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ABSTRACT

Woo, Mei Teng

The influence of wearable garments on postural regulation and joint position
sense action in elderly individuals.

Jyvaskyla: University of Jyvaskyld, 2019, 106 p.

(JYU Dissertations

ISSN 2489-9003; 286)

ISBN 978-951-39-8294-2

Summary

Diss.

Studies have shown that age-related deterioration of biological systems in elderly
populations could contribute to postural instability and falls. This study
examined effects of wearing knee length socks (KLS) on postural regulation in
community-dwelling older adults. In study I, 49 studies were included for
qualitative synthesis and 28 studies for quantitative synthesis. For the cross-
sectional study (Study II), 385 older adults aged 65 years old and above, were
randomly recruited from the local community. Participants of study III (N = 46)
& IV (N = 48) were randomly selected from the participants” pool from study II.
A repeated-measures design was used to determine effects of three different
intervention treatments - wearing clinical compression socks (mmHg 20-30);
wearing non-clinical compression socks (mmHg < 15); wearing commercial socks,
and barefoot (Control) on double-limb standing balancing and ankle joint
position awareness tasks. The review of published literature showed that
somatosensory stimulation through textured insoles (SMD = 0.30) and an
application of stochastic resonance (SMD = 0.31) benefit standing balance tasks
in older adults. Nevertheless, adverse effects were observed while wearing the
wearable garment (SMD = -0.68) in older adults. Result revealed that an increased
risk of falling was observed in older adults with subtle cognitive impairment and
Berg Balance Scores 40 and below. Wearing compression knee length socks (KLS)
significantly reduced the centre of pressure sway parameters (p < 0.05) as
compared to barefoot condition while performing double-limb standing balance
task on a foam surface with vision. Furthermore, both clinical compression and
non-compression KLS (p < 0.05) were found beneficial on overall joint position
sense performance. In conclusion, the study supports the use of knee length socks
of various compression levels enhance postural regulation in older adults.
Therefore, KLS could be used as an affordable intervention to reform adverse
effects of aging on the somatosensory system.

Keywords: Elderly individuals, Knee length socks, Compression, Postural
Regulation, Cognitive, Berg Balance Scale, Double-limb standing balance, Joint
Position Sense
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1 INTRODUCTION

Bergen and colleagues (2016) mentioned that falls are the leading cause of fatal
and nonfatal injuries for older individuals aged > 65 years (Bergen et al., 2016).
In 2014, it was reported that 28.7% of older populations in the United States re-
ported falling at least once in the past 1 year. In Singapore, a similar finding was
reported where 27.8% of older populations experienced at least one fall a year
(Woo et al., 2017a). The data from Singapore National Trauma showed that more
than 88% of patients aged > 65 years experienced falls between 2011 to 2013
(Wong et al., 2015). The most frequent initiators of falls in the older people were
trips, stumbles and slips; these are the common misjudgement movements of
foot-ground interactions resulted from poor proprioception sense (Waked et al.,
1997). Waddington & Adams (2003) stated that the soles of the feet and the ankle
joints provide essential information about the disposition and movement of the
body (Waddington & Adams, 2003).

Age-related deterioration of nervous systems could contribute to postural
instability and falls. These deteriorations in older adults include declines in sen-
sory system capacity, neurological functioning, executive function, attention, and
processing speed (Glorioso & Sibille, 2011; Thorbahn & Newton, 1996). To date,
patients with severe cognitive impairment such as Dementia are related to high
falls risk (Mirelman et al., 2012). It is possible that a subtle decline in cognition
can contribute to postural instability (Muir et al., 2012) and increases the risk of
falling (Gleason et al., 2009). Likewise, lack of ability in balance control is associ-
ated with a higher risk of falling (Berg et al., 1992a; Lajoie & Gallagher, 2004; Rose,
2010). Therefore, cognitive functioning and balance abilities are important crite-
ria for participants' selection for testing the effectiveness of lower-limb sensory
stimulation strategies on postural regulation and perception regulation of action.

Lower-limb sensory stimulation strategies have become one of the key in-
terventions in somatosensory research to counter ageing effects on postural reg-
ulation and proprioception functions. This phenomenon emanates from the ar-
gument that footwear such as textured insoles increase sensitivity of plantar cu-
taneous afferent information thereby increases somatosensory feedback (Corbin
et al., 2007; Menant et al., 2008). It is argued that sensorimotor system noise could
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be enhanced by introducing additional intermittent, intermediate levels of noise
via compressive and textured materials (Hasan et al., 2016; Orth et al., 2013).
Thereby, it increases postural regulation of an individual by reducing postural
sway (Hijmans et al., 2009; Hlavackova & Vuillerme, 2012; Horgan et al., 2009;
Losa Iglesias et al., 2012; Menant et al., 2008). Similarly, compression socks and
shorts could improve proprioception and standing balance performances, espe-
cially in people with lower-limb injuries (Genthon et al., 2010; Kraemer et al.,
1998).

The novelty of this study were to compare the effects of various lower-limb
sensory stimulation strategies systematically, and to investigate the effects of
wearing knee length socks (KLS) with various compression levels, in double-limb
standing (DLS) balance and joint position awareness tasks in community-dwell-
ing older adults. The KLS of various compression levels may benefit older adults'
perception of somatosensory feedback by picking up relevant information from
the background signals. Furthermore, most of the previously published articles
did not specify the levels of cognitive and balance abilities of their elderly partic-
ipants before the implementation of lower-limb stimulation strategies as inter-
ventions. Therefore, the current programme sought to examine the effects of knee
length socks of various compression levels on postural regulation and joint
awareness sense. And, we also aimed to include elderly participants with no cog-
nitive impairment and at low fall risk to go through the KLS intervention.

The purposes of this programme were to i) determine the epidemiology of
falling and associated basic background information such as medical conditions,
balance ability and cognitive functions of Singapore elderly population and ii)
investigate the effects of wearing knee length socks of various compression levels
on somatosensory function during a double-limb standing, balancing task and
ankle joint position awareness task.
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2 REVIEW OF THE LITERATURE

2.1 Falls and risk factors

The definition of "a fall" refers to an unintentional change in position coming to
the ground or the lower level (Stoukides et al., 2006; Truter, 2011). Falls are a
major threat in elderly people (Al Saif et al., 2012; Wayland et al., 2010). The most
frequent initiators of falls in the elderly people were trips, stumbles and slips;
these are the common misjudgment movements of foot-ground interactions
(Waked et al., 1997). The negative influence of falls to elderly people could be loss
of independence, fear of falls, increase mortality (Al Saif et al., 2012; Gale et al.,
2016), reduced functioning which increases serious morbidity (Truter, 2011). The
decrements in the efficiency of functional mobility lead elderly people to lower
levels of self-esteem as they find themselves to be dependent on their daily activ-
ities (Moscufo et al., 2009). The above poses potential social issues such as the
decrement in social interaction with others which in turn leads to potential men-
tal health issues (Moscufo et al., 2009).

Studies reported that one-third of community-residing elderly people fall
each year (Moghadam et al., 2011; Shumway-Cook et al., 1997; Tinetti et al., 1994).
The percentage of elderly people reported falling at least once in the past 12
months in the United State (28.7%), United Kingdom (28.4%), Sweden (16.5%),
Hong Kong (19.3%), Korea (33.1%) and Singapore (17.2%) (Bergen et al., 2016;
Bjork et al., 2019; Chan et al., 1997; Chu et al., 2005; Gale et al., 2016; Lee et al.,
2018). A recent study in Singapore reported that more than 88% of older patients
experienced falls between 2011 to 2013 (Wong et al., 2015).

Fall risk factors are classified as intrinsic or extrinsic factors. Extrinsic fac-
tors refer to the environment such as home hazards, and improper footwear (Fa-
bre et al., 2010; Guccione et al., 2012; Lajoie & Gallagher, 2004). Intrinsic factors
are related to the physiological changes associated with aging, physical and psy-
chological diseases, medication side effects, and acute illness (Fabre et al., 2010;
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Lajoie & Gallagher, 2004). Several intrinsic factors have been identified as fall
predictors in elderly people. For example, balance impairment (Berg et al., 1992a;
Jeon & Kim, 2017; Muir et al., 2010; Shumway-Cook et al., 1997), cognitive factors
such as orientation, working memory and speed of information processing
(Fischer et al., 2014; Gleason et al., 2009; Mirelman et al., 2012; Saverino et al.,
2016), neurological disorders (Bassiony, 2004; Tangen et al., 2014), and muscle
weakness (Moreland et al., 2004).

The major risk factor for falls in older people is balance impairment (Berg
et al., 1992a; Muir et al., 2010; Whitney et al., 2012). It was reported that a decline
in the ability of balance control is correlated with higher risk of falling (Berg et
al., 1992a; Lajoie & Gallagher, 2004; Rose, 2010). Muir et al. (2012) suggested that
cognition might play a key role in balance regulation in older adults. It is because
the motor and sensory systems are integrated through higher order neurological
processes (Muir et al., 2012). The association was found by Tangen and colleagues
(2014) where people with severity of cognitive impairment demonstrate a decline
in balance ability. Hence, a subtle change in cognition can contribute to postural
instability (Muir et al., 2012) and increase the risk of falling (Gleason et al., 2009).
The association between cognition and fall risk arise from the perspective of age-
ing of the frontal cortex and the changes of the white matter of the brain (Gun-
ning-Dixon & Raz, 2000; Pedroso et al., 2011; Raz et al., 2005). The subtle decline
in cognition potentially lead to poor decision making, decrement in executive
function, attention, and processing speed (Fischer et al., 2014; Gunning-Dixon &
Raz, 2000; Raz et al., 2005), and decrements in verbal reasoning and ability (An-
stey et al., 2009) which could increase the risk of falling.

2.2 Balance control and postural regulation system

Balance is a generic term to describe the dynamics of body posture to prevent
falls (Winter, 1995). Posture refers to the orientation of body segments relative to
the gravitational vector (Winter, 1995). It is the ability to regulate the centre of
mass concerning its base of support in static and dynamic movements (Horak,
2006). The postural regulation system involves complex integration of infor-
mation from various multiple sensorimotor processes (Horak, 2006; Shaffer &
Harrison, 2007). The primarily responsibility is for keeping the projection of the
centre of mass within the limits of the supporting area (Massion, 1994). Lacour et
al. (2008) mentioned that the postural regulation system helps individuals to ori-
entate the body's position in space (Lacour et al., 2008).

Reactive, predictive, and anticipatory controls are the three main strategies
used in a postural regulation system (Horak, 2006). Reactive control is highly de-
pendent on sensory systems feedback. It involves the interaction among orienta-
tion inputs from somatosensory (e.g., proprioceptive, cutaneous, and joint), vis-
ual, and vestibular systems (Frank & Patla, 2003; Shumway-Cook & Horak, 1986).
The information from various sensory systems is an important aspect for main-



17

taining postural stability during upright stance (Riley & Clark, 2003). For the pre-
dictive control strategy, it refers to the ability to control the body movements (e.g.,
trunk), primarily to prevent the trunk from toppling backward and forward dur-
ing the alternating push-off and braking motions in walking. These predictable
disturbances to balance are associated with anticipatory postural adjustment
(Frank & Patla, 2003; Shumway-Cook & Horak, 1986). Anticipatory control relies
much more on vision whereby the body would adjust the posture based on the
environment. For example, body postures and gait adjustment to avoid obstacles
along a walking path.

The body is never perfectly still and continually exhibits irregular, low-am-
plitude motion, continuous displacements around the actual vertical upright
stance. This is termed postural sway. The sway produces a flow of information
across the sensory systems and requires an integration of sensory information
from multiple sources to maintain postural stability (Oie et al., 2002; Patel et al.,
2008). It was reported that the adjustment to the initial body centre of mass over
the base of support could be initiated in as little as 100 milliseconds (Frank &
Patla, 2003). Ankle strategy is one of the response strategies to postural perturba-
tions (Guccione et al., 2012). This strategy is responsible for activating the mus-
cles around the ankle joint when standing on a stable surface. It was suggested
that a significant amount of ankle strength and mobility is required for a success-
ful execution of an ankle strategy. The second main strategy, hip strategy, is the
activation of muscles around the hip joint during a sudden and forceful disturb-
ance of base of support while standing in a narrow support surface. Both re-
sponse strategies are activated to keep the centre of gravity within the base of
support during upright stance. Horak (1987) and Winter (1995) mentioned that
ankle strategy applies mainly in regulating the posture in the anterior-posterior
(AP) direction while hip strategy is the dominant defence in the medial-lateral
(ML) direction during quiet standing. Nevertheless, other response strategies
such as step and reaching strategies will occur if the large perturbation put indi-
viduals at the edge of a fall (Guccione et al., 2012).

2.3 Sensory systems and organisation

Of the three sensory systems responsible for postural regulation, the somatosen-
sory system has the greatest influence in the detection of body sway (Fitzpatrick
& McCloskey, 1994) and provides about 70% of sensory information to healthy
individuals to regulate the CoP (Horak, 2006; Peterka, 2002). Simoneau et al.
(1995) suggested that afferent input from the distal components (lower limbs) of
the somatosensory system is as important as the visual system in the control of
body posture during quiet stance (Simoneau et al., 1995). Within the somatosen-
sory system, the tactile and proprioceptive sub-systems are responsible in pos-
tural regulation. These two sub-systems are responsible for transmitting infor-
mation to the CNS about the spatial positioning of the body and its limb, via skin
mechanoreceptors (Meissner's corpuscles, Pacinian corpuscles, Merkel's disks
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and Ruffini organ) and proprioceptors (muscle spindles, Golgi tendon organs
and joint afferents) (Alan, 2011; Hijmans et al., 2007). Thereby, mechanoreceptors
and proprioceptors play a role in regulating posture by responding to fine touch,
compression, contortion, vibration, pressure, and position changes in joint angles
(Hijmans et al., 2007).

Tactile stimulation to the lower limbs, detected by various joints, muscles
and tendons receptors, provides crucial information to the CNS about body seg-
ment position and pressure distribution at the feet to achieve postural equilib-
rium (Guccione et al., 2012; Hijmans et al., 2007; Kavounoudias et al., 1998; Mas-
sion, 1994; Menant et al., 2008). Proprioception is the sense of position and move-
ment of the limbs and body which plays a crucial role in regulation of locomotion
and body segments position (Gandevia et al., 1992; Gilman, 2002; You, 2005).
Proske and Gandevia (2012) stated that muscle spindles are the major sensors for
limbs position sense compared to skin receptors and joint afferents (Proske &
Gandevia, 2012). The role of muscle spindles is to provide information about the
length of the muscles in helping us to judge the limb positions. An optimal pro-
prioception is required and important to interact with the environment effec-
tively (Suetterlin & Sayer, 2014). For example, a good proprioception of precise
ankle placement during walking is crucial to avoid tripping and safe ground
clearance (Ko et al., 2015).

Meyer and colleagues (2004) mentioned that sensory information from the
shanks, ankles, and feet is important for the maintenance of upright balance
(Meyer et al., 2004). Studies have shown that feedback from the cutaneous affer-
ents is an important mechanism in the regulating the CoP, especially the pressure
changes under the feet (Hijmans et al., 2007; Kavounoudias et al., 1998; Maurer
et al., 2001; McKeon et al., 2010; Meyer et al., 2004). Furthermore, the roles of
plantar skin receptors are primarily involved in exteroceptive tasks such as eval-
uate the information about the properties of texture materials and support sur-
faces in contact to the feet (Maurer et al., 2001). Kavounoudias et al. (1998) de-
scribed that the foot soles are a "dynamometric map" where ample sensors of the
foot soles able to spatially code every pressure exerted against it. This infers that
plantar cutaneous afferents could potentially provide valuable feedback to regu-
late posture during upright stance. Furthermore, other receptors such as Golgi
tendon organ at the major knee muscle insertion sites (Ghai et al., 2016), afferent
system at the Peroneus Longus muscle (Nishikawa & Grabiner, 1999), cutaneous
mechanoreceptors at the dorsum of the feet (Lowrey et al., 2010), and at the an-
terior and posterior parts of the ankle (Aimonetti et al., 2007; Menz et al., 2006;
Simoneau et al., 1995) were found important in providing kinaesthetic cues to
somatosensory system.

Nashner et al. (1982) suggested that the CNS generally relies mainly on one
sense, either the visual inputs or the proprioception inputs, at a time for regulat-
ing posture in a static state (e.g., upright stance) (Nashner et al., 1982). When the
upright stance is compromised or any perturbation that alters postural positions,
the CNS triggers compensatory postural strategies and sensory re-weighting to
regulate posture (Oie et al., 2002). They suggested that the sensory weights are
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dynamic variables that are dependent upon stimulus motion amplitude. Further-
more, studies have shown that changes in the availability of sensory conditions
would result in sensory inputs re-weighting (Nashner et al., 1982; Oie et al., 2002).
For example, as sensory condition change, such as an absence of visual feedback,
plantar mechanoreceptors can compensate for the missing visual information
(Preszner-Domjan et al., 2012). When the somatosensory input is compromised,
such as standing on an unstable surface (e.g., foam), the sensory weighting places

mainly on vision and vestibular sensory systems for postural regulation (Horak,
2006).

2.4 Age-related changes

Under the normal life cycle, the challenge faced by elderly population is the de-
terioration of biological systems as they age (Rose, 2010). For example, ageing can
result significant decline in sensory systems, decrease spinal-stretch reflex sys-
tem function, slowing of cognitive ability and increased reaction time (Glorioso
& Sibille, 2011; Miyoshi et al., 2003; Seigle et al., 2009). Such deterioration in bio-
logical systems causes the delay in triggering the stabilization control systems;
affecting postural stability, and unable to restore upright control following a loss
in balance (Moscufo et al., 2009). Therefore, older adults would have greater risk
of falls as they aged (Rose, 2010).

As people age, neural activity would become less efficient due to the
changes in cutaneous sensitivity and receptor morphology. This could increase
the sensory and vibration threshold needed for accurate perception (Perry et al.,
2008; Rose, 2010; Woo et al., 2014). Evidence suggests that degeneration of soma-
tosensory function, namely, insensitivity of peripheral sensory receptors from the
soles, is the main contributor to postural instability (Qiu et al., 2012). The propri-
oception acuity degradation was primarily due to the decline of peripheral mech-
anoreceptors in the muscles, skin, and joints (Goble et al., 2009; Shaffer & Harri-
son, 2007). Robbin et al. (1995) found that sensitivity of foot position declines with
age, mainly because of the receptors degeneration of the plantar tactile receptors.
In addition to the peripheral sensory loss, central sensory selection, and re-
weighting processes are thought to degrade with increasing age (Horak et al.,
1989).

