and transformed to obtain COP values (Winter 1995). Fast Fourier
Transform (FFT) was used to calculate the power spectra for frequencies below SHz. In order to
implement the FFT, the COP signals were zero-padded to 8192 samples (Loughlin & Redfern,
2001). LabVIEW v6.1 (National Instruments Corporation, Austin, Texas, USA) was used for
data collection from the force platform and MatLAB v6.5 (Mathworks, Inc., Natick,
Massachusetts, USA) was used for data processing. Joint positions were collected using a
passive marker recording system at 20 Hz, Vicon 460 (ViconPeak Motion Systems Inc., Lake
Forest, CA) and low-pass filtered (Butterworth, 1.5 Hz cut-off frequency, 2" order, zero lag). A
13 segment model was used to estimate the whole body COM. Table 3 presents the parameters
used to estimate the segmental COM and whole body COM based on a generic model (de Leva,

1996).
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Table 3. Whole-body center of mass (COM) model

Longitudinal COM o
Endpoints location (% from Mass (%o of body
Segment . . mass)
proximal endpoint)
Proximal Distal Males Females Males Females
Foot Lateral 5" Metatarsal 44.15 40.14 1.37 1.29
Maleolus
Shank KneeJoint -y oral Maleolus  44.59 44.16 433 481
Center
. Iliospinale Knee Joint
Thigh (ASIS) Center 47.63 50.04 14.16 14.78
Mid point of the
Torso Suprasternale two ASISs 50.96 50.64 43.46 42.57
Mid point of .
Head two temple Chin marker 20.49 17.96 6.94 6.68
(Gonion)
markers
Upperarm Acromion Elbow joint 62.34 62.17 2.71 2.55
center
Forearm  ClooWJjoint Wrist joint 45.74 45.59 1.62 1.38
center center
EXPERIMENTAL DESIGN

The goal of the study was to investigate the application of circumferential ankle pressure (CAP)
in mitigating the effects of fatigue on postural sway. A mixed factor design was used, with
participants nested within a concomitant variable as described below. Each participant
completed all combinations of the independent variables (CAP and fatigue). CAP consisted of

two levels (with and without), fatigue also had two levels (before and after).

Blocking variables

Blocking variables used in the current study were PA (low and high) and gender. PA was
assessed by evaluating absolute joint position error, and was measured for each participant prior
to administering treatments. Joint position sense error was recorded and a PA score was
determined accordingly. PA was later divided into two subcategories; namely, low, and high,

using a critical joint position sense error of 4.5° (low PA group > 4.5°; high PA group <4.5°).
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The critical joint position sense error was chosen carefully to subdivide participants equally in
both groups and at the same time was similar to values suggested in the literature (Perlau, et al.,

1995; Callaghan, et al., 2002).

Joint position sense error was assessed using a passive-active joint position sense test protocol
(Feuerbach et al., 1994; Voight et al., 1996; Halseth et al., 2004; Miura et al., 2004) during a
practice session conducted prior to the exercise sessions. Participants were required to sit on the
dynamometer and place their feet on a platform (Figure 4). The platform consisted of a
moveable footplate, on which a digital protractor (Pro 360, Kell-Strom, Wethersfield,
Connecticut, USA) was mounted. The digital protractor had an accuracy of = 0.01°. Participants
were required to place their dominant foot in a neutral posture on this footplate with their eyes
closed and knee adjusted at 90° (Figure 5). Participants’ ankles were aligned with the rotational
axis of the footplate. After this, the participant’s foot was extended passively to 15° plantar-
flexion, as this was the midrange of motion for the fatiguing exercise. This position was
maintained for 10 s and participants were required to concentrate on this position (Voight et al.,
1996). The foot was then returned back to the starting position passively. After this, participants
were required to actively reposition their foot to the same angle. A total of three assessments
were conducted, each beginning from the starting position. PA was assessed using absolute joint

position sense error, calculated as the average angular error (AAE) obtained from the three trials.
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Figure 5. Placement of foot at the center of the footlate and alignment of the ankle joint with the
rotational axis of the equipment to measure PA