Generally, proprioception and the stability of posture decline with age
(Btaszczyk & Michalski, 2006; Goble et al., 2009). It was found that older adults
had higher errors for the matching of targets located farther from the original
position (Goble et al., 2009). Madhavan and Shields (2005) found that the decline
in dynamic position sense was associated with decreased balance and an im-
paired perception of physical function (Madhavan & Shields, 2005). Many stud-
ies showed a significant increase of centre of pressure (COP) velocity, path
length, and sway area with age (Du Pasquier et al., 2003; Prieto et al., 1996; Seigle
et al., 2009). Limited studies reported gender differences were found in age-re-
lated deterioration of postural sway (Bryant et al., 2005; Kim et al., 2012; Masui
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et al., 2005; Riva et al., 2013). Research has reported that older adults with poor
proprioceptive acuity showed larger sway in the AP direction during an upright
stance on a compliant surface, regardless of vision conditions (Lord et al., 1991).
Tucker and colleagues (2010) found that older adults response slower during the
initiation of AP and ML sway while performing the double-limb standing bal-
ance task. The velocity and displacement of the CoP in the AP direction were
found correlated with age that potentially could be the indicator for fall (Du Pas-
quier et al., 2003). In addition, a review study done by Piirtora and Era (2006)
suggested that ML CoP related parameters such as mean speed and amplitude
can provide valuable information in predicting future falls in elderly population.
From the literature review, it showed that the CoP parameters changes during
upright stance and position sense in a matching task were primarily used by re-
searchers to study the effect of aging of somatosensory system.

2.5 Mechanism of applying lower-limb sensory stimulation
strategies

The underlying mechanism behind the enhancement of proprioception infor-
mation from applying lower-limb stimulation strategies could be explained by
using ecological dynamics framework. The functional role of variability induced
in the sensorimotor system by textured insoles acts as a form of "essential noise"
(Davids et al., 2003). The essential noise is deemed to help individuals to regulate
actions in a complex environment (Davids et al., 2003). It is argued that sen-
sorimotor system noise could be enhanced by introducing additional intermittent,
intermediate levels of noise (Hasan et al., 2016; Orth et al., 2013). It is believed
that additional stimulations through lower-limb stimulation strategies (e.g., com-
pression garments; textured materials) would help individuals to pick up infor-
mation from the background signals and thereby enhance the perception of so-
matosensory feedback (Davids et al., 2003).

The spinal-stretch reflex system is one of the main systems to regulate pos-
ture during quiet stance standing as well as in perturbed situations (Taube et al.,
2008). The additional stimulation through wearable garments, textured insoles
and electrical stimulation might facilitate the spinal reflex system, specifically in-
voking the Hoffmann Reflex (H-reflex), in order to adapt and respond to de-
manding tasks (Nishikawa & Grabiner, 1999; Taube et al., 2008). For example,
study showed that wearing an ankle brace increases afferent transmission at the
Peroneus Longus muscle (Nishikawa & Grabiner, 1999). This enhances the motor
neuron excitation and providing additional active impact for proprioceptive con-
trol of movement in the dorsiflexor muscles (Larsen et al., 2015).
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2.6 Effects of lower-limb sensory stimulation strategies

2.6.1 Wearable garments

Wearable garments such as tapes, braces, and compression garments were
mainly used in the areas of prevention of injury and re-injury (Baier & Hopf, 1998;
Kuster et al., 1999; Robbins et al., 1995; Simoneau et al., 1997). The main focus of
the previous research was centred on how disrupted proprioception could be en-
hanced by using wearable garments. Baier and Hopf (1998) found that wearing a
flexible ankle orthosis significantly reduced ML sway velocity in people with
functional ankle instability. It was suggested that the adhesiveness of the tape
acts on the skin augmented the information transmission at cutaneous receptors
which enhances the anticipation of the foot position (Robbins et al., 1995). Like-
wise, studies also investigated the effects of wearing compression shorts and
sleeves on joint position sense and postural regulation during a single-leg land-
ing task (Kraemer et al., 1998; Kuster et al., 1999). The findings of Kuster et al.'s
(1999) study revealed that the compressive sleeve intervention reduced postural
sway in the anterior-posterior direction.

Recent investigations showed that the beneficial effect of using wearable
garments were observed on somatosensory system in young healthy adults
(Kunzler et al., 2013; Robbins et al., 1995; Vuillerme & Pinsault, 2007), athletes
(Michael et al., 2014; Sperlich et al., 2013), elderly individuals (Hijmans et al.,
2009), and people with lower-limb injury (Genthon et al., 2010; Palm et al., 2012;
You et al.,, 2004). For examples, Kunzler et al. (2013) and Vuillerme and Pinsault
(2007) indicated that the medical and athletic adhesive tapes on the ankle de-
crease CoP velocity and CoP sway area during a double-limb standing balance
task and compression stocking was found to reduce the CoP trajectories ampli-
tude. Michael et al. (2014) found that compression shorts increased the total tim-
ing in unipedal standing balance task in a more challenging condition involving
visual occlusion in a group of female athletes. Sperlich et al. (2013) suggested that
using lower leg clinical compression (20-40 mmHg) may improve alpine skier's
tuck position. Woo et al. (2014) suggested that simple tactile stimulation and lo-
calised knee-high compression socks and non-compression socks had the similar
functions regularization of anterior-posterior (AP) and medial-lateral (ML) mo-
tions, as seen under barefoot conditions in postural regulation among physically
active elderly individuals with a low risk of falling. Nevertheless, localized com-
pression on the ankle was not beneficial for postural regulation during static bal-
ance performance in a group of elderly individuals (Hijmans et al., 2009). Simi-
larly, Papadopoulos et al. (2007) found that ankle braces with 30kPa and 60kPa
pressure did not benefit the balance control strategy of the central nervous sys-
tem (CNS) (Papadopoulos et al., 2007).

Studies have also shown that judgment of ankle position and orientation of
plantar foot surface with respect to the leg could be improved by wearing wear-
able garments (Robbins et al., 1995; Robbins & Waked, 1997; Simoneau et al.,
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1997). Studies have shown that compression garments (Ghai et al., 2016; Hijmans
et al., 2009; You et al., 2004), tapes (Iris et al., 2010; Robbins et al., 1995; Simoneau
et al., 1997), braces and sleeves (Herrington et al., 2005; Van Tiggelen et al., 2008;
Wu et al., 2001) improved joint position sense at the ankle and knee joints. Barss
et al. (2018) suggested that wearing compression sleeves could increase precision
and sensitivity at the joint (Barss et al., 2018). Herrington et al. (2005) showed that
application of non-compression knee sleeves improved proprioceptive acuity in
healthy and physically active subjects. Similarly, recent research found that be-
low-knee compression garments improved knee-joint proprioception, by reduc-
ing the mean errors of an active repositioning task, in young adults (Ghai et al.,
2016). In contrast, compression garment worn above the knee did not improve
joint position sense at the knee in healthy adults (Négyesi et al., 2018). These stud-
ies found that mean joint position error was reduced either by wearing a non-
compressive or compressive garment for joint position sense tests. To date, there
was only a study examining the effects of compression wearable garments in the
elderly population. It showed that the application of ankle-foot orthoses (AFOs),
ankle support, and compression of the ankle and foot have an association with
improvement of ankle joint position sense (Hijmans et al. 2009).

2.6.2 Textured materials

Footwear with textured materials such as textured insoles have become the focus
of attention in somatosensory studies. Beneficial results of using textured mate-
rials were observed in young healthy adults (Aruin & Kanekar, 2013; Corbin et
al., 2007; Menz et al., 2006). It was reported that wearing textured insoles reduced
postural sway (Corbin et al., 2007; Palluel et al., 2008), and improve the symmet-
ricity of static and dynamic postural response in young individuals (Aruin &
Kaneka, 2013). Menz et al. (2006) found that passive stimulus through textured
materials (e.g., Velcro) applied to the skin of the leg significantly reduce body
sway during standing.

Studies have also shown a positive relationship between postural regula-
tion and somatosensory feedbacks contributed by textured insoles in elderly in-
dividuals (Hijmans et al., 2007; Orth et al., 2013; Qiu et al., 2012). A meta-analysis
by Orth and colleagues (2013) stated that external stimulation (e.g., textured ma-
terials) on cutaneous receptors could improve perceptual-motor system function-
ality for elderly individuals. Similarly, a systematic review proposed that vibrat-
ing insoles and tubing at the plantar surface of the feet benefitted older people in
maintaining their balance and better postural control (Hijmans et al., 2007). For
examples, Qiu and colleagues (2012) suggested that textured insole surfaces, both
hard and soft, reduced the postural sway during standing in older people. Losa
Iglesias and colleagues (2012) also indicating that hard insole surfaces may be
more effective compared to soft insole for reducing the fall risk. This study men-
tioned that more rigid insoles actually promote a more neutral alignment of the
talocrural joint in standing position, limit the range of foot pronation, and thereby
potentially improve the ankle joint stability (Losa Iglesias et al., 2012). Further-
more, Hatton et al. (2009) found that wearing textured insoles significantly lower
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gait velocity, step length and stride length in older adults, aged above 65 years
old (Hatton et al., 2009). Likewise, the high-collar shoes were found significantly
increased tactile sensory feedback around the ankle and assisted in reducing an-
terior-posterior body sway following gait termination (Menant et al., 2008).
Nonetheless, there were studies which found no beneficial effects in the older
adults (Qiu et al., 2013; Qu, 2015; Wilson et al., 2008). Wilson et al. (2008) reported
no beneficial effect of using grid and dimpled texture insoles in middle-aged
women.

The positive results were also found beneficial for people with neuropathy
conditions (Jenkins et al., 2009; Kelleher et al., 2010; Qiu et al., 2013). For example,
Kelleher and colleagues (2010) suggested that textured insoles alter the gait pat-
terns in people with multiple sclerosis. Qiu et al. (2013) found that textured in-
soles decreased medial-lateral sway area and medial-lateral sway standard devi-
ation in people with Parkinson's Diseases (PD) during static standing balance
task on both stable and foam surfaces, with and without vision. Similarly, facili-
tatory ribbed insoles were found increased time spent during single-limb support
phase of a gait cycle. This implied an improvement in overall gait stability in PD
patients (Jenkins et al., 2009).

2.6.3 Stochastic resonance

An application of SR, the use of sub-threshold electrical or mechanical stimula-
tion (white noise) for stimulating soles of the feet, has also received substantial
research attention in postural regulation. Research found positive effects of using
various intensities of electrical noise on balance control in patients with func-
tional ankle instability (FAI) (Rose & Guskiewicz, 2006; Ross, Scott & Arnold,
2012; Ross et al., 2007; Ross, 2007), older adults (Amiridis et al., 2005; Gravelle et
al., 2002), and young adults (Dickstein et al., 2005; Kimura & Kouzaki, 2013;
Magalhades & Kohn, 2014). In young adults, the application of low-amplitude
transcutaneous electrical nerve stimulation to the posterior aspect of the lower
limbs decreased in postural sway variables such as average sway velocity, abso-
lute values of maximal and minimal ML and AP velocities during static balance
standing stance (Dickstein et al., 2005). Similarly, an introduction of impercepti-
ble electrical noise deemed to improve the transmission of proprioceptive infor-
mation in the lower limbs, resulted in a significant decreased in postural oscilla-
tions during quiet bipedal stance (Kimura & Kouzaki, 2013; Magalhdes & Kohn,
2014).

Ross and Guskiewicz (2006) suggested that SR stimulation improved the
FAI group's time-to-stabilisation during single leg jump-landing task in ML di-
rection after 2 weeks of training, and AP direction after 4 weeks of training. They
speculated that the application of SR stimulation might have enhanced the detec-
tion of weak sensory feedback signals that is important for maintaining postural
stability (Rose & Guskiewicz, 2006). In the elderly population, Gravelle et al.
(2002) indicated that low-level input noise through electrical or mechanical stim-
ulation could enhance the sensitivity of the human somatosensory system. Their
tindings showed that application of electrical noise at the knee enhances older
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adults' balance ability by decreasing the CoP path length, sway area, medial-lat-
eral Standard Deviation (MLSD) and maximum AP excursion. Similarly,
Amiridis et al. (2005) found that electric stimulation training resulted in de-
creased postural sway, higher ankle muscles EMG activity, and greater stability
of the ankle joint in a group of elderly people. From the motor system perspective,
introduction of weak input signals through the tendon of a parent muscle en-
hanced the sensitivity of the muscle spindle receptors to modulate performance
in complex motor tasks (e.g., for balance) (Cordo et al., 1996). By exploiting the
phenomenon of SR, the postural regulation system can be restored for people
who lost the resiliency and adaptive capacity due to aging and diseases (Sejdi¢ &
Lipsitz 2013). Therefore, white noise stimulation boosted detection of sensorimo-
tor signals through SR, subsequently enhancing the functioning of the postural
regulation system.

2.7 Measurement properties and feasibility of assessment tools

Measurement properties such as reliability, validity, responsiveness, and feasi-
bility are important for researcher in the field of sport, medical and health-related
tields (Robertson et al., 2014). Top ten items relating to methodological quality
are test-retest reliability, intra-rater reliability, inter-rater reliability, content va-
lidity, discriminant validity, sensitivity to change, minimum important differ-
ence, interpretability, familiarity required and duration (Robertson et al., 2017).

The following were the primary measurement tools used in this study (see
4.6 for detail description). Mini-mental state examination (MMSE) and the Berg
Balance Scale were used in the cross-sectional study to identify the cognitive and
balance abilities of the elderly people. The double-limb standing (DLS) task was
used to measure the static balance of elderly standing on a balance platform. Joint
position awareness was then measured via modified slope box.

2.7.1 Mini-mental state examination

Examination of cognitive processes is a popular assessment component for fall
risk prediction (Muir et al., 2012). A meta-analysis review done by Muir et al.
(2012) reported that Mini-Mental-State Examination (MMSE) was the most com-
mon cognitive measurement tool used by researchers globally. The review con-
cluded that a score below 24 in MMSE was correlated to moderate and high risk
of serious fall-related injuries. Anstey et al. (2006) suggested that MMSE scores
predicted rates of falling in very old adults. Gleason et al. (2009) provided more
insightful information between MMSE scores and risk of falling, where the dec-
rement from a score of 30 increased the risk of falling. Thus, MMSE scores could
be adopted by local health care sectors to identify the risk of falling among
healthy elderly individuals. O'Connor et al. (1989) found high test-retest reliabil-
ity at 0.84 of using the MMSE on a group of older adults, aged 75 years old and
above. The finding was in-line with the study done by Folstein et al. (1975) where
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high test-retest reliability was found at 0.89. Furthermore, it was reported that
inter-rater reliability was at 0.8 (Folstein et al., 1975). In terms of the validity of
MMSE, O'Connor et al. (1989) reported high sensitivity of 86% and specificity of
92% at a cut-off point of 24 that reflects well on the MMSE as a screening test for
cognitive assessment. A comprehensive review done by Tombaugh et al. (1992)
turther concluded that MMSE test had moderate-to-high levels of sensitivity (69—
100%) and specificity (62-100%) of using MMSE in older adults.

2.7.2 Berg Balance Scale

Balance related tests are one of the famous fall-risk assessment tools for fall pre-
diction (Scott et al., 2007). Berg Balance scale (BBS) is the most commonly used
subjective assessment tool globally in predicting falls among older people (Berg
etal., 1992b). They found that BBS test can predict the occurrence of multiple falls,
and it was strongly correlated with functional and motor performance, particu-
larly in stroke patients. In 1997, Shumway-Cook and colleagues (1997) suggested
the BBS test as a highly predictive test for examining falling in elderly. It was
recommended that a score between 45 and 53 for the Berg Balance Test corre-
spond to individuals with a 20% to 75% probability of falling. The total BBS scores
contributed significantly to the prediction of falls with 89% sensitivity and 96%
specificity (Lajoie & Gallagher, 2004). In 2006, Wang and colleagues conducted
an investigation on the psychometric properties of the Berg Balance Scale in a
community-dwelling elderly resident population in Taiwan. They found that
BBS had good internal consistency reliability and a good inter-rater reliability.
This finding supported the outcome studies by Berg et al. (1992) where they re-
ported the test-retest and intra-rater reliability for older adults with ICCs of 0.91
and 0.97, respectively. Furthermore, Jacome et al. (2016) found that the validity
of the BBS was high and it was strongly correlated with other balance tests. They
further supported that BBS was a valid test to identify fall status. Similarly,
Marques et al. (2016) reported that BBS is a valid test to predict falls in older
adults (Marques et al., 2016).

2.7.3 Double-limb Standing Balance Task

Static balance tests (i.e., quiet stance tasks) are often used as part of functional
assessment in elderly populations (Bradley, 2011). To increase the difficulty of
the task, unstable surface such as foam and with the occlusion of vision, are typ-
ical design used in postural regulation research (Lord et al., 1991; Qiu et al., 2012;
Qiu et al., 2013; Tomomitsu et al., 2013; Woo et al., 2014). Lord et al. (1991) re-
ported that greater reliance is placed on somatosensory information when vision
is excluded. For the duration of the static balance task, it was suggested that op-
timum reliability obtained was at 20-30 s trial durations (Le Clair & Riach 1996).
Furthermore, a 30-s trial length was suggested as it produced acceptable reliabil-
ity even during eyes closed condition (Doyle et al., 2006). To date, no study has
been carried to investigate the reliability and validity of double-limb standing
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balance test in elderly population. There was only 1 study investigate the relia-
bility of DLS in young adults where they reported ICCs of 0.67 and 0.73 for bal-
ance test under the eyes closed and eyes open conditions, respectively (Fredrik
et al., 2015).

2.7.4 Joint Position Awareness

Joint position sense (JPS) test is an assessment of proprioception (Suetterlin &
Sayer, 2014). JPS determines the participant's ability to comprehend a presented
joint angle (Ribeiro & Oliveira, 2007). One of the assessments is via surface slope
test where participants are asked to indicate the steepness of a slope box (Hijmans
et al., 2007; Robbins & Waked, 1997) Slope box is a practical way to measure joint
position awareness (Hijmans et al., 2009; Robbins et al., 1995). Similar to the other
studies' measures (Hijmans et al., 2009; Robbins et al., 1995), the participant stood
and placed their body weight on the on the modified slope box to estimate the
steepness. Halasi and colleagues (2005) stated that the overall reliability of using
the slope box to test the joint position sense was high at 0.92. Similarly, Robbins
et al. (1995) found high test-retest reliability (0.91) of using the slope box method
(Robbins et al., 1995). To date, no study has investigated the validity of using
slope box to test the joint position sense at the ankle joint.

2.8 Rationale of the study

Among the peripheral and central components of the visual, somatosensory, and
vestibular systems, tactile-proprioceptive feedback from the somatosensory sys-
tem is more susceptible to ageing, which increases the risk of falls (Qiu et al.,
2012). The motivation behind this proposed research is rooted in ideas of deteri-
oration of sensory system performance and the concept of sensory systems re-
weighting on their contributions to action regulation. The proposed research pro-
gramme builds on recent published works examining the effect of lower-limb
sensory stimulation strategies (e.g., textured footwear; braces and tapes, an ap-
plication of Stochastic Resonance) on the functions of the somatosensory systems
(Corbin et al., 2007; Hijmans et al., 2007; Perry et al., 2008). Researchers have
found that lower-limb sensory stimulation strategies increases somatosensory
teedback, which increases postural regulation by reducing postural sway (Losa
Iglesias et al., 2012; Orth et al., 2013; Qiu et al., 2012), and improve the joint posi-
tion sense (Hijmans et al., 2009; Robbins et al., 1995; Robbins & Waked 1997).
Among all the different types of sensory stimulation strategies studied, wearable
garments, especially socks, have received little research attention on its effect on
postural regulation, although they are common footwear in daily living.

Socks are the first contact point of cutaneous receptors in the soles; yet, they
have not received adequate empirical attention. To date, research in socks is lim-
ited; for example, prevention of foot lesions such as blisters, ulcers, calluses and
sores (Dai et al., 2006); biomechanical response in walking and running (Tsai &
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Lin, 2013); slipping and falling (Htibscher et al., 2011; Koepsell et al., 2004). To
date, only scarce scientific evidence can be presented to support the fact that pro-
prioceptive feedback at the lower-limb is improved by the use of wearable gar-
ments in the elderly population. It is argued that sensorimotor system noise
could be enhanced by introducing additional intermittent, intermediate levels of
noise via compressive and textured materials (Hasan et al., 2016; Orth et al., 2013;
Woo et al., 2017b). This may help performers to pick up information from the
background signals to enhance the perception of somatosensory feedback (Da-
vids et al., 2003). Wearable garments such as compression socks are able to stim-
ulate proprioceptors (muscle spindles, cutaneous receptors, joint receptors)
through contortion and compression which could enhance the level of sen-
sorimotor system noise, thus providing better neuromuscular control and perfor-
mance (Davids et al., 2003; Nishikawa & Grabiner, 1999; Sejdic & Lipsitz, 2013).

Therefore, I sought to address the issue on how below-knee proprioception
could be improved via a non-invasive intervention (e.g., wearable garments),
helping community-dwelling elderly individuals to improve postural regulation
and minimize the joint position sense errors and potentially forming a strategy
to reduce risk of falling.
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3

THE PURPOSE OF THE STUDY

The primary aim of this programme was to investigate the effectiveness of lower-
limb sensory stimulation strategies, specifically knee length socks (KLS) of vari-
ous compression levels, on somatosensory functions in community-dwelling,
healthy, elderly people. In the selection process of participants, this study also
aimed to collect socio-demographic information, cognitive ability and balance
profile of a group of elderly individuals living in Singapore.

Primary aims:

1. Study 1: To review systematically and meta-analyse the effects of lower-

limb stimulation strategies on sensory regulation of postural control and
balance performance on various populations and under different task con-
straints.

. Study 2: To profile and to compare occurrence of falls, and cognition and

balance profiles across people in elderly age categories in a sample of Sin-
gapore's elderly population.

. Study 3: To examine acute effects of wearing knee length socks of various

compression levels on somatosensory function in community-dwelling
healthy elderly men and women during a double-limb standing, balanc-
ing task.

. Study 4: To examine acute effects of wearing knee length socks of various

compression levels on ankle joint position sense in community-dwelling
healthy elderly men and women.
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4 METHODS

4.1 Study design

The present study design is presented in Figure 1.

In study I, systematic review was used to consolidate publications concerning the
effects of different lower- limb stimulation strategies on postural regulation and
stability. Thereafter, meta-analysis was conducted to derive the pooled estimate
of treatment effectiveness.

A cross-sectional study design was used in study II. A total of 385 partici-
pants were recruited via random sampling approach (see 4.3 for detail descrip-
tion). The profile of the Singapore elderly people such as socio-demographic
characteristics, balance abilities and level of cognitive functions were collected
through face-to-face interview.

A repeated-measures design was used to investigate the effects of different
treatments (barefooted; wearing clinical compression socks; wearing non-clinical
compression socks, non-compression socks) in a counterbalanced order, while
performing static balance (Study III) and joint position estimation (Study II) tasks.
The participants for study III and IV were randomly selected from the pool of
participants of study II.
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Systematic review
and meta-analysis
(Study I)

Cross-sectional
study(Study II)

Repeated measures -
Experimental study
(Studies III & IV)

FIGURE 1 The design of the study.

4.2 Systematic review and meta-analyses (Study I)

421 Selection of studies

Electronic databases such as EBSCO, Science Direct, PubMed, Taylor and Francis,
Google Scholar, and Scopus were searched to identify all publications associated
with the effects of different lower- limb stimulation strategies on postural regu-
lation and stability. In addition, a hand-conducted search of reference lists was
manually checked to identify studies not captured in the electronic database
searches. In the context of this study, the lower-limb stimulation strategies were
grouped into three main categories based on the characteristics. Compression
garments (sleeves; socks), braces, and tapes were grouped as Wearable Garments
(WGSS). Textured insoles and footwear were grouped as Textured Materials
(TMSS). Last, the implementation of white noise and electrical stimulation were
grouped as an application of Stochastic Resonance (SRSS).

Two groups of standardized search keywords were used in searching rele-
vant articles. The first group of keywords was related to lower-limb stimulation
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strategies: Textured or Textured insoles or footwear, compression or compres-
sion garments and stocking, tapes and braces, application of Stochastic Reso-
nance. The second group of keywords was related to tasks: Postural Control and
Balance.

4.2.2 Inclusion and exclusion criteria

All the potentially relevant articles were screened and retrieved from the elec-
tronic database based on the abstract and titles during the initial screening phase
by the first reviewer. Then, the retrieved articles were evaluated separately by
the first and fourth authors using the inclusion and exclusion criteria (Table 1)

for the full review, with any disagreement resolved by consensus.

TABLE 1

Inclusion and exclusion criteria - systematic review and meta-analysis

Inclusion criteria

Exclusion criteria

1. No restrictions on study design. 1. Studies that use cumbersome and
2. Studies published in English between expensive equipment in investigat-
1995 and October 2016. ing vibration effects on postural
3. Studies investigating the effects of be- ability, which is more complex and
havioural measures of textured materi- costly for end-users, compared to
als (insoles; stocking), wearable gar- the simpler addition of electrical
ments (compression garments; braces; stimulation, textured, and wearable
tapes), and application of Stochastic materials. Furthermore, vibration
Resonance during tasks involving pos- effects usually produce stimulation
tural stability and balance (static; dy- above the consciously perceived
namic) in non-fatigue conditions. threshold level, which would ne-
4. The primary outcome measures con- gate the role of Stochastic Reso-
sisted of the center of pressure (CoP) re- nance in enhancing proprioception
lated measurements, the center of mass and haptic perception at a sub-
(CoM), distance reach, balance time, threshold level.
and gait variables. 2. Studies where outcome variables
5. The primary outcomes included in the are not compatible for comparison,
meta-analysis were the center of pres- (means and standard deviations) in
sure (CoP) related measurements such the meta-analysis.
as CoP sway and standard deviations 3. Studies in stroke, diseases resulting
(SD) in medial-lateral (ML), and ante- in neuropathy (e.g. Multiple Sclero-
rior-posterior (AP) directions; path sis and Parkinson Disease) and cer-
length; recurrence quantification analy- ebral palsy populations, with some
sis (RQA) measurements. damage to the brain, impairing
6. In the meta-analysis, studies were re- physical mobility and postural con-

quired to report means and standard
deviations of outcome measures inter-
acting with lower-limb stimulation
strategies.

trol mechanisms.
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4.2.3 Procedure and analysis

All the selected articles for a full review that met the inclusion criteria would go
through the methodological quality assessment, using the Cochrane Collabora-
tions tool to evaluate the risk of bias by both reviewers. For systematic review,
key information such as sample size, participant characteristics, tasks, equipment
used, balance-related measurements, and main outcomes of the study were tab-
ulated in a summary table.

In the meta-analysis, Unbiased (Hedges' g) standardized mean differences
(SMD) and 95% confidence intervals (CI) were calculated for continuous out-
comes (Morris & DeShon 2002). The calculated effect size of the multiple treat-
ments was combined and treated as a single effect size for studies that investi-
gated more than two treatments (Borenstein et al., 2009). For the articles that have
multiple stages of task design, the most appropriate stage (pre- or post-treatment)
was chosen, based upon its relevance to the objective of this analysis. Thereafter,
Review Manager (RevMan computer program, version 5.3.5 Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration, 2014) were used for the
calculation of pooled effect size, p-value, z-score, Tau?, heterogeneity (I2). The
following settings were used: data type - generic inverse variance; statistical
method - inverse variance; analysis model - random effects; effect measure -
standardized mean difference (SMD); study and total confidence interval - 95%.

An effect size of 0.1 is considered small, an effect size of 0.3 is medium, and
an effect size of 0.5, large (Borenstein et al., 2009). Consequently, pooled effect
size, 95% confidence interval, P-value, and heterogeneity (I1?) were calculated per
subgroup, per study. An alpha level of 0.05 (two-tailed) was used to test whether
the average effect size was significantly different from zero in each subgroup.

4.3 Participants (Study II, III & IV)

There were two main phases of research in this programme. In phase 1 (study II),
385 community-dwelling, elderly individuals age 65 years and above were re-
cruited randomly from Singapore communities. The recruitment process started
by sending invitation emails to local senior activity centres (e.g., Sarah, Kreta
Ayer, and SilverACE), government organisations (e.g., People's Association and
Community Development Council) and social development groups (e.g., Thye
Hua Kwan Moral Society, Churches, and Mosques) across Singapore to obtain
their approvals for announcing the recruitment of elderly participants of this pro-
ject in their respective centres. The classifications of the age groups of the elderly
people were based on the Singapore's Department of statistics (2007). Therefore,
the age groups of the elderly were identified as "young-old (65-74 years)", "me-
dium-old (75-84 years)" and "oldest-old (above 85 years)" in this study (Singapore
Department of Statistic, 2007). Specific inclusion criteria for phase 1's participants
were ability to walk independently, able to follow instructions, and freedom from
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diagnosed neurologic diseases (e.g., Parkinson's and Alzheimer's diseases). Ex-
clusion criteria included history of severe rheumatic arthritis, neuropathy injury,
recent stroke events (< 18 months), brain injuries, and diagnosed cognitive dys-
functions.

Participants' characteristics of study III and IV is shown in Table 2. From
the participants' pool in phase 1, a total of 154 individuals met the inclusion cri-
teria of phase 2 (study III & IV). The inclusion and exclusion criteria were chosen
with reference to previous studies (Hatton et al., 2012; Hijmans, et al., 2009; Qiu
et al., 2012). Specific inclusion and exclusion criteria of study III and IV were
presented in Table 3. Each participant was given a number by using the excel
randomize function. Thereafter, researcher contacted the participants, in the as-
cending order (number), to check their availability and interest to participate in
study III (N = 46) and IV (N =48).

Ethics approval was sought from the ethical committee of the University of
Jyvéaskyld and Nanyang Technological University, Singapore, for this research
programme. Informed consents (Appendix 1) were obtained from all participants,
and the procedures used in the study were in accordance with both institutions'
ethical guidelines.

TABLE 2 Participants' characteristic
Study I (N = 385)
Young-old Middle-old Old-old
(n =212) (n = 146) (n =27)
Age 69.63 + 2.97 7914 + 2.95 88.22 +2.91
(years old)
Height 156 + 8 153 +8 15147
(cm)
(k‘g’)elght 60.56 + 11.05 5410+ 9.82 51.44 49,58
Study III (N = 46) Study IV (N = 48)
Men Women Men Women
(N = 23) (N = 23) (N = 24) N = 24)
Age 752 +5.1 72.8+5.8 744+ 4.9 71.9+5.8
(years old)
Height 1623+ 6 153.7 + 6 16316 1535+ 7
(cm)
Weight 62.1 +

(ke) 57995 59.8+£11.2 115 58.9+10.1
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TABLE 3 Inclusion and exclusion criteria - study III and IV

Inclusion criteria Exclusion criteria

Study III Study IV Study III Study IV
1. ability to walk inde- 1. ability to walk inde- 1. Elderly individuals with
pendently without pendently without us- any diagnosed muscular

using any assistive
devices (e.g., walk-
ing stick; umbrella),

ing any assistive de-
vices (e.g., walking
stick; umbrella),

and neurological diseases,
deformities of ankles or feet,
demonstrated lack of under-

2. no history of falling 2. no history of frequent standing on the task's in-
in the past 12 months falls (More than 2 falls structions, recent stroke
3. Mini-Mental State during past 1 year), events (< 18 months), and
Examination 3. Mini-Mental State Ex- brain injuries.
(MMSE) score > 24 amination (MMSE)

(normal).

score > 24 (normal).

4. Berg Balance task
Score > 40 (normal)

4.4 Apparatus (Study II, III & IV)

In study 1I, Fallproof Health and Activity Questionnaire (Rose, 2010) (Appendix
2) was used to collect the background information such as medical conditions,
talls frequency, description of falls and physical activities. Mini-Mental State Ex-
amination (MMSE) questionnaire (Appendix 3) was used to categorise the cogni-
tive levels. Berg Balance Scale test (Appendix 4) was used to identify balance abil-
ity.

In study III and IV, three types of knee length socks of various compression
with similar thickness were used as treatment interventions - clinical level com-
pression (CC) of 20-30 mmHg pressure (Zeropoint, Finland), non-clinical level
compression (NCC) of 8-15 mmHg (X-bionic, Switzerland), and non-compres-
sion (NC) models commercial (Mizuno, Japan).

A balance platform (Hur, Finland) was used to collect the stabilometric data
of double-limb, standing task. A 10-cm thick foam pad (50 x 50 x 10 cm; Density:
30 kg/m3 was used to place on top of the balance platform to create an unstable
surface. Joint position sense awareness data was collected by using a modified
slope box. It was designed to be altered between 0° and 20° in steps of 2.5° in the
direction of plantar flexion. The apparatus used in study III and IV is shown in
Figure 2.
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f Clinical Non-Clinical _
Knee Length Socks Compression Compression Commercial
Socks Socks Socks
- (20-30 mmHg) (8-15 mmHg)

Balance platform and
Foam

A modified slope box

FIGURE 2 Apparatus used in studies IIl and IV

4.5 Procedure (Study II, III & IV)

In phase 1 (study II), researcher conducted the interviews, cognitive and balance
tests in the respective local community centres. Participants were required to an-
swer a set of questionnaire (Fallproof Health and Activity), via an informal inter-
view with the researcher. During the questionnaire session, researcher conducted
the interview based on their most comfortable language of communication (e.g.,
English, Mandarin, Malay, and local Dialects). This was to ensure adequate un-
derstanding of questions and the provision of accurate information. The "Fall-
proof Health and Activity" questionnaire includes information such as medical
information, number of falls in a year, the reasons for falls, and physical activities.
All testing sessions were voice recorded for further analysis and clarification.
This review process was to ensure the consistency of the interview process. After
the 20-minute semi-structured interview based on material from the Fallproof
Health and Activity questionnaire, participants were given a short break before
the cognitive test, Mini-mental State of Examination (MMSE) adapted from Fol-
stein et al. (1987). Participants were required to complete the tasks in 5 main areas
- orientation, registration, attention and calculation, recall, language, and praxis.
Lastly, the Berg Balance Scale (BBS) was administered, a scale consisting of 14
subtests performed in a standard order to measure functional abilities and bal-
ance.

In phase 2, participants were required to perform the double-limb standing
balance (30-s Romberg test) and joint position sense tasks at a laboratory located
at Republic Polytechnic, Singapore. The experimental design for studies III and
IV is illustrated in Figure 3.
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In both studies III and IV, clinical and non-clinical compression socks were
assigned to the participants based on the manufacturer's sizing guidelines. To
prevent carryover and order effects of the socks and barefoot, 8 different se-
quence orders of the treatment interventions and barefoot were created and be-
ing assigned numbers 1-8 (Table 4). Each participant was then assigned a se-
quence order randomly by using Microsoft Excel.

For the double-limb standing balance task in study III, participants were
required to perform a 30-s Romberg test under two vision conditions (eyes open
and closed) and on two standing surfaces (stable and foam). Researcher created
16 different task sequences based on the vision and standing surfaces. Each par-
ticipant was then assigned a sequence order randomly by using Microsoft Excel
(Table 5). Therefore, all treatment interventions and task conditions were pre-
sented in a random order for each participant.

During the 30-s double-limb standing balance task, participants were in-
structed to stand upright and as still as possible with feet together and the arms
by the side. For the open eyes condition, participants were instructed to look
straight ahead to a reference point on a blank wall, marked at eye level. The ref-
erence point position was marked about 1.5 m away from the balance platform.
A thick foam pad (10 cm) was placed on top of the balance platform for the per-
formance under the unstable surface. Before data collection, participants under-
took two trials of the static balance task to familiarize themselves with each of the
four task conditions - SO, SC FO, FC. For every treatment intervention, partici-
pants were required to perform 2 trials for each of the task conditions. Partici-
pants were given a sufficient rest period (~2 minutes) between each treatment
intervention. The tests were repeated if participants lost balance on the platform.