It is evident that only 1 male and 1 female could be categorized into the low PA and high PA
group, respectively (Table 4). The bias inherent in the distribution of PA has potential
confounding implications on the experimental design if both, gender and PA are to be considered
as separate blocking variables. To eliminate these confounding effects, only gender is

considered as the blocking variable in the design.
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Table 4. Gender, AAE, and PA (with 4.5° critical AAE) for each participant

Participant . der AAE  PA
No.
1 Male 2.83 High
2 Male 4.27 High
3 Male 2.7 High
4 Male 1.77 High
5 Male 1.87 High
6 Male 2.77 High
7 Male 14.57 Low
8 Female 7.13 Low
9 Female 6 Low
10 Female 2.8 High
11 Female 4.6 Low
12 Female 11.3 Low
13 Female 5.76 Low
14 Female 7.56 Low

Dependent variables
Objective measures

COP based measures

COP based sway measures, which are COP trajectories collected during sway trials, are derived

from stabilograms. The stabilograms were used to calculate the following COP based measures.

Ellipse area (EA) is the area of the 95% bivariate confidence ellipse (Prieto et al., 1996).

Mean power frequency (MPF) is the summary measure of the power spectrum (2). Here

f is the frequency and P(f) is the power at that frequency (Hasan et al., 1996).

S
> P

MpF:f?O—

> P(f)

/=0

2)
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Median power frequency (MDPF) is the frequency below which 50% of the total power
of the COP spectrum can be found (3), where P is the power spectral frequency, and 1 is

the total power (Prieto et al., 1996).

R 0.5, 3)

i=1

Mean velocity (MVELO) of the COP path is calculated for resultant (R), medio-lateral

(ML) and antero-posterior (AP) directions as
g[(x(i—kl)_X(l'))z +(y(i+l)—y(l'))2]1/z T "

where x and y are time series in ML and AP directions, respectively and T
is the trial duration
Peak velocity (PVELO) is the maximum velocity and was calculated in R, ML and AP

directions.

RMS distance (RDIST) measures the magnitude of COP according to and was used to

calculate RMS distance in R, ML and AP directions
RDIST =[1/NY | RG)[’]" (5)

where, R is the resultant distance time series obtained from the AP and ML series
Sway area (SA) is used to calculate the area enclosed by COP path per unit of time. This

measure can be approximated by adding the area of triangles formed by two consecutive

points and the mean COP (6).
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SAZ%ZIy(n+1)*X(n)—y(n)*X(n+1)| (6)

where, T is the trial duration; x and y are the time series in ML and AP

directions, respectively and N is the number of samples

Detrended fluctuation analysis (DFA) is a fractal analysis approach to calculate the
scaling exponent. DFA was developed specifically to analyze biological time series such
as these that are highly non-stationary (Peng et al., 1995) and is calculated by first
subtracting the mean of the data set, X, from the data series x(i) and then by integrating

the time series (7a).
y(k) = £(x(0) - x,) (7a)

The resulting time series integrated signal is then subdivided into equal non-overlapping
intervals of length n. There is no specific standard on the choice of interval length, but
typical suggested ranges are from 3 samples to 1/4™ the length of series (Popinov &
Minerva, 1999), and 10 to ' the length of series (Norris et al., 2005). The purpose is to
identify whether the chosen signal can be illustrated as a self-similar process after
integration. If the accumulated sum (obtained after integrating the signal) can be scaled
as a power law (with different window sizes), it is considered self-similar (Hausdorff et al.

1996). For the current study, the interval chosen was 10 to '% the length of the series.

The final step in the process of DFA is to determine a locally (within each window) best
fit line, which is obtained by performing a linear least-squares fit. This procedure yields

what is termed a local trend, ¥ (k). The integrated signal is then detrended by subtracting
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the local trend within each window (or interval). A RMS of the integrated and detrended

time series signal is then calculated (7b).