2 ini Non-Clinical
Barefoot Clinical )
Treatment Compression Compression Commercial
conditions: Socks ,  Socks Socks
(8-15 mmHg)

— (20-30 mmHg)

Surface Vision Performance
Conditions Conditions Difficulty

Static Standing with Stable Open |:> Stable surface+
Balance » both legs for » P open eyes (SO)
30 seconds EEE|
(Romberg) :> Stable surface+
Study Il Closed closed eyes (SC)

Tasks Actions

Foam surface+

Open open eyes (FO)
Foam surface+
Closed closed eyes (FC)
. Estimate
Joint steepness in
Study IV Position pne
standing
Sense .
position

FIGURE 3 Experimental designs for studies III and IV
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TABLE 4 Sequence order number for the treatment conditions

Sequence order 1: Sequence order 2: Sequence order 3: Sequence order 4:
Bare > CC>NCC>NC CC>NCC>NC>Bare NC>Bare>CC>NCC NCC>CC>NC > Bare

Sequence order 5: Sequence order 6: Sequence order 7: Sequence order 8:
Bare > NC>CC>NCC CC>Bare>NC>NCC NC>CC>NCC>Bare NCC>NC > Bare>CC

TABLE 5

Sequence order number for the task conditions

Sequence order 1

Sequence order 2

Sequence order 3

Sequence order 4

SO >SC >FC>FO SO >FO>SC>EFC SO > FC>SC > FO SO >FO >FC>SC
Sequence order 5 Sequence order 6 Sequence order 7 Sequence order 8
SC > SO > FC>FO SC>FC>FO >S50 SC > FO > FC > SO SC >FO >S5S0 >FC
Sequence order 9 Sequence order 10 Sequence order 11 Sequence order 12
FO > FC > SC> SO FO>S0O>SC>FC FO >FC>50>SC FO >S0O>FC>SC
Sequence order 13 Sequence order 14 Sequence order 15 Sequence order 16
FC >SO >SC> FO FC>SC>FO >S50 FC>FO >5SC >S50 FC>FO>S0O>SC

For the joint position sense awareness test, the 8 levels of steepness were assigned
a number label from 1 to 8, where 1 corresponded to 2.5° and 8 to 20°. These
numbers were used during the actual testing. This method was used due to low
education levels and lack of understanding of the concepts of angles in this group
of participants. Participants were instructed to stand vertically with zero-degree
flexion at the knee and place their body weight on slope box to feel each position
by using the dominant foot. During the sensing of the slope, participants were
asked to look directly in front and refrained from any eye contact to the modified
slope box.

Prior to actual testing, participants were asked to go through the familiari-
sation process of the task. A 1-minute familiarisation on each level of steepness
was given to participants to sense and familiarise with the slopes. During the
familiarisation, participants were informed to remember each assigned number
that represented each level of steepness. For every slope, researcher constantly
reminded the participants of the steepness of the surface slopes (assigned num-
bers) while they were sensing and remembering the surface slope. During the
actual test, participants were informed that an assigned number (surface slope
angles) might be repeated more than once during each treatment although that
did not happen. Researcher would then randomly adjust the slope box to various
levels of steepness until all levels of steepness had completed. Participants were
asked to indicate the perceived level of steepness, by indicating the assigned
number, when researcher presented him/her the randomly the selected target
position. The same process would then repeat for the second trial. Participants
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were allowed to hold on the railing beside them for stability. About 2 minutes
rest period between each treatment were given to participants.

4.6 Measurements (Study II, III & IV)

4.6.1 Mini-Mental State Examination

The MMSE test was used to assess the severity of cognitive impairment and cog-
nitive changes occurring over time in older adults. There were three categories
of cognitive function levels - no cognitive impairment (24-30), mild cognitive im-
pairment (18-23), and severe cognitive impairment (0-17).

4.6.2 Berg-Balance Scale

Berg balance scale consisting of 14 subtests, with each subtest scores ranging
from 0—4. Participants were required to perform in a standard order to measure
functional abilities and balance. The maximum score for this assessment is 56.
The categories were low risk of falling (41-56) and increased risk of falling (< 40).

4.6.3 Double-limb standing (30-s Romberg test)

For the double-limb standing, the sampling frequency was set at 100Hz to collect
centre of pressure. Therefore, a total of 3000 data points for each condition were
collected and analysed. The stabilometric parameters were the 90% confidence
elliptical area (C90 sway area), trace length (TL, the total length of the CoP path),
sway velocity, range of AP and ML CoP displacement, AP and ML SD. Observed
increases in value of these parameters were associated with a greater risk of fall-
ing (Melzer et al., 2010).

4.6.4 Joint position sense

The absolute error value was positive whether the error was under- or over-esti-
mation of the target position. This measure indicated the precision of estimates.
The constant error value refers to the direction of position errors from the target
position, a positive value for overestimation and negative for underestimation.
Constant error was used to measure the direction of imprecision.

4.7 Statistical analysis (Study II, III & IV)

The Statistical Programme for Social Sciences (version 22.0 & version 24.0) was
used for statistical analysis. In study II, between-group differences in mean
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change were analyzed by using a non-parametric test: Friedman's test for out-
come measures such as MMSE and BBS scores. Post hoc testing was performed
using a Wilcoxon signed-rank test when Friedman's ANOVA analysis resulted
in a statistically significant outcome (alpha value set at p < 0.05). Results were
reported as means * standard deviation (SD) for the descriptive data; z-score (z)
and Wilcoxon (W) for the Mann-Whitney (U) test. Odds ratios of risk factors as-
sociated with falls were analyzed by using Binary logistic regression. In the three
age categories, Spearman's Correlation test was used to identify the correlations
between MMSE and BBS scores.

In study III, the stabilometric related data was analyzed by using nonpara-
metric statistical tests due to abnormal data distributions. All measurements
across the treatment interventions were compared using a Friedman test: K re-
lated samples. If statistically significant results were found during Friedman test,
Wilcoxon sign test was conducted to further identify which treatment interven-
tion resulted in a significant effect. Results were reported as means and SD. Al-
pha level was set at < 0.05 for all statistical analyses.

In study IV, Cronbach's Alpha coefficient was used to check the reliability
of the joint position sense test for the three treatment conditions, with barefoot
condition served as the baseline, across the surface slopes tested. A value of 0.7
to 0.8 is an acceptable value for Cronbach's Alpha (Field, 2009). A mixed-model
Analysis of Variance (ANOVA) with one between-groups factor of gender (male,
female) and two within-participant factors on treatments and levels of surface
slopes. The main effect of treatment conditions was corrected using a Bonferroni
adjustment. Effect sizes of the independent variables were expressed using par-
tial eta squared, with an effect size of 0.00099 considered to be small, an effect
size of 0.0588 considered to be medium, and an effect size of > 0.1379 considered
to be large (Richardson, 2011). Alpha level was set at < 0.05 for all statistical anal-
yses.
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5 RESULTS

5.1 Systematic Review and Meta-analysis (Study I)

The process of the literature review search is presented in Figure 4. A total of 66
studies were identified, 8 studies excluded after title and abstract review. From
the full-text articles review process, 9 studies were excluded further as the inter-
vention treatments, or the measure outcomes did not match the inclusion criteria.
Therefore, a total of 49 studies (Appendix 5) were eligible and included for qual-
itative synthesis and 28 studies for quantitative synthesis. Qualitative analysis
shows that the research participants of the published articles were young adults,
middle-aged and older adults, and lower-limb injured individuals. Double-limb
standing (DLS) balance task was the most commonly used task in the previous
studies for all the three groups of lower-limb stimulation strategies. The single-
leg standing (SLS) balance task as an assessment task was common in WGSS (n
=7) and SRSS (n = 6). Nevertheless, it was rarely used as the main assessment
task in TMSS (n = 1) research. It was observed that a majority of the studies in
WGSS and SRSS examined only one task, while the TMSS grouping tended to
include two or more tasks in a single study.
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5.1.1 Risk of bias

The methodological quality assessment found that high risks of bias for selection
bias, performance, and detection categories were mostly found in WGSS and
TMSS groupings (Figure 5). Most studies in the WGSS group were at high risk of
bias for sequence generation (n = 18) and the allocation concealment category (n
= 13), where most did not describe the randomization process of assigning the
interventions to participants. Furthermore, most studies in the WGSS group used
a non-random approach for selection of participants (High risk of bias).

In contrast, most studies (~75.5%) were at as low risk of bias in the partici-
pant attrition and reporting categories, with no missing outcome data, with all
the relevant dependent variables reported. Nevertheless, there were four studies
at high risk of bias for incomplete outcome data category. The reasons were: im-
balanced numbers of participants across the groups (Hijmans et al., 2009; Perry
et al., 2008) or because participants were excluded due to an additional injury
(Palm et al., 2012) or reduced total sample sizes due to data corruption (Hatton
et al., 2012).

For the outcome reporting category, 8 studies were rated at a high risk of
reporting bias. These studies failed to report the key outcomes or provided in-
complete information on dependent variables. The reasons for this were due to
incomplete outcomes reported (Michael et al., 2014; Qiu et al., 2012; Sperlich et
al., 2013) and failure to include results for key outcomes (Corbin et al., 2007; Ozer
et al., 2009; Perry et al., 2008; Ross, Scott E., 2007; Sperlich et al., 2013).

Sequence generation

Allocation concealment

Blinding of participants, Personnel and
outcome Assessors

Incomplete Outcome Data

Selective Outcome Reporting

Other Potential threats to validity

O High risk of bias =1 Low risk of bias Unclear risk of bias

FIGURE 5 Risk of bias summary
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5.1.2 Qualitative synthesis

Wearable garments stimulation strategy (WGSS). Figure 6 shows a summary of
the 18 studies examining the effects of wearable garment lower-limb stimulation
strategy. A total of 8 studies found that wearable garment such as braces, tapes
and compression sleeves improved standing and dynamic balance tasks in par-
ticipants with lower-limb injuries (n = 6), young adults (n = 2) and athlete (n =1).

Of 7 studies, there was only one study by Gribble et al. (2010) reporting that
an ankle brace did not affect the balance performance in a population with a
lower-limb injury (Gribble et al., 2010). In contrast, 11 studies involved young
and healthy adults (n = 8), athlete (n = 1) and middle-age and older adults (n = 2)
as participants did not show beneficial effects of wearing the wearable garments.

It was observed that less than 50% of WGSS studies improved balance dur-
ing single-leg standing balance task (n =3/8; 37.5%), double-limbs standing bal-
ance task (n=3/7; 42.9%), and dynamic balance task (n=3/7; 42.9%).

Textured materials stimulation strategy (TMSS). Figure 7 shows a summary of
the 19 studies examining the effects of textured materials lower-limb stimulation
strategy. A total of 6 studies found that textured materials such as textured in-
soles, spike insoles, and Velcro improved standing and dynamic balance tasks in
young adults. Approximately 66.7% (n = 8/12) of the studies found that TMSS
enhances the performance on DLS, dynamic balance, and gait tasks in middle-
age and older adults. For the neuropathy patients, 75% (n = 3/4) of the studies
found the beneficial effects of using TMSS.

Six studies showed that TMSS did not benefit young adults in postural reg-
ulation during double-limb standing (n = 2) and in gait (n = 4) in young adults.
Three studies found no significant improvement or detrimental effects of using
textured insoles on postural regulation during the double-limb standing tasks in
middle-aged and older adults.

A unique study by Menz et al. (2006) examined the effects of using Velcro
to provide stimulation by rubbing gently against the skin on the side of the ankle,
calf, and knee (Menz et al., 2006). The findings showed a significant reduction in
postural sway in young and healthy adults, older adults, and diabetic peripheral
neuropathy patients
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Application of Stochastic Resonance stimulation strategy (SRSS). Figure 8
shows a summary of the 11 studies examining the effects of an application of
Stochastic Resonance lower-limb stimulation strategy. Majority of the studies
(83.3%) showed an application of SR improved the performance of all balance
tasks in participants with lower-limb injuries (n = 3), young adults (n = 5), and
older participants (n = 2). 8 studies found positive effects of applying SRSS in SLS
and DLS balance tasks.

Collins et al. (2012) was the only study that did not find a significant im-
provement in performance on a single-leg standing task in older adults and par-
ticipants with knee osteoarthritis condition (Collins et al., 2012). Similarly, Ross
and Guskiewicz (2006)'s finding did not find a significant improvement in dy-
namic balance task for both the young adults and lower-limb injuries participants
(Rose & Guskiewicz 2006).
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5.1.3 Quantitative analysis

A total of 28 studies were included in the meta-analysis as they reported CoP
measurement outcomes for the static balance tasks: SLS and DLS. The three sub-
groups of lower-limbs stimulation strategies were wearable garments (n = 10),
textured materials (n = 10) and application of SR (n = 8). The participants were
categorized into young adults, older adults, and lower limbs injured individuals.
Single-leg standing and double-limbs standing were the two main tasks included
in the meta-analysis. Figure 9 illustrates the mean Unbiased (Hedges' g) stand-
ardized mean differences (SMD) of the three lower-limb sensory stimulation
strategies categories: stochastic resonance, wearable garments, and textured ma-
terial.

Participants: Young adults, older adults and lower-limb injuries individuals.
A total of 16 studies (WGSS = 6; TMSS = 6; SRSS = 4) that involved young adults
were included in the analysis. Mean SMD of SRSS was the highest among the
three categories (Figure 10). An overall positive effect of applying SRSS were ob-
served during performance of static balance tasks on a stable surface (Z =2.95, p
=(.003). In contrast, WGSS shows no positive effect (SMD = 0.00) and a low effect
was observed in TMSS (SMD = 0.26). There was evidence of moderate heteroge-
neity for TMSS (Tau? = 0.10; df = 5; I = 62%) and SRSS (Tau? = 0.12; df = 3; I> =
67 %) but low heterogeneity was found in WGSS (Tau? = 0.04; df = 5; 12 = 38%).

For the older adults, it showed a high negative effect of WGSS (SMD = -0.68)
which infers a positive capacity of the control group in regulating the posture
during the static balance tasks. The pooled effect size for TMSS and SRSS ap-
peared low (SMD = 0.30 and 0.31 respectively). There was evidence of moderate
heterogeneity for WGSS (Tau? = 0.41; df =1; I> = 69%), TMSS (Tau? = 0.09; df = 6;
I2=61%) and SRSS (Tau? = 0.10; df = 2; I2 = 67%).

For the lower-limb injured individuals, the pooled effect size values were
low and moderate in WGSS (SMD = 0.20, Z = 1.54, p = 0.12) and SRSS (SMD =
0.41, Z =1.75, p = 0.08) sub-groups, respectively.

Tasks: Single-leg standing (SLS) and Double-limbs standing (DLS). Five stud-
ies each from WGSS and SRSS reported CoP related parameters of postural reg-
ulation during the performance of the SLS task. There was a significant difference
between the two subgroups, WGSS and SRSS (p = 0.02), where a higher pooled
effect size was observed in SRSS group (SMD = 0.49, Z = 2.40, p = 0.02). There
was a high level of heterogeneity observed in the SRSS (Tau? = 0.15; df = 4; I =
76%) group compared to the homogeneity observed in the WGSS group (Tau? <
0.01; df = 4; I = 0%). This finding indicated that 76% of the variability between
effect sizes of SRSS studies displayed a systematic influence of one or more vari-
ables. The average pooled effect size for the WGSS was found to be 0.20, which
corresponds to a small effect size. In comparison, the SRSS had a moderate effect
size (SMD = 0.41). The overall application of both WGSS and SRSS during SLS
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had beneficial effects on postural regulation during performance of a SLS task on
stable surfaces with eyes open and closed condition (Z =1.92, p = 0.05).

For the DLS balancing task, a total of 20 studies (WGSS = 5; TMSS = 10; SRSS
= 5) were included for analysis. Low to moderate mean effect sizes were found
on the implementation of TMSS (SMD = 0.29) and SRSS (SMD = 0.55) on perfor-
mance in the DLS balance task. In contrast, the WGSS (SMD = 0.05) barely
showed any effects on postural regulation measurements during the DLS balance
task. A significant level of heterogeneity was observed in all three lower-limb
stimulation strategies, suggesting that different population samples, vision and
surface conditions, or experimental design-related factors influenced levels of
variability across effect sizes. The findings showed beneficial effects when apply-
ing all three lower-limb stimulation strategies during the performance in the DLS
task on stable surfaces (Z = 2.91, p = 0.004).

Our findings showed that the SRSS is more effective compared to TMSS and
WGSS under the SLS and DLS conditions.
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FIGURE 9 Unbiased (Hedges' g) standardized mean differences (SMD) in the three cat-
egories of lower-limbs stimulation strategies
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5.2 Participants' Socio-demographic characteristics (Study II, III
& IV)

The distribution of the elderly individuals according to gender was as follows:
63.9% (n = 246) were women and 36.1% (n = 139) were men. Of the 385 partici-
pants, 69.9% were Chinese, 26.2% were Malay, 3.1% were Indian, and 0.8% were
others. A total of 107 (27.8%) elderly individuals experience at least 1 fall in the
past 1 year. The percentage of falling was higher in the oldest-old group. For the
education levels, it was found that 79.5% of the elderly individuals received less
than 6 years of education. From the medical condition perspective, it was noted
that hypertension and high cholesterol were the two common medical conditions
faced by elderly individuals.

5.21 Cognitive and balance abilities

Based on the MMSE scores, the overall mean score was significantly higher in
male (23.4 + 5.1) compare to female (22.0 £ 4.9) participants (U = 13560.50, W =
43941.5, Z = -3.379, p < 0.05). Significant results were also observed for male par-
ticipant in the young-old (U = 4335.50, W = 12981.5, Z = -2.241, p < 0.05) and mid-
dle-old (U =1921.00, W = 6386.0, Z = -2.143 p < 0.05) groups (Figure 10).

For the balance ability, the male participants displayed significantly higher
scores (47.5 £ 7.9) compare to female (45.2 £ 7.8) participants (U = 13459.5, W =
43840.5, Z = -3.473, p < 0.05). A significant result was observed in the young-old
(U = 4220.50, W = 12866.5, Z = -2.505, p < 0.05) group whereby the score was
significantly higher in male participants (Figure 11).

The spearman correlation test values shows moderate relationship between
the MMSE and BBS scores in young-old (r = 0.467, p < 0.001) and medium-old (r
= 0.502, p < 0.001) groups.
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5.2.2 Risk factors for falls and cognitive impairment

From the binary logistic regression, it was shown that mild cognitive impairment
(OR: 1.874) and Berg Balance scale scores at and below the cut-off of 40 (OR: 0.25)
are the main risk factors for falls.

5.3 Double-limb standing (30-s Romberg test) (Study III)

5.3.1 Postural sway (c90) area

The comparisons of sway area (c90), trace length and sway velocity across the
treatment interventions of the four levels of performance difficulty is shown in
Table 6. For the female group performed on the foam surface with eyes open (FO),
the Friedman test showed significant differences across the treatment interven-
tions (x2 (3) =12.092, p < 0.05) (p = 0.007) (Table 6). In comparison with the bare-
foot condition, Post hoc analysis showed that female participants wearing the
NCC (z = -2.484, p < 0.05) and NC (Z = -2.403 p < 0.05) KLS significantly reduce
the sway area. Nevertheless, no statistically significant differences were found
across the treatment interventions in men.
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TABLE 6 Postural sway C90 area (mm?) across the treatment interventions of four dif-
ferent performance difficulties in older men and women (Mean + SD)
a. Men (N = 23)
Clinical level Non-clinical Non- Barefoot p-
compression level compression value
compression
Stable Surface with 484.0 £166.8 456.9 +168.0 448.9 £199.3 4279 + >0.05
Eyes Open (SO) 156.9
Form Surface with 778.2 + 376.2 790.4 +430.4 853.9 +483.3 8231+ >0.05
Eyes Open (FO) 337.2
Stable Surface with 858.7 + 312.8 876.46 +470.9 860.3 + 366.0 79293 + >0.05
Closed Eyes (SC) 336.0
Foam Surface with 16104 £ 591.8 1553.1 + 656.0 1784.0 £ 830.9 14421 >0.05
Closed Eyes (FC) 468.8
b. Women (N = 23)
Clinical level Non-clinical Non- Barefoot  p-value
compression level compression
compression
Stable Surface with 418.1 £220.0 462.2 £260.3 4479 £171.8 4972 >0.05
Eyes Open (SO) 302.5
Form Surface with 655.5 +338.7 617.7 + 330.7* 643.3 + 351.3* 776.6 = <0.05
Eyes Open (FO) 564.2
Stable Surface with 734.8 £394.9 767.46 £ 637.2 636.1 +275.9 798.78 + >0.05
Closed Eyes (SC) 488.0
Foam Surface with 1227.3 £659.3 1292.1 + 688.1 1384.7 + 786.2 1479.7 >0.05
Closed Eyes (FC) +1172.7

* Significantly lower than barefoot
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5.3.2 Trace length

The comparison of trace length across the treatment interventions of the four lev-
els of performance difficulty is shown in Table 7. The Friedman test revealed sig-
nificant differences across the treatment interventions on the foam surface with
eyes open (x2 (3) = 8.607, p < 0.05) in women. In contrast, no statistical differences
were found in the other three task conditions; SO, SC and FC. From the Post hoc
analysis, it showed that trace length was significantly shorter while participants
wore the NCC KLS (Z = -2.321, p < 0.05), compared to the barefoot condition for
the FO task condition. In contrast, no statistically significant effects were found

across the treatment interventions in men.

TABLE 7 Trace length (mm) across the treatment interventions of four different perfor-
mance difficulty in older men and women (Mean + SD)
a. Men (N = 23)
Clinical level = Non-clinical level Non- Barefoot  p-value
compression compression compression
Stable Surface 601.6 +150.7 576.6 + 220.5 587.3 £220.1 562.3 = >0.05
with Eyes Open 155.2
(SO)
Form Surface 697.9 £183.2 737.9 +283.5 679.2+175.6 720.0 + >0.05
with Eyes Open 2205
(FO)
Stable Surface 884.5+287.2 908.5 + 407.9 914.6 +392.7 885.9 + >0.05
with Closed Eyes 335.5
(8O
Foam Surface 1141.2 £ 379.0 1064.4 + 358.2 1116.5 £ 323.9 1107.7 + >0.05
with Closed Eyes 310.5
(FO)
b. Women (N = 23)
Clinical level = Non-clinical level Non- Barefoot  p-value
compression compression compression
Stable Surface 418.1 £ 220.0 462.2 £260.3 500 +151.1 525.7 + >0.05
with Eyes Open 198.1
(SO)
Form Surface 614.9 £ 158.4 592.6 + 146.3* 610.1 +169.0 629.6 + <0.05
with Eyes Open 187.7
(FO)
Stable Surface 668.2 £ 241.5 687.6 + 280.8 651.71 +208.8 690.5 + >0.05
with Closed Eyes 262.7
(SO)
Foam Surface 881.6 +211.9 906.7 + 235.2 907.3 £243.2 907.6 = > 0.05
with Closed Eyes 250.9
(FC)

* Significantly lower than barefoot
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5.3.3 Sway velocity

The comparisons of sway velocity across the treatment interventions of the four
levels of performance difficulty are shown in Table 8. For the FO task condition,
the Friedman test revealed significant differences across the treatment interven-
tions (x2 (3) = 9.209, p < 0.05) in women. Post hoc analysis showed that sway
velocity was significantly lower while wearing the CC (Z = -2.038, p < 0.05) and
NCC KLS (Z = -2.494, p < 0.05) compared to the barefoot condition. In contrast,
no statistically significant effects were found across the treatment interventions

in men.
TABLE 8 Sway velocity (mm/s) across the treatment interventions of four different
performance difficulty in older men and women (Mean + SD)
a. Men (N = 23)
Clinical level Non-clinical Non- Barefoot p-value
compression level compression
compression
Stable Surface with 19.8+54 192+74 19.5+7.3 18.7+5.2 >0.05
Eyes Open (SO)
Form Surface with 23.3+6.11 24695 22.6+59 244+73 >0.05
Eyes Open (FO)
Stable Surface with 29.5+9.6 30.28 +13.6 30.08+12.7 2953+112 >0.05
Closed Eyes (SC)
Foam Surface with 38.0+12.6 36.4+11.2 37.1+10.9 36.9+10.4 >0.05
Closed Eyes (FC)
b. Women (N = 23)
Clinical level Non-clinical Non- Barefoot p-value
compression level compression
compression
Stable Surface with 163 +4.5 17153 16.7 £ 5.0 174 +6.7 >0.05
Eyes Open (SO)
Form Surface with 20.3 £5.1% 20.1£5.1% 200+5.2 214+6.0 <0.05
Eyes Open (FO)
Stable Surface with 22976 224+9.1 21571 231+87 >0.05
Closed Eyes (SC)
Foam Surface with 295+71 295+73 30.6+7.6 302+84 >0.05

Closed Eyes (FC)

* Significantly lower than barefoot
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5.3.4 Anterior-posterior postural sway and anterior-posterior standard devi-
ation

There were significant differences across the treatment interventions in AP sway
on both stable (x2 (3) = 9.052, p < 0.05) and foam (x2 (3) = 9.209, p < 0.05) surfaces,
with eyes open in older men (Figure 12).

In the SO task condition, post hoc analysis revealed that CC KLS signifi-
cantly decreased AP sway compared to when wearing NCC KLS (Z =-2.494, p <
0.05) and when standing barefoot (Z = -2.068, p < 0.05) in the elderly men. The
same beneficial effect of wearing CC KLS (Z=-3.224, p < 0.05) and NCC KLS (Z =
-2.403, p < 0.05) were observed in the FO condition.

A significant difference across treatment interventions was observed on
APSD (x2 (3) = 8.896, p < 0.05) in the SC condition (Figure 13). Post hoc analysis
revealed that NCC KLS significantly decreased APSD compared to when wear-
ing NC KLS (Z =-2.023, p < 0.05. In contrast, no significant differences were found
in all treatment interventions and all task conditions on AP sway and AP SD val-
ues in the women.
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FIGURE12  Anterior-posterior sway (mm) across the treatment interventions of four dif-
ferent performance difficulty in older men (Mean + SD)
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5.3.5 Medial-lateral postural sway and medial-lateral standard deviation
For the male group, there were no differences across the treatment interventions
on ML sway and ML SD. In the SC task condition, a significant difference across

treatment conditions was observed in MLSD (x2 (3) = 10.092, p < 0.05) in the
women.

5.4 Joint position sense (Study 1V)

5.4.1 Reliability test

The joint position sense test for the three treatment conditions compared with
barefoot had the Cronbach's alpha value at and more than 0.75, which showed
good reliability.

5.4.2 Overall joint position errors

The mean absolute and constant errors of the three treatment interventions and
barefoot condition are shown in Figure 14. There was a significant main effect of
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treatment intervention F (3, 138) = 3.219, p < 0.05, 2 = 0.07 (medium effect size)
in mean absolute errors. In comparison to barefoot condition, simple contrast re-
vealed that wearing compression socks F (1, 46) = 6.869, p < 0.05, n2 = 0.09 (me-
dium effect size) and non-compression socks F (1, 46) = 4.616, p < 0.05, n2 = 0.13
(medium effect size) significantly reduced the mean absolute errors.

In contrast, there was no significant main effect of treatments F (3, 138) =
2.045, p > 0.05, n2 = 0.04 (low effect size) for mean constant errors. Nevertheless,
simple contrast analysis revealed that wearing compression socks reduced the
constant errors compared to barefoot condition F (1, 46) = 4.616, p <0.05, n2 = 0.09
(medium effect size). The results support that wearing both compression and
non-compression socks reduced the overall joint position errors in the elderly
population.
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FIGURE14  Mean (+SD) joint position errors during the four treatment conditions
5.4.3 Absolute errors across angles

The absolute errors according to the 8 levels of steepness in men and women are
shown in Figure 15. There was a significant main effect of angle F (7, 322) = 82.317,
p <0.05, n% =0.64 (large effect size). Besides the level between 15° and 17.5°, F (1,
46) = 0.984, p > 0.05, n2 = 0.02, simple contrast revealed that almost all levels of
steepness have significant effects on absolute errors.

There was a significant interaction between angles and treatment F (21, 966)
=2.201, p <0.05, n?2 = 0.05 in men. At the 10°0f steepness, the absolute errors were
significantly lower while male participants wore the clinical compression F (1, 23)
=6.024, p < 0.05, n? = 0.21 (large effect size) and non-compression socks F (1, 23)
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=11.917, p < 0.05, n? = 0.34 (large effect size). At the 12.5°0f steepness, both non-
clinical compression F (1, 23) = 6.540, p < 0.05, n? = 0.22 (large effect size) and non-
compression socks F (1, 23) = 5.793, p < 0.05, n? = 0.20 (large effect size) signifi-
cantly reduced the absolute errors in men.
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FIGURE15  Mean (+SD) absolute errors during the four treatment conditions

5.4.4 Constant errors across angles

The constant errors according to the 8 levels of steepness in men and women are
shown in Figure 16. There were no significant main effects of i) treatment inter-
ventions F (3, 138) = 2.045, p > 0.05, n? = 0.04 (low effect size), ii) interaction be-
tween treatment interventions and gender F (3, 138) = 2.631, p = 0.05, n? = 0.05
(low effect size), iii) gender F (1, 46) = 0.478, p > 0.05, 2 = 0.01, and iv) treatment
F (3,138) = 2.045, p > 0.05, n2 = 0.04.

There was a significant main effect of angle F (7, 322) = 41.022, p < 0.05, n? =
0.471 (large effect size) (Figure 4). Simple contrast analysis revealed that almost
all levels of steepness have significant effects on constant errors except for the
level between 7.5 and 10, F (1, 46) = 0.225, p > 0.05, n2 = 0.005).
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6 DISCUSSION

The present programme aimed to investigate the effects of lower-limb sensory
stimulation strategies, specifically knee length socks of various compression lev-
els, on somatosensory functions in community-dwelling, healthy, elderly indi-
viduals of Singapore population. The first study aimed to examine and consoli-
date as a review of the effects of different lower-limb sensory stimulation strate-
gies on postural regulation and stability. The second study aimed to profile the
socio-demographics and to compare the occurrence of falls, cognitive function,
and balance in a sample of Singapore's elderly population. The third study aimed
to find out the effects of wearing knee length socks differing in compression lev-
els on postural regulation in community-dwelling, healthy, elderly men and
women. Last, the fourth study investigated whether wearing knee-length com-
pression socks would enhance proprioceptive feedback, providing more accurate
information about feet in a group of elderly participants.

6.1 Effects of lower-limbs sensory stimulation strategies (Study I)

From our review paper, an application of Stochastic Resonance showed large
positive impacts in young adults, especially during static balance standing tasks;
single-leg standing and double-limbs standing. Similarly, the positive impact
(moderate effects) on postural regulation was observed in older adults and
lower-limb injured participants. The quantitative synthesis revealed moderate
positive effects of wearing textured materials on postural regulation during static
balance task. The similar observations were shown through the qualitative syn-
thesis whereby textured materials such as insoles improved static standing bal-
ance and dynamic balance tasks in young adults, middle-aged and older adults.
In contrast, quantitative synthesis revealed that wearing wearable garments did
not have positive effects on static balance tasks in young participants and older
adults.
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For the experimental tasks, it was also observed that both SLS and DLS were
the popular experimental paradigms used in most of the included studies. The
possible reason for their popularity could be due to the complex sensory infor-
mation perceptual mechanisms used during upright stance. Another reason
could also due to the association between DLS and the risk of falling, especially
in the elderly population (Lajoie & Gallagher, 2004; Rose, 2010). For a compara-
tive examination of balance performance between the injured and non-injured
legs, single-leg standing balance task was used to increase the task difficulty in
the included studies (Birmingham et al., 2001; Collins et al., 2012; Hadadi et al.,
2011; Ross et al., 2007; Ross, 2007; Ross et al., 2013).

The majority of the studies in the WGSS grouping were targeting the joint
receptors by applying wearable garments at the ankle joint. The cutaneous recep-
tors at the soles of the feet were the most common stimulation sites used in TMSS
studies. The site of stimulation used in the SRSS research was typically between
the knee and the shank, targeting mOuscle spindles and mechanoreceptors. The
review found moderate to high effect sizes of applying Stochastic Resonance, in-
vestigators might want to consider sites of stimulation (e.g., knee and shank) in
future WGSS and TMSS studies.

6.1.1 Wearable garments

In this review, we found that most studies used a non-random approach for se-
lection of participants, which put all these studies under the category of high risk
of bias. The non-random approach in selecting participants is likely to create a
systematic error, and this either underestimates or overestimates the results of
wearable garments on postural regulation. It could be due to the high risk of bias
found in WGSS studies that led to inconclusive and negative findings in most
studies. It is therefore important to adopt the randomized controlled trial ap-
proach to study the effects of wearable garments in the future.

The qualitative synthesis showed that both SLS and DLS were most com-
monly used in studies of wearable garments. Most of the included studies fo-
cused on investigating the effects of using WRSS in young and lower limbs' in-
jured participants. In comparison to elderly population, it is more common to
have young adults to wear socks, ankle braces and compression garments. In
addition, ankle sprain and knee injuries are common among the younger popu-
lations due to their involvement in sport. This could serve as a motivation for
researchers to investigate the beneficial effects of WRSS on postural regulation in
young adults.

We found that studies supported that wearable garments enhance the stim-
ulation of plantar cutaneous receptors in the lower limbs, except in the elderly
people (Birmingham et al., 2001; Genthon et al., 2010; Kraemer et al., 1998; Kuster
et al., 1999; Vuillerme & Pinsault, 2007). Our Qualitative synthesis also showed
evidences that tapes (Kunzler et al., 2013; Vuillerme & Pinsault, 2007), braces (Bir-
mingham et al., 2001) and compression stocking (Genthon et al., 2010; Kraemer
et al., 1998; Kuster et al., 1999) provide additional somatosensory information
which enhances postural control during the balance tasks. Similarly, quantitative
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synthesis found positive effects of using wearable garments on postural control
under static task constraints, especially in people with lower-limb injuries (Bir-
mingham et al., 2001; Genthon et al., 2010; Hadadi et al., 2011; Hadadi et al., 2014;
Kuster et al., 1999; Palm et al., 2012). These observation suggest that stimulation
to skin receptors via tapes, braces and compression helps people with lower-limb
injuries exploit the available "sensorimotor system noise". We suggest that wear-
able garments can be a viable intervention to ameliorate the disruptive effects of
the injury on mechanoreceptor in an injured limb, by increasing the sensory stim-
ulation of the cutaneous receptors.

Limited evidence to support the use of WGSS in improving the balance per-
formance in young adults where only two studies showed positive effects of ap-
plying medical and athletic adhesive tapes during DLS balance tasks (Kunzler et
al., 2013; Vuillerme & Pinsault, 2007). The unique point of these two studies was
the stimulation location. They pasted the tapes, which was around the ankle re-
gion on the anterior aspect of the ankle (Vuillerme and Pinsault, 2017) and along
the Achilles tendon (Kunzler et al., 2013). While on the contrary, the application
of wearable garments was generic without targeting specific stimulation location
of the lower limbs. Therefore, we suggest that ankle joint receptors in these two
areas might be more sensitive and receptive to the pressure applied by the tapes.
Further studies are needed to investigate the location-specific effects of worn gar-
ments on motor task performance, to evaluate this possibility.

In contrast, the quantitative synthesis showed large negative effect size of
compression garments (bandage and socks) on postural regulation in older
adults. The main contribution of the negative effect size was from Hijmans et al.
(2009)'s study. They found a main effect of compression, with balance signifi-
cantly disturbed in the elderly aged 85.4 + 4.6 years old (Hijmans et al., 2009).
Nevertheless, another study found that both compression and commercial socks
displayed similar effects as seen under barefoot condition in postural regulation
for the anterior-posterior (AP) and medial-lateral (ML) motions for the elderly
participants aged 70.9 + 5.9 years old. The main difference between these two
studies was the age groups of the participants, which might have influenced the
outcomes. Therefore, their findings instill us to further question whether wearing
compression garments (e.g., socks and bandages) bring any beneficial or deteri-
orating effects on postural regulation performance in older adults. With the two
limited studies in the current literature, more research is needed to investigate
the effects of wearable garments on in elderly populations.

6.1.2 Textured materials

In this review, we found that 8 studies did not mask (Blinding) the intervention
approach to participants and researchers. In our opinion, the blinding process
could be challenging as the textured material provide additional tactile sensation
compared to smooth materials. Nevertheless, we suggest to apply the blinding
to the researchers would deem feasible.

The qualitative synthesis showed that double-limb standing balance meas-
urements were most commonly used in studies of textured materials. Previous
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studies have revealed beneficial effects of using TMSS seen in DLS task perfor-
mance in young adults, middle-aged older adults (Aruin & Kanekar 2013; Corbin
et al., 2007; Maki et al., 1999; Palluel et al., 2008; Palluel et al., 2009). In contrast,
none of the TMSS studies investigate the effects of textured materials on partici-
pants with lower-limb injuries. The textured materials that used in the TMSS
studies focused on using textual insoles to stimulate the plantar cutaneous affer-
ence from the soles of the feet. The application of textured insoles in this group
of people might be less sensible as the sites that require stimulation are at the
ankle or knee joints. Therefore, researcher shall apply the texture effect at the
desire locations for people with lower-limb injuries. This could potentially bene-
fit them from using textured materials in improving balance.