F = |20 - v (0T (7b)

The RMS fluctuation of the integrated and detrended time series may exhibit a scaling
law relationship with the above chosen interval length. This is where DFA bears its
resemblance to the Hurst rescaled adjusted range analysis (HRARA) or R/S analysis or
statistic. The R/S statistic was proposed by Hurst and has been commonly used in the
past to demonstrate and describe the fractal properties of COP signals collected over time
(Duarte & Zatsiorsky, 2000). The scaling law relationship is expressed according to
F(n)=0x n” (7¢)
where the scaling exponent, a varies between 0 and 1.5.
If the signal behaves like an uncorrelated random walk process, commonly known as
white noise, the scaling exponent a = 0.5, whereas if the signal behaves as a Fractional
Brownian motion, a = 1.5. Delignieres et al. (2003) demonstrated that both scaling
exponents a and Hg/s obtained from DFA and HRARA, respectively, are related to the
scaling exponent H derived from Stabilogram Diffusion Analysis (SDA, Collins &
DeLuca, 1993), as

Hys=H+05

a=2%H-0.5 (7d)
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Since the scaling exponents obtained from HRARA and SDA have in the past been
shown to be related with a, the other two methods of analysis were not used in the current
report. In the current study, a (DFAEX), the power scaling exponent obtained from DFA,
was used as a dependent measure. DFA in both ML and AP directions was used to

analyze stationarity of the COP signals.

Previous studies have reported contradictory findings in the stationarity of COP signal
using different fractal analysis methods, (Duarte & Zatsiorsky, 2000; Ferdjallah, et al.,
1999; and Schumann, et al., 1995). Thus, the current study used DFA to investigate the
stationarity of COP signal. In addition to the scaling exponent obtained from DFA (a),
another scaling exponent, (f) was also used. f is the negative slope of the locally best fit
line for a log-log plot of power and frequency. For infinite stationary time series, the two
scaling exponents are theoretically related as (Hausdorf et al., 1995; and Hausdorf et al.,
1996)

a=(f+1)/2 (7e)
Thus, to validate the stationarity of COP signals in ML and AP the scaling exponent a,
obtained using the DFA, the DFAEX, was compared to the scaling exponent, 5 (7¢). For

the purposes of statistical analysis the difference between the two exponents was obtained.

Mean COP position (MCOP) in ML and AP directions was calculated to analyze

characteristics of postural adaptation after being exposed to localized muscle fatigue.
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Modified Time to boundary (MTtb) has been derived and modified from the time-to-
contact between COP trajectory and stability boundaries which is also known as time-to-
boundary or Ttb (Wegen et al. 2002). Riccio (1993) suggested that the effort required in
maintaining balance (compensatory torque) is influenced by the direction of balance. An
individual’s perception of spatio-temporal proximity to the limits for maintaining balance
is commonly known as the stability boundaries (SBs). If the spatio-temporal proximity to
the limits were less, it would fundamentally minimize the time-to-contact with the SBs.
In a situation where the time-to-contact was less than the time required for a particular
action/task system (e.g. quiet standing), another action (e.g. stepping) would have to be
chosen to prevent the onset of disequilibrium. Wegen et al. (2001) modified the concept
of time-to-contact in order to better investigate the relation of COP movement to the SBs
(defined as Ttb, Wegen et al. 2002). The SBs were determined by circumscribing a
rectangle around the physical dimensions of BOS. The instantaneous distance (d) and

velocity (Vcop) with respect to the SB were then used to calculate Ttb, as:

Tth(i) = d(i) /| Vepp (i) (8)

Ttb was modified here to obtain Modified Time-to-boundary (MTtb). In order to closely
encompass the BOS an irregularly shaped octagon was used. The octagon represented
the contour of the BOS as tightly as possible and was standardized for all conditions to
obtain MTtb (8). The COP position (stabilograms) and veloci<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>