This review reflects the role of textured insoles in enhancing the sensorimo-
tor signals to provide plantar cutaneous afferent information in older adults dur-
ing balance and postural regulation (Hatton et al., 2011; Hatton et al., 2012; Maki
et al., 1999; Palluel et al., 2008; Palluel et al., 2009; Perry et al., 2008; Qiu et al.,
2012). Quantitative synthesis revealed 4 studies reported high positive effect
sizes in favour of wearing added textured materials (Menz et al., 2006; Peterka,
2002; Qiu et al., 2012; Qiu et al., 2013). Menz et al. (2006) is the only study that
used Velcro to stimulate the mechanoreceptors and skin receptors either at the
ankle, calf, or knee. Besides the cutaneous receptors from the soles of the feet, the
question of whether other sensory receptors in the lower limbs could also be stim-
ulated by using TMSS to enhance postural regulation system function. In addi-
tion, with the localized stimulation via Velcro, could potentially help ageing in-
dividuals and people with lower-limb injuries exploit the available "sensorimotor
system noise", and subsequently improving the postural regulation performance.

Overall effect size showed that textured insoles enhanced postural regula-
tion performance in challenging conditions - during upright balance with eyes
closed on a stable surface (SMD = 0.61), and in older adults (SMD = 0.30). These
tindings support the sensory re-weighting concept, where mechanical stimula-
tions such as textured insoles could activate the plantar cutaneous receptors to
compensate for the loss of visual information (Preszner-Domjan et al., 2012). For
future studies, researchers could investigate the effects of TMSS, especially with
regards to individuals with visual impairments and elderly people with eye
problems (e.g., Cataract or Glaucoma etc.). It is also plausible that textured ma-
terials (e.g., insole and Velcro) could be potentially used as a medium to amelio-
rate adverse effects on the postural control system due to aging. In sports, we
suggest athletes (e.g., in gymnastics, skiing, football etc.) to use textured materi-
als to enhance the somatosensory feedback and reduce the dependence on visual
information during the competitive performance.

6.1.3 Stochastic resonance

The qualitative synthesis showed that both SLS and DLS were most commonly
used in studies using the application of stochastic resonance. Most of the in-
cluded studies focused on investigating the effects of using SRSS in young and
lower limbs' injured participants. The imperceptible electrical stimulation (white
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noise, 0.01-0.05 mA) was used to enhance balance control, by reducing postural
sway during performance in static balance tasks (Amiridis et al., 2005; Dickstein
et al., 2005; Gravelle et al., 2002; Magalhdes & Kohn, 2012; Magalhdes & Kohn,
2014; Ross et al., 2007; Ross, 2007; Ross et al., 2013).

Quantitative synthesis showed moderate- to high-pooled effect sizes in
most of the populations and categories studied in young (SMD = 0.66) and older
adults (SMD = 0.31), and static balance tasks (SMD = 0.49-0.55). This finding sup-
ports that direct application of weak input signals (non-zero level of noise) en-
hanced the detection of sensorimotor signals, which were beneficial to motor task
performance (e.g., balance) (Cordo et al., 1996; Martinez et al., 2007). During the
DLS task performance in an eyes-closed condition, the moderate effect size (SMD
= 0.58) of Kimura and Kouzake (2013) study prompts speculation that SRSS
might also be effective under a condition where reliance on somatosensory sys-
tem information (Kimura & Kouzaki, 2013). This suggests the possibility of using
Stochastic Resonance to enhance somatosensory system signals and reduce the
reliance on visual information for basic postural control.

The common sites of the electrical stimulation in all included studies were
along the shank, and between the ankle and knee joints. Most of the electrodes
were placed on the muscles, ligaments, and bone (lateral and medial side of fem-
oral condyles) to stimulate the respective receptors. Therefore, it is plausible that
muscle spindles and mechanoreceptors along the shank were sensitive to the
stimulation by SR. It was found that older adults, patients with lower limb inju-
ries, as well as healthy young adults benefitted from the stimulation applied at
these sites (e.g., shank, and between the ankle and knee joints).

Interestingly, none of the previous studies measured the effects of SRSS on
athletic performance and using athletes as the study sample. The reasons for not
adopting the SRSS in sports context could be due to the practicality issue as it is
an inconvenience to wear the wired electrical stimulation during sports perfor-
mance. Nevertheless, with the advancement of technology, researcher could con-
sider wireless transmission of electrical stimulation placed within a tight suit (e.g.,
alpine skier). Computer modeling could be another viable method to study the
effect of imperceptible electrical stimulation (white noise, 0.01-0.05 mA) on pos-
tural regulation performance in athletes.

6.2 Falls, cognition and balance (Study II)

In comparison with the study done by Chan et al. (1997), the current finding
showed that the prevalence of falls has increased from 17.2% to 27.8% in these
two decades. The percentage of falls were similar to the findings found in other
countries such as United State, United Kingdom, Hong Kong, and Korea were
28.7% (Bergen et al., 2016), 28.4% (Gale et al., 2016), 16.5% (Bjork et al., 2019), and
33.1% (Lee et al., 2018). Our study also showed that community-dwelling elderly
individuals who were most at risk of falling having mild cognitive impairment
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and balance impairment. Our study's outcome also support that age has inversed
relationship with cognitive functions (Fischer et al., 2014; Hérlein et al., 2011;
Mirelman et al., 2012; Muir et al., 2012; Taylor et al., 2013) and balance abilities
(Jeon & Kim, 2017; Thorbahn & Newton, 1996) as observed in the previous stud-
ies. In agreement with previous studies done by Muir et al. (2012) and Tangen et
al. (2014), cognition and balance control has a direct positive relationship. We
observed that a decline in cognition resulted a lower score in Berg Balance test.
Furthermore, we found that both cognitive and balance scores are the risk factors
to falls. This observation supports the possible mechanism of the ageing of the
frontal cortex which primarily focuses on cognitive, attention and executive func-
tion (e.g., slow response inhibitions and judgment errors) (Gunning-Dixon & Raz,
2000; Mirelman et al., 2012; Rose, 2010). Therefore, the decline in cognitive func-
tion observed might explain the increased risk of falling in this sampled popula-
tion.

We observed a subtle decline in cognition (mild cognitive impairment) in
Singapore's community-dwelling elderly individuals. The MMSE scores were be-
low the average as compared to other studies conducted in the United State, Ja-
pan, Korea, Brazil, China, United Kingdom, and Turkey (Arguvanli et al., 2015).
Harlein et al. (2011) suggested that education is one of the primary protective
mechanisms for cognitive impairment. Our study showed that the majority of
this sampled group (79.5%) had received less than 6 years of education, which
could be the lead factor to mild cognitive impairment. It was reported that cog-
nitive impairment was less likely to appear in a group of highly educated elderly
individuals, aged 70-79 years old (Seeman et al., 2005). Albert (1995) explained
that the effects of education on cognitive ability link to the number of synaptic
density in the brain. He suggested that the increment of synaptic density in the
brain in the early stages of life could delay the appearance of cognitive declines
in old age (Albert, 1995). Nevertheless, a cognitive function could be improved
by an intervention exercise that combined cognitive and motor training (e.g., in-
teractive cognitive-motor video game dancing) (Eggenberger et al., 2016).

The mean BBS scores of this study showed that community-dwelling el-
derly people living in Singapore were within the low fall risk category (41 - 56
scores). This sampled group scored higher than the study conducted in Korea
(Jeon & Kim, 2017) but it was below the average as compared to the elderly peo-
ple living in Canada (Muir et al., 2010; Stevenson et al., 2010). In agreement to
Jeon and Kim (2017), our study found that a cut-off point of 40 seemed to have a
predictive value for risk of falls instead of the cut-off point of 45, suggested by
Berg et al. (1992). Correlation analysis showed a moderate relationship between
MMSE and BBS test scores in young- and medium-old age groups. Therefore, a
decline in cognitive ability might have led to a decrease in balance performance,
which might increase the fall risk.
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6.3 Effects of knee length socks of various compression levels

The findings of study III suggest that wearing compression knee length socks
benefit the community-dwelling elderly men and women in postural regulation.
In elderly men, beneficial effects were observed in the AP direction in both SO
and FO task conditions. Similarly, wearing NCC KLS reduced the sway area,
trace length, and sway velocity while standing on the foam surface with eyes
open in elderly women. Nevertheless, compression KLS did not improve the pos-
tural regulation of both elderly men and women when they were performing the
standing balance task during a challenging condition - unstable surface and with-
out vision (FC).

In study IV, the results showed that wearing both CC and NCC KLS de-
crease mean absolute errors in the ankle joint awareness test. Second, a significant
interaction between treatments and levels of surface slopes was observed for ab-
solute errors measurement in the elderly men. Specifically, wearing KLS im-
proved the accuracy of ankle joint position estimation, especially for the surface
slopes number 4 (10°) and 5 (12.5°). However, this study showed that the benefi-
cial effects of wearing KLS were not prominent in the elderly women.

6.3.1 Double-leg standing balance (Study III)

The present research adds to the literature supporting the use of compression
socks in older adults, as evidenced by significantly improved postural regulation
in FO task condition. The results of this study support idea that lower-limb sen-
sory stimulation strategy through wearable garments decreased postural sway
during static balance task (Birmingham et al., 2001; Genthon et al., 2010; Hadadi
et al., 2011; Kuster et al., 1999). Kuster et al. (1999) found that ACL reconstruction
patients benefit from wearing compression sleeves by decreasing the postural
sway in the AP direction where the similar observation was found in the elderly
men of this study. In contrast to Hijmans et al. (2009), our study showed that
compression socks enhance the postural regulation in elderly people. It was
noted that the participants' age range of Hijmans et al.'s (2009) study was between
75 and 95, whereas our participants' age group was between 65 and 84 years old.
With the randomized controlled trial approach used in the present study, we
suggest that clinical and non-clinical levels compression socks benefit the older
adults in regulating their balance especially on unstable surface. In addition, our
findings might imply that wearable compression garments only benefit elderly
people up to a specific age range.

We propose that compression KLS seems to have a similar beneficial effect
in enhancing the postural regulation system's function as wearing textured in-
soles (Genthon et al., 2010; Kunzler et al., 2013; Orth et al., 2013; Qiu et al., 2012;
Woo et al., 2017b). Based on the essential noise concept by Davids et al. (2003), it
is possible that the compression effects of KLS exploit the availability of sen-
sorimotor system noise to enhance the perception of proprioceptive and haptic
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information during the performance of complex tasks (e.g., standing on an un-
stable surface). We suggest that the knee-length compression socks provide con-
stant stimulation and interact with the biological cueing system through cutane-
ous receptors to enhance the somatosensory system as discussed in Kraemer's
study (Kraemer et al., 1998). From the neuromotor function perspective, it seems
that wearing compression KLS yielded similar effects of using electrical stimula-
tion, whereby it increases motor neuron excitability of H-reflex and down-mod-
ulated the Hoffmann Reflex (H-reflex) (Mynark & Koceja, 2002; Nishikawa &
Grabiner, 1999; Taube et al., 2008). The similarity between compression KLS and
electrical stimulation is both stimulate various cutaneous mechanoreceptors, mo-
tor neurons, and muscle proprioceptors along the shanks. This suggests that the
alteration of afferent information via compression KLS is sufficient to overcome
the inherent difficulties of the challenging task, such as standing on an unstable
surface (e.g., foam surface).

Pelliccioni et al. (2014) found that the amplitude and conduction velocity of
motor and sensory nerves significantly differ with gender (Pelliccioni et al., 2014).
These factors could be potentially attributed to the gender-based differences ob-
served from wearing the compression KLS in our study. Consistent with the find-
ings of Olchowik et al. (2015), men displayed less postural sway than women in
the AP direction (Olchowik et al., 2015). This suggested that men might employ
a better movement strategy and orientation in anterior-posterior directions dur-
ing the upright standing task. Our study showed that wearing clinical compres-
sion KLS further enhance the AP movement strategy in elderly men, as sup-
ported by the decrease in the sway distance in the AP direction. Similarly, posi-
tive performance outcomes in many COP variables such as sway area, trace
length, and sway velocity were observed in elderly women while wearing clini-
cal compression KLS. It was suggested that women are more effective in using
the ankle strategy to regulate balance than men (Olchowik et al., 2015; Pelliccioni
et al., 2014). Our findings suggest that wearing compression KLS seems to be able
to stimulate the receptors around the ankle joint and aid the ankle control strat-
egy.

During upright balance on a foam (unstable) surface with eyes open (i.e.,
availability of vision) task, wearing KLS enhanced postural regulation perfor-
mance in a challenging condition. This phenomenon was also observed in Qiu et
al.'s (2012) study by using textured insoles as lower-limb sensory stimulation
strategy. The role of somatosensory feedback is assumed to be more critical when
standing on an unstable surface (Patel et al., 2008; Vuillerme & Pinsault, 2007).
When the somatosensory is compromised, our study showed that wearing com-
pression KLS seemed to enhance afferent sensory information to the Central
Nervous System (CNS) and facilitated the perceptual regulation of stance. In con-
trast to Qiu et al. (2017), no immediate beneficial effects was found of wearing
compression KLS when both vision and somatosensory are compromised. This
tinding could imply that the somatosensory system stimulation provided by
wearing compression KLS is not sufficient to yield beneficial effects when sen-
sory perturbations seemed to be too severe (e.g., standing on a foam surface with



68

eyes closed). However, more studies are needed to confirm the beneficial effects
of wearing compression KLS on postural regulation in the FC condition.

6.3.2 Joint position sense (Study IV)

Our study found that wearable garment such as compression socks has the sim-
ilar positive effects on joint positioning, as observed in studies using ankle braces
and tapes (Iris et al., 2010; Larsen et al., 2015; Long et al., 2016; Nishikawa & Gra-
biner, 1999). We found that wearing clinical compression and non-compression
socks reduced the absolute errors during the estimation of ankle joint (plantar
flexion) test. Our findings were in agreement with Hijmans et al. (2009), where
the use of clinical compression socks reduced the perception errors at the ankle
joint. Furthermore, consistent with the findings by Barss et al. (2018), wearing
compression materials could improve the joint's sensitivity and precision. A re-
cent study done by Ghai et al. (2018) found that wearing below-knee compression
garments improved joint proprioception by reducing the mean errors of a repo-
sitioning task (Ghai et al., 2016). Two studies mentioned that compression gar-
ments (e.g., sleeves) could alter the excitability of cutaneous reflexes (Barss et al.,
2018) and increase motor neuron excitation in the afferent system (Nishikawa &
Grabiner, 1999). These attributes of compression garments might be the factors
of the improvement observed on the joint's precision task in this study. Therefore,
the current study suggests that wearable garments with compression function
might exploit the availability of "sensorimotor system noise" to enhance the per-
ception of proprioception to better estimate the joint position, especially at the
distal end (ankle) of the lower limbs, in elderly people.

A significant interaction between treatments and surface slopes of joint po-
sition sense in the elderly men was observed in this present study. It showed that
wearing compression and non-compression KLS significantly reduced the abso-
lute errors for the mid-range ankle positions, sloped surfaces 4° (10°) and 5°
(12.5°). It was suggested that the larger JPS errors occurred at the mid-range (e.g.,
12.5°) of plantar flexion movement. It is because it is more difficult to estimate
the perceived angle due to the firing of muscle receptors and activation of cuta-
neous receptors functions in the mid-range (e.g., 12.5°) of plantar flexion (Iris et
al., 2010; Sekizawa et al., 2001). In addition, Robbins et al. (1995) suggested that
significant changes in proprioception ability for the movements over 10° either
in plantar-or dorsiflexion (Robbins et al., 1995). The positive findings of the pre-
sent study suggest the possibility of wearing KLS could enhance the firing of the
muscle receptors and activation of cutaneous receptors during the mid-range an-
gles of plantar flexion. On the other hand, as the surface slope greater than 10° in
plantar flexion presumed to be the most crucial range to an ankle injury (Robbins
et al., 1995), wearing KLS could potentially be used by athletes to reduce the an-
kle injury.

The effect of wearing KLS on the direction of imprecision for the joint posi-
tion sense task was unclear. Our finding showed a trend of reduction of constant
errors by wearing KLS. The analysis based on gender did not show any signifi-
cant beneficial effects of wearing KLS in the elderly women. This could attribute
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to the gender-based differences as the amplitude, and conduction velocity of mo-
tor and sensory nerves are found different between genders (Pellicioni et al.,
2014). Another factor could be the muscular strength differences in elderly men
and women as muscular force is inversely proportionate to the joint position
sense errors (Westlake & Culham, 2006). On the other hand, our study found that
both elderly men and women had the trend towards underestimation of the re-
quired position. The underestimation of surface slope could be an indication of
the inadequacy of muscle contraction in providing information to support the
feet for a required foot position (Robbins et al., 1995). We suggest that wearing
KLS could possibly enhance the command of muscle contraction, thereby re-
duced the constant errors as seen in the elderly men.

6.4 Methodological considerations

This dissertation utilized multiple research designs to gather in-depth infor-
mation about lower-limb sensory stimulation strategies and to minimize the risk
of biases in the selection of participants. In study I, a systematic review and meta-
analysis was carried out to review the current literature review and its effective-
ness on postural regulation. This approach allows the researcher to conduct the
review systematically and to sum up research findings in a more differentiated
and sophisticated manner. It focuses on the direction and magnitude of the ef-
fects across studies and allow researcher to have an in-depth interpretation of the
included studies. For the grouping of WGSS, TMSS, and SRSS, we considered the
characteristic of lower-limb sensory stimulation strategies. For example, weara-
ble garments group included fabric materials, braces, and tapes that are used to
wrap/ paste around the joints and muscles of the lower limbs. Textured materials
group included the textured insoles and Velcro that were used for rubbing
against the skin. Stochastic Resonance group involved the studies used imper-
ceptible electrical stimulation (white noise). For the meta-analysis component,
some studies were not included because of the different measurement units used
in their respective studies. This could have an impact on the final effect sizes of
the meta-analysis outcome.

In study 1I, a total of 385 community-dwelling elderly people were recruited
from various senior activity centers in Singapore. The invitation emails were sent
to various centers of different zones (North, South, East, West, Central). The ma-
jority of the responded centers were located in the South zone of Singapore. This
might be due to the distribution of government housing for elderly people are
mostly located in that area. Therefore, the sample of this study may be better
reflected and represented the elderly people who are living in the South zone of
Singapore. The distribution of the ethnicity percentage was found closely resem-
bled the national ethnicity distribution in Singapore. As the elderly participants
were from Singapore, we then adopted the age groups' definitions by Singapore's
Department of Statistic. The age groups of the elderly people were identified as
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"young-old (65-74 years)", "medium-old (75-84 years)", and "oldest old (above 85
years)" in this dissertation. The primary aim of this cross-sectional study was to
collect demographic data, medical history, fall history, balance ability, and cog-
nitive levels. This information collected was then used for participants' selection
in studies III and IV. In studies III and IV, the main aim was to investigate the
effects of KLS of various compression levels on somatosensory function. There-
fore, the participants that were randomly selected and recruited for studies III
and IV need to meet the inclusion criteria with normal cognitive function and
low risk of falls. This was to minimize the numbers of confounding factors when
we investigate the effects of KLS.

Measurement methods used in study Il involved Health Activity Question-
naire, Berg Balance Scale, and Mini-mental State Examination. These measure-
ment methods were chosen because of its suitability, good reliability and validity
for the elderly population (Rose, 2012). The other reason for choosing the tests
was because of the minimal logistic requirement in conducting the tests. There-
fore, it makes it more convenient for the researcher to collect data at the respec-
tive senior activity centers. In study III, the balance task included the vision (eyes
open and eyes closed) and surface (foam and stable) conditions. With the absence
of visual component and on foam surface during double-leg static balance task,
it put greater reliance on the somatosensory system. The manipulation of vision
and surface conditions would provide a better understanding of the effects of
KLS on somatosensory sensory. In study 1V, foot position awareness was being
measured by using a modified slope box with multiple adjustable angles. The
primary purpose of study IV was to investigate the effects of KLS on perception
regulation of action. Joint position sense (JPS) test is an assessment of proprio-
ception (Suetteline & Sayer, 2014) and it determines the participant's ability to
comprehend a presented joint angle (Ribeiro & Oliveira, 2007). One of the recom-
mended assessments is via surface slope test where participants are asked to in-
dicate the steepness of a slope box (Hijmans et al., 2007; Robbins & Waked, 1997).
It was suggested that testing joint proprioception in a weight-bearing position
(e.g., standing position) is more relevant to the identification of fall risk (Suetter-
lin & Sayer, 2014). Therefore, the joint position sense on the slope box was in a
standing position. We chose of plantar flexion movement as the main testing ac-
tion because it was found that estimate angle error was the greatest in this direc-
tion (Sekizawa et al., 2001). This would help us better identify the effects of KLS
on perception regulation of action.

Postural sway is the lowest for the normal, healthy participants in the eyes-
opened condition; and the greatest when the visual and somatosensory infor-
mation are absent or altered (see Riley & Clark, 2003). For the data reporting,
stabilometric data such as postural sway (C90) area, trace length, AP postural
sway and AP SD, ML postural sway and ML SD, and COP sway velocity were
used in study III. Furthermore, variables such as the mean speed and the mean
amplitude of the medial-lateral movement of CoP were reported as the indicators
that showed significant associations with future falls (Melzer et al., 2010;
Moghadam et al., 2011; Piirtola & Era, 2006). Seigle et al. (2009) proposed that
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sway area, the length of the CoP displacement, sway velocity are the most reliable
CoP stabilometric parameters in measuring postural stability. They also sug-
gested that the length of the CoP displacement was the best discriminating pa-
rameter for both visual and aging effects. Therefore, the above CoP related pa-
rameters were included in the results reporting section. For study IV, we deemed
that wearing KLS was effective when the estimate errors from the target angle
were reduced. There were two main types of errors, absolute and constant errors,
were reported in this study. Absolute errors measures indicated the precision of
estimates (Robbins & Waked, 1997). The constant error refers to the direction of
position errors from the target position, positive value for overestimation, and
negative for underestimation.

A strength of the present study was the use of randomisation approach in
multiple areas such as participants selection, sequence order of intervention
treatments (e.g., CC KLS, NCC KLS, NC KLS, Bare), sequence order of task con-
ditions (e.g., SO, SC, FO, FC) in balance testing, and sequence order of ankle joint
movements (e.g., 2.5°, 5.0°, 7.5°, 10.0°, 12.5°, 15.0°, 17.5°, 20.0°). This reduces the
researcher's biases in selecting a particular group of participants. The randomi-
zation of the sequence orders of intervention treatments and task conditions pre-
vent carry-over effects for participants. Therefore, the outcome of the data was
unpredictable, and this minimizes the risk of bias for research.

It is strength of the present study that we explore novel intervention treat-
ments, KLS with various compression levels, on somatosensory function in the
elderly people. Clinical level compression socks have been used to treat deep vein
thrombosis and edema in a medical setting (Blattler & Zimmet, 2008). Further-
more, most of the research on socks focused only on a few areas - prevention of
foot lesion such as blisters, ulcers, calluses and sores (Dai et al., 2006); biomechan-
ical response in walking and running (Tsai & Lin, 2013); slip and fall (Hiibscher
et al., 2011; Koepsell et al., 2004). The proposed treatment interventions build on
recently published work examining the effect of textured footwear on the func-
tions of the peripheral and central nervous systems (Corbin et al., 2007; Hijmans
et al., 2007; Perry et al., 2008). Studies reported that the use of textured insoles
enhances postural regulation in elderly people. Therefore, we were intrigued by
the idea of whether compression function could enhance postural regulation by
contortion and disturbances of haptic system receptors in the skin and soft tissue
of the lower limbs.

6.5 Limitations

In study I, the limitations for the systematic review and meta-analysis paper were,
i) some data was extracted from graphs when values were not reported, ii) solely
focused on studies underwent vigorously, external peer review in international,
scientific journals, and iii) varied in intervention duration of the lower-limb sen-
sory stimulation strategies. These limitations might have had some impacts on
the overall effects size calculation for the quantitative synthesis. In study II, the
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Fallproof Health and Activity questionnaire was conducted through an interview
where participants self-report about their medical conditions, fall history, and
daily physical activity. Therefore, there was a possibility of under-reporting by
the older participants. For example, older participants might under-report the
number of falls where they don't want to be seem as frail older adults. Therefore,
the total number of falls reported directly impacted the outcomes of this study,
particularly the risk factors of falls and its' relationship to cognitive and balance
abilities. As the interview process was conducted in local languages and dialects,
there might have a chance that the elderly did not understand thoroughly about
the questions asked which might have impacted the way they answered. For the
MMSE test to examine the cognitive levels, the limited education of this group of
participants might have affected the scores.

In study III, we did not conduct any assessment of the lower-limb muscle
strength capacity. Therefore, it is unknown whether individual variations in
muscle strength affected the performance outcomes. In study IV, the levels of the
working memory and attentional load in this group of elderly might predispose
older adults to poor performance on this memory-based joint position matching
tasks. Researchers could consider reducing the number of stages of the slopes, and
replacing the assigned corresponding number with visual representation images.
Another limitation could be the use of a modified slope box with passive JPS test
instead of a Biodex System Isokinetic Dynamometer with an active JPS test. The
modified slope box was chosen due to low education levels and lack of under-
standing of the concept of angles in this group of participants.

In both studies Il and IV, some participants shared that it was uncomfortable
to wear the clinical level compression KLS (20-30 mmHg). This could have affected
their performance during the double-limb standing balance and joint position
sense tasks. Besides, the lack of previous studies in the areas of using compression
socks on somatosensory function in the elderly population could have impacted
the depth of the discussions on the effects of compression KLS on postural regu-
lation. It is to note that the scope of this program focus on the acute effects of
compression KLS in older adults. Nevertheless, we noted that our results could-
n't be fully generalized on clinical populations with known balance impairments
and sensory deficits.

6.6 Implications and future research

From the systematic review and meta-analysis study, we found that lower-limb
sensory stimulation strategies used in the previous studies aid to the somatosen-
sory system in postural regulation tasks. The significant implication of this re-
view is that health professional, the general public, and athletes could adopt
these stimulation strategies to attune information from the lower limbs for im-
proving their balance abilities. In this review, we found that an application of
Stochastic Resonance has produced the most effective results but it is more costly
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and less convenient to implement, compares to using textured materials and
wearable garments. We noticed that WGSS benefitted patients with lower-limb
injuries and limited studies (n = 2) were found in the elderly population. There-
fore, more research shall be conducted to investigate the effects of WGSS, espe-
cially compression garments on the somatosensory system function in elderly
people. Future research shall also study the effects of integrating two low-cost
lower-limb stimulation strategies such as wearing textured and compression ma-
terials on the somatosensory system function in sports and clinical settings, par-
ticularly for developing athletes, and people with sensory function disorders or
due to degeneration. For task performance difficulty levels, we suggest to include
the use of unstable surface and in an eyes-closed condition and walking on une-
ven to better differentiate the effectiveness of lower-limb sensory stimulation
strategies. Future research could consider including an eyes-closed condition to
measure the effects of applying TMSS and WGSS on somatosensory system func-
tion and its effects on visually impaired populations.

The implication of our studies (Study III & IV), wearing compression KLS
seemed to stimulate the various cutaneous mechanoreceptors, motor neurons,
and muscle proprioceptors along the shanks. Therefore, compression KLS could
potentially form a strategy to ameliorate negative effects of ageing on the pos-
tural control and proprioception systems, improve perceptual-motor system and
reduce risk of falling. Therefore, compression KLS could be a potential interven-
tion to be adopted by health professionals and the general public to enhance their
somatosensory system. In study III, we noticed that wearing KLS seems to aid
the ankle control strategy. This highlights a research area to compression gar-
ments manufacturers where the sock designs could be enhanced, by concentrat-
ing the stimulation materials (e.g., compression levels and textured undulations)
surrounding the ankle and at the anterior-posterior aspect of the compression
KLS. Furthermore, we found that KLS enhanced the performance in a challeng-
ing condition - during upright balance on a foam surface with eyes open. Future
research could consider investigating the effects of KLS on the population with
decreased function in the somatosensory system. In study IV, wearing knee
length socks could have boosted detection of sensorimotor signals, amplifying
the muscle and cutaneous receptors in the lower limbs and thereby improve the
proprioception. It was noted that proprioception was improved by the use of both
compression and non-compression knee length socks for the plantar flexion posi-
tion, especially for the surface slopes at 10° and 12° in the elderly men. Future
studies could investigate the relationship between wearable garments, the ankle
joint positioning, and the firing of muscle and cutaneous receptors in the lower
limbs. In future work, it would be of interest to examine the effects of KLS for a
more extended period. For examples, the relationship between the overall com-
fort of wearing the knee length socks, postural regulation, and JPS performance,
especially the effects of wearing KLS on the direction of imprecision in the elderly
population.

The major implication of the cross-sectional study (Study II) is that health
professionals to predict the falls in elderly individuals, aged below 85 years old,
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could use MMSE and BBS tests. We found a moderate relationship between cog-
nitive decline and the risk of falls. Therefore, either test could be used as a simple
screening tool to incorporate in a routine primary care assessment for Singapore
population. Future research could consider collecting longitudinal data in the
area of cognitive function and balance ability in this group of elderly to better
monitor the rate of deterioration. This could help health professionals to apply
appropriate interventions for fall preventions.
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7 MAIN FINDINGS AND CONCLUSION

The main findings of this study are:

Wearable garments as an intervention were effective in studies of patients with
lower-limb injuries, and textured materials lower-limb stimulation strategy
was found to be beneficial in young and healthy population in a double-leg
standing task.

An application of Stochastic Resonance has produced the most effective results
in postural regulation, compared to implementing interventions with weara-
ble garments and textured materials.

Balance ability and cognitive functioning levels were the most significant risk
factors for falls. A moderate relationship was found between MMSE and BBS
test in the young-old (65-74 years old) and medium-old (75-84 years old)
groups.

Wearing compression socks enhanced postural regulation by reducing the
postural sway while standing on a foam surface in the elderly population.

Wearing compression socks decreased anterior-posterior sway in elderly men
while wearing compression socks decreased sway area and sway velocity in
elderly women.

Wearing both clinical compression and non-compression knee length socks sig-
nificantly reduced overall joint position sense errors. The significant decreased
in absolute errors were observed for the surface slopes number 4° (10°) and 5°
(12.5°) in men.
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SUMMARY

Research has demonstrated that lack of ability in balance control is associated
with a higher risk of falling. During an upright stance, the body is never perfectly
still. The body continually exhibits irregular, low-amplitude motion, continuous
displacements around the actual vertical upright stance, termed postural sway.
The somatosensory system has the greatest influence in the detection of body
sway and provides the greatest information to healthy individuals to regulate the
centre of pressure in a stable and well-lit environment. Studies have shown that
feedback from the cutaneous afferents is an essential mechanism in regulating
the CoP, especially the pressure changes under the feet. The functional role of
variability induced in the sensorimotor system by wearable garments acts as a
form of “essential noise,” which helps individuals regulate actions. Therefore, it
may help performers to pick up information from the background signals to en-
hance the perception of somatosensory feedback.

The research programme consists of three study designs - systematic re-
view and meta-analysis, cross-sectional, and repeated measures (experimental).
For the systematic review and meta-analysis, a total of 49 studies were included
for qualitative synthesis. 28 out of 49 studies were included for quantitative syn-
thesis. For the cross-sectional study, 385 community-dwelling elderly individu-
als aged 65 years old and above, randomly recruited from Singapore communi-
ties such as senior activity centres. For the repeated measures study in studies III
(N = 46) and IV (N = 48), participants who met the inclusion criteria were ran-
domly selected from the participants’ pool in the cross-sectional study. Ethics ap-
proval was sought from the ethical committee of the University of Jyvaskylad and
Nanyang Technological University, Singapore for this research programme. Fall-
proof Health and Activity Questionnaire was used to collect the background in-
formation such as medical conditions, falls frequency, description of falls, and
physical activities. Mini-Mental State Examination (MMSE) questionnaire was
used to categorise the cognitive levels. Berg Balance Scale test was used to iden-
tify balance ability. Double-limb standing balance (30-s Romberg test) task under
two vision conditions (eyes open and closed) on two standing surfaces (stable
and foam) was used to measure the postural sway and regulation. A modified
slope box text protocol was used to measure joint position awareness. For the
experimental study (Studies III & IV), a repeated-measure design was used to
determine effects on postural regulation and joint position awareness of three
different intervention treatments - wearing clinical compression socks; wearing
non-clinical compression socks; wearing commercial socks, and barefoot (Con-
trol).

In comparison to wearable garments and textured materials interventions,
our review of published studies indicates that an SRSS has produced the most
effective results in postural regulation. Our review showed that young adults
and elderly people benefit from wearing texture materials (e.g., insoles). It
showed that WGSS was effective for patients with lower-limb injuries. For the
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community-dwelling, elderly individuals in Singapore, findings revealed bal-
ance ability and cognitive functioning levels were the biggest risk factors for falls.
Participants above 85 years of age had the highest number of fall incidents, com-
bined with mild cognitive impairments and low Berg balance scale scores. Our
study showed that wearing compression knee length socks enhanced postural
regulation by reducing the postural sway, especially standing on a foam surface
in the elderly population. Furthermore, our study showed that wearing compres-
sion and non-compression knee length socks improved the precision of estima-
tion of ankle joint plantar flexion movement, by reducing the absolute errors in
the elderly people. Therefore, wearing compression knee length socks could po-
tentially be used as one of the interventions to reduce the risk of falling. This
could potentially form an affordable strategy to ameliorate the negative effects of
ageing on the perceptual-motor systems. In addition, it could be potentially be
part of the rehabilitation programme to aid people with proprioceptive deficit
due to injuries. Further research evaluating the long-term effects of compression
KLS is necessary.
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APPENDICES

APPENDIX 1

Principal Investigator: Assoc. Professor Chow Jia Yi NIE’s COPY

Co-Principal Investigator: Ms. Woo Mei Teng Please sign and
return to school.

An examination of the effects of compression socks in postural control across
elderly individuals.

Dear Participant,

You are invited to participate in a research study that will scan your general well-being, falls history
medical conditions and balance ability. If you meet the criteria of the subsequent phase of the
study, examination on your postural balance {Static and dynamic tasks) and proprioception will be

conducted in the laboratory.

Aim of Study

The aim of this study are to i) undertake an empirical evaluation of elderly individual's risk of falling
in Singapore, and ii) examine the effect of wearing compression socks in postural control and
stability of elderly individuals when performing everyday actions involving proprioception, static

and dynamic balancing tasks.

The information from this study will provide information on the prevalence and the risk factors ol
falls in Singapore, and gain greater insights on the effects of a compression footwear, particularly
socks on postural control and stability in elderly individuals. We are writing to ask permission to

include you in this study.

Procedures

This study consists of two phases — screening phase (phase 1) and experimental phase (phase 2).
For phase 1, three hundred and cighty four (384) mobile elderly individuals age 65 years and
above, without any muscular, neurological and cardiovascular diseases, and who are free from
stroke and brain injuries will be recruited from community centres in Singapore. For phase 2, sixty

{60) participants who meet the inclusion criteria will be randomly selected from phase 1.



APPENDIX 2

Ith/Activity Questionnaire Used in the
FallProof! Program

Date
Address
City State 2ip

Gender: Male .. Female
Height Waight

Highest lavel of education completed

» Yoar of birth

riact in 8 case of smergency Phone #

physician Phone #

you ever been diagnosed as having any of the following conditions?
Yes { X} Year of onsel (approximate)

sient ischemic attack
j {chest paing

 blood pressure
troke

srinheral vascular diseass

iabstes

surcpathies {problems with sengations)
espiratory disesse

Looogoogos

arkinson’s dissase

M
P

Wultinle sclerosis

Polio/post palie syndrome
pilspsyseizures

Other nsurological conditions

Osteoporosis

Bheumatoid artheitis

Other arthritic conditions

Visual/depth perception problems

Inner ear problems/recurrent ear infections

Garebslier problems {alaxia)

Other movernent disorders

oogoooooan

i

Chemical dependsncy {aloohol and/or drugs)

Deprosgsion [

. . . {continusd}
ioted bom the Center for Successhd Aging of Culiferia State Univarsity, Fullarton, Quastion 1 reprinted froon Kkl & Jones, 1999 :

From FallPracf! by Debra §. Rose, 2003, Champaign, 1 Human Kinetics. 51




APPENDIX 3

Mini-Mental State Examination (MMSE)

Patient’s Name: Date:

Instructions: Ask the questions in the order listed. Score one point for each cormrect
response within each question or activily.

Maximum | Patient’s

Score Score Questions
5 “What is the year? Season? Date? Day of the week? Month?”
5 “Where are we now: State? County? Town/city? Hospital? Floor?”

The examiner names three unrelated objects clearly and slowly, then
asks the patient to name all three of them. The patient’s response is
used for scoring. The examiner repeats them until patient leams all of
them, if possible. Number of trials:

“1 would like you to count backward from 100 by sevens.” (93, 86, 79,
5 72, 65, ..) Stop after five answers.
Altemative: "Spell WORLD backwards.” (D-L-R-O-W)

“Earier | told you the names of three things. Can you tell me what those

were?”

2 Show the patier}t two simple objects, such as a wristwatch and a pencil,
and ask the patient to name them.

1 “Repeat the phrase: ‘No ifs, ands, or buts.™

3 “Take the paper in your right hand, fold it in half, and put it on the floor.”

(The examiner gives the patient a piece of blank paper.)

“Please read this and do what it says.” (Written instruction is "Close
your eyes.”)

“Make up and write a sentence about anything.” (This sentence must
contain a noun and a verb.)

“Please copy this picture.” (The examiner gives the patient a blank
piece of paper and asks him/her to draw the symbol below. All 10
angles must be present and two must intersect.)

1 @
30 TOTAL
{Adapted from Rovner & Folstein, 1987)

1
Source: www_medidne uiowa edufigeciools/cognitiveMMSE pdf Provided by NHCQF, 0106410



APPENDIX 4

Berg Balance Scale

SITTING TO STANDING

INSTRUCTIONS: Please stand up. Try not to use your hand for support.
()4 able to stand without using hands and stabilize independently
()3 able to stand independently using hands

() able to stand using hands after several tries

() needs minimal aid to stand or stabilize

() needs moderate or maximal assist to stand

o—-N

STANDING UNSUPPORTED

INSTRUCTIONS: Please stand for two minutes without holding on.
()4 able to stand safely for 2 minutes

3 able to stand 2 minutes with supervision

able to stand 30 seconds unsupported

needs several tries to stand 30 seconds unsupported
unable to stand 30 seconds unsupported

o—-N

()
()
()
()
If a subject is able to stand 2 minutes unsupported, score full points for sitting unsupported. Proceed to item #4.

SITTING WITH BACK UNSUPPORTED BUT FEET SUPPORTED ON FLOOR OR ON A STOOL
INSTRUCTIONS: Please sit with arms folded for 2 minutes.

()4 able to sit safely and securely for 2 minutes

3 able to sit 2 minutes under supervision

able to able to sit 30 seconds

able to sit 10 seconds

unable to sit without support 10 seconds

()
()
()
()

o—-nN

STANDING TO SITTING
INSTRUCTIONS: Please sit down.
()4 sits safely with minimal use of hands

()3 controls descent by using hands

()2 uses back of legs against chair to control descent
()1 sits independently but has uncontrolled descent
()o needs assist to sit

TRANSFERS

INSTRUCTIONS: Arrange chair(s) for pivot transfer. Ask subject to transfer one way toward a seat with armrests and one way
toward a seat without armrests. You may use two chairs (one with and one without armrests) or a bed and a chair.

()4 able to transfer safely with minor use of hands

()3 able to transfer safely definite need of hands

() able to transfer with verbal cuing and/or supervision

() needs one person to assist

() needs two people to assist or supervise to be safe

o—-N

STANDING UNSUPPORTED WITH EYES CLOSED
INSTRUCTIONS: Please close your eyes and stand still for 10 seconds.
()4 able to stand 10 seconds safely

3 able to stand 10 seconds with supervision

able to stand 3 seconds

unable to keep eyes closed 3 seconds but stays safely

needs help to keep from falling

[SIENN]

()
()
()
()

STANDING UNSUPPORTED WITH FEET TOGETHER

INSTRUCTIONS: Place your feet together and stand without holding on.

()4 able to place feet together independently and stand | minute safely

3 able to place feet together independently and stand | minute with supervision
able to place feet together independently but unable to hold for 30 seconds
needs help to attain position but able to stand |5 seconds feet together
needs help to attain position and unable to hold for |5 seconds

(SN

()
()
()
()



APPENDIX 5

Characteristic of included studies

Lower limbs' = Study

stimulation

strategies

Wearable Birmingham et

garments al. (2001)
Broglio et al.
(2009)

Cavanaugh et al.
(2016)

Genthon et al.
(2010)

Gribble et al.
(2010)

Hadadi et al
(2011)

Study Design

Repeated
measures

Repeated measu-

res

Repeated measu-
res

Mixed-design

Repeated measu-
res

Mixed-design

Equipment

Force platform
(AMTI model OR6-5)

Balance Error Scoring
System (BESS)
NeuroCom Sensory
Organisation Test
(SOT)

Y Balance Test; 50cm
drop jump landing
(dominant leg)

Force platform (PF02,
Equi+, Aix les Bains)

Force platform (Ber-
tec)

Force platform (Ber-
tec)

Comparison

Brace vs no brace treat-
ments

Barefoot vs prophylactic an-
kle taping vs laced bracing
treatments

Kinesiology tape vs Knee
Compression stocking vs
control

Fatigue vs non-fatigue con-
ditions

Barefoot vs compression
stocking (15-20mmhg) vs
orthosis (internal elastic
taping) treatments

Brace vs no brace treat-
ments

Healthy adult vs Functional
ankle instability (FAI) pa-
tients

Outcome

A significant main effect for the brace
condition. Knee brace improved the
control of single-limb standing balance
+ve

Ankle taping and laced bracing had
negative influence on BESS postural
control performance before and after a
20-min walk. -ve

There was no statistically different
among the treatment conditions - kine-
siology tapes, compression sleeves and
control on balance tasks performance. ~

Ankle orthosis reduced the postural in-
stability of ankle sprain patients. The
mean resultant CoP trajectories ampli-
tude was reduced during compression
stocking. *ve

There was no significant influence of
the selected ankle brace on the Result-
ant vector of time-to-stabilisation
(RVTTS) in single-limb landing balance
task. -ve

Interaction of foot and brace significant
in the FAI group not the healthy group.

+ve



Wearable
garments

Hadadi et al
(2014)

Hijmans et al.

(2009)

Kunzler et al.

(2013)

Kuster et al.
(1999)

Mixed-design

Mixed-design

Repeated
measures

Repeated measu-

res

Star Excursion Bal-
ance Test (SEBT)

Foot pressure plate
(Rsscan Footscan)
Modified Slope box
Pressure monitoring
device

3-D force plate (OR6
2000, Advanced Me-
chanical Technology)

Force platform (Kist-
ler)

No-brace vs soft vs semi-
rigid treatments
Injured vs non-injured limb

Healthy vs Functional ankle
instability (FAI)

No-brace vs soft vs semi-
rigid treatments

Injured vs non-injured limb
No compression bandage
vs compression bandage
class II (23-32 mmbhg) treat-
ments

No-tape vs tape treatment
Fatigue vs non-fatigues
conditions

Non-compression sleeve vs
elastic compression sleeve
treatment

A significant effect of brace was found
only for the injured limb. *ve

Decreased in postural sway in FAI
group especially in soft brace condition.
+ve

Postural sway increased from no-brace
condition to soft then to semi-rigid or-
thoses.*ve

Ankle orthoses improved reach distance
in FAI patients in various reach direc-
tions. *ve

Balance deteriorated in older partici-
pants with the application of compres-
sion. -ve

Joint position sense improved signifi-
cantly in older participants as a result of
the application of compression. *ve
Tape improved postural control in the
non-fatigue condition as shown in the
decrease of CoP velocity and CoP am-
plitude. +ve

A 10% increase of peak ground contact
forces when wearing compression
sleeves. *ve

A significant reduction was observed in
the path length of the CoP (indicating
improved steadiness). *ve

A compression sleeve seems capable of
compensating for the loss of proprio-
ception and muscle coordination after



Michael et al.
(2014)

Ozer et al. (2009)

Palm et al. (2012)

Papadopoulos et
al. (2007)

Sperlich et al.
(2013)

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Force platform (Kist-
ler)

Motion Analysis Sy-
stem (Vicon)

Chronometer
Functional squat sys-
tem machine

Biodex stability sys-
tem - dynamic pos-
turography tests

Tekscan Mat

Moving platform
(Posturomed)

Conventional shorts vs
loose-fitted compression
garment vs well-fitted com-
pression garments treat-
ments

Barefoot vs preventive
brace (Aircast) vs prophy-
lactic tape treatments
No-brace vs brace treat-
ment

Injured vs non-injured limb

No-brace vs brace with
30kPa pressure vs brace
with 60kPa pressure treat-
ments.

No compression garment vs
20 mmhg compression gar-

ment vs 40 mmhg compres-
sion garment treatments.

ACL rupture or reconstruction by com-
pressing the skin, muscles and tendons.
+ve

By wearing the well-fitted compression
garment significantly improved balance
time and significantly decreased pos-
tural sway variability compared with
conventional shorts in the eyes closed
condition. *ve

Compression garments had no effect on
static balance when vision was present. -
ve

There was no significant difference
among the treatments for balance test. -
ve

Knee brace improved significantly the
overall stability index (OSI) for injured
leg. *ve’

No significant difference for the non-in-
jured leg. -ve

Ankle brace treatments (30 & 60kPa
pressure) resulted in a deterioration of
the anteroposterior CoP excursion and
excursion velocity, both with open and
closed eyes. -ve

No significant effect on single leg stand-
ing balance on the moving platform. -ve
Compression garments in the range of
20-30mmhg may improve alpine skiing
performance by allowing a deeper tuck
position and lowering perceived exer-
tion. *ve



Wearable
garments

Textured
Materials

Vuillerme & Pin-
sault (2007)

Wheat et al.
(2014)

Woo et al. (2014)

Aruin & Kaneka.
(2013)

Collings et al.
(2015)

Corbin et al.
(2007)

Repeated measu-
res

Repeated
measures

Repeated measu-
res

Repeated
measures

Repeated measu-
res

Repeated measu-
res

Force platform (PFO01,
Equi+, Aix les Bains)

Force platform
(Kistler)

Force platform (Kist-
ler)

SMART EquiTest
System (NeuroCom
International)
GAITRite system

Plantar pressure
measurement system
(Fscan, Teskcan)6
Telemetry unit (MT8)

Accusway Plus Bal-
ance platform (Ad-
vanced Mechanical
Technology)

No tactile vs tactile (wide
strips) treatment
Non-fatigue vs fatigue con-
ditions

socks with no nodules vs
nodules on the plantar sur-
face vs nodules on the dor-

sal surface vs nodules at the

side of the foot vs nodules
for the entire surface

Barefoot vs commercial
socks vs compression socks

No insole vs right D-insole
vs left D-insole

No dowels insoles vs 2mm
dowels insoles vs 4mm
dowels insoles vs 6mm
dowels insoles

Non-textured vs textured
insoles

Strips of athletic tape reduced the CoP
surface area in both non-fatigue and fa-
tigue conditions. *ve

There was no statistically significant ef-
fect of adding texture to socks at any lo-
cation on balance during single-legged
standing in young, healthy adults. Re-
sults revealed a trend towards im-
proved balance in the Sides sock condi-
tion. ~

There were no significant main effects
for the lightly-textured compression
socks in postural control. -ve

Significant immediate effect of the tex-
tured insole was seen in the outcome
measures of static (weight bearing) and
dynamic (weight symmetry index,
strength symmetry) balance tests as
well as in gait symmetry (single support
and swing phases). *ve

The rate of CoP change was greater
while wearing the lateral zoned insoles.
This suggest that the site of stimulation
of the plantar foot may increase pos-
tural instability during walking. ~
Postural control improved while sub-
jects wore textured insoles during bilat-
eral, eyes-closed stance. *ve

There was no significant main effect for
texture insoles in unilateral stance bal-
ancing task. -ve



Hatton et al.
(2009)

Hatton et al.

(2011)

Hatton et al.
(2012)

Ma et al. (2016)

Maki et al. (1999)

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Force platform (Kist-
ler)
BIOPAC EMG system

Force platform (Kist-
ler)
BIOPAC EMG system

Force platform (Kist-
ler)

GAITRite instrumen-
tation (CIR system)

Balance Master1 sy-
stem (NeuroCom In-
ternational, USA).
GaitRitel walkway

Horizontal transla-
tion of a computer-
controlled, movable
platform.

Control insoles vs texture 1
(small pyramidal peaks) vs
textured 2 (larger convex
circular pattern

Control insoles (smooth) vs
texture 1 (Evalite Pyramid
EVA) vs textured 2 (nora
Lunasoft Mini Non Slip)

Control insoles (smooth) vs
textured insoles

Single insoles vs no insole

No tubing vs flexible poly-
ethylene tubing

There was no significant effect of the
two textured surfaces on postural bal-
ance. Ve

Textured surfaces can improve ML
sway in older people. A significant de-
crease in Medio-lateral range with eyes
closed was observed when standing on
texture 1. *ve

There was no significant difference of
the textured insole on standing balance.
Textured insole leads to a significant re-
duction in gait velocity, step length and
stride length. *ve

There was no significant difference of
the textured insole on the gait velocity
and cadence.~

Asymmetry of stance and gait was ob-
served immediately the implementation
of the single textured insole. ~

The facilitation (flexible polyethylene
tubing) affected the responses of
healthy young adults, as well as older
subjects, high- lights the potent influ-
ence of these receptors. ~

Flexible polyethylene tubing appeared
to improve control of stepping and pos-
tural reactions evoked by the continu-
ous-perturbation platform. +ve

Flexible polyethylene tubing decreased
backward CoP excursion in feet-in-
place response. *ve



Textured
Materials

Menz et al. (2006) Mixed-Design

Palluel et al. Mixed-design
(2008)
Palluel et al. Mixed-design
(2009)

Perry et al. (2008) Mixed-design

Qiu et al. (2012) Mixed-design

Optical displacement
device (MEL Mikro-
elektronik, M5L/200)

Force platform (PF01,
Equi+, Aix les Bains)

Force platform (PF01,
Equi+, Aix les Bains)

Motion-analysis sys-
tem (Optotrak 3020)

Force platform (HUR
Labs OY, Finland)

No tactile stimulus vs tac-
tile stimulus (Velcro) to the
ankle vs tactile stimulus to
the calf vs tactile stimulus
to the knee

Non-spike insoles vs spike
insoles

Non-spike insoles vs spike
insoles

Conventional insoles vs fa-
cilitatory insoles (raised
ridge)

Barefoot vs hard textured
insole surface (320 density
ethhylenevinyl acetate) vs
soft textured insole surface

Passive tactile stimulus applied to the
skin of the leg significantly reduces pos-
tural sway in healthy young subjects,
older subjects without diabetic periph-
eral neuropathy and diabetic peripheral
neuropathy patients. *ve

Spike insoles contributed to the im-
provement of unperturbed stance in the
elderly with relatively intact plantar cu-
taneous sensation. *ve

Standing or walking for 5 min lead to a
significant improvement of balance in
both elderly and young adults. For el-
derly, the effects were more pro-
nounced in the standing than in the
walking session. *ve

Spike stimulation enhanced the soma-
tosensation. The artificial sensory mes-
sage elicited by the spikes improve pos-
tural control in both elderly and
younger groups. *ve

The facilitatory insole improved lateral
stability during gait. *ve
Facilitatory-insole group appeared to
reduce the fall rate. *ve

The older group benefitted from the use
of different insoles surfaces (hard &
soft) on C90 area sway. *ve

There was a significant and progressive
decrease in path length from the bare-
foot to hard and to soft insole surface.

+ve

Both hard and soft insoles decrease the



Stochastic
Resonance

Qu (2015)

Stern & Gott-
schall (2012)

Wilson et al.
(2008)

Amiridis et al.

(2005)

Collins et al.
(2011)

Repeated measu-
res

Repeated measu-
res

Mixed-design

Mixed-Design

Repeated measu-
res

Force platform (OR6-
7, AMTI)

3D photogrammetric
system (Motion Anal-
ysis Corporation)
Wire amplifier sys-
tem (Bortec Octopus
AMT-8)

Force platform (Kist-
ler)

GAITRite instrumen-
tation (CIR system)

Force platform
(Kistler)

Force platform

Cupped insoles vs textured
insoles vs rigid insoles vs
soft insoles

Regular insoles vs foam
(Dr.Scholl's 2X Air Pillow
insoles) vs textured vs
barefoot vs Iced barefoot

Control insoles vs Plain and
smooth surface insoles vs
dimpled surface insoles vs
raised grid pattern insoles

No electrostimulation vs
electrostimulation (20-
70mA)

No electrical stimulation
and no sleeve (1) vs no elec-
trical stimulation with
sleeve vs 75% electrical
stimulation with sleeve vs
150% electrical stimulation
with sleeve vs no electrical
stimulation and no sleeve

2)

AP and ML sway for the older group
when standing on foam surfaces. *ve
Static postural stability was not affected
by the selected insoles. -ve

Textured insoles did not improve static
and dynamic balance. -ve

Footwear conditions alter gait patterns.
There was not enough evidence to sup-
port that textured insoles improve dy-
namic balance. ~

No significant results were found.
When shoe type is standardized there is
no detrimental effect of postural ability
over a 4-week period of intervention in
the middle-age women using foot or-
thotic with differently textured surfaces.
-ve

CoP maximum displacement in anterio-
posterior and mediolateral directions
significantly decreased after electrost-
imulation training. *ve

A reduction in anterioposterior sway.
+ve

No significant differences were found in
the study measures between the testing
conditions. -ve

The SR electrical stimulation did not
produce significant improvements in
balance relative to the sleeve-alone con-
dition. -ve



Stochastic
Resonance

Dickstein et al.
(2005)

Gravelle et al.
(2002)

Kimura & Kou-
zaki (2013)

Magalhaes &
Kohn (2011)

Magalhaes &
Kohn (2014)

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Repeated measu-
res

Repeated
measures

Force platform
(AMTI)

Forceplate (Kistler
9286)

Force platform (EFP-
S- 1.5kNSA13B)

Force platform
(AMTI)

Force platform
(AMTI)

Non-transcutaneous electri-
cal nerve stimulation
(TENS) vs Bilateral TENS
vs TENS Left vs TENS
Right

No electrical noise vs elec-
trical noise( Gaussian
white)

No electrical stimulation vs
electrical stimulation
(white-noise-like, frequency
5-1000hz)

No electrical stimulation vs
electrical stimulation
(white-noise) to tibialis an-
terior (TA) vs electrical
stimulation to triceps surae
(TS) vs electrical stimula-
tion to TA & TS

No electrical stimulation vs
electrical stimulation
(white-noise, 0.90ST) to tibi-
alis anterior (TA) vs electri-
cal stimulation to triceps
surae (TS) vs electrical stim-
ulation to TA & TS

Application of TENS at threshold am-
plitudes to the posterior aspect of the
calves reduces postural sway velocity
(Decrease of 5%). *ve

Overall improvement in balance perfor-
mance in the electrical noise stimulation
condition. *ve

Three of the sway parameters (ML SD;
AP Max; Path Length) decreased signifi-
cantly in the electrical noise stimulation
condition. *ve

Postural sway reduced during quiet bi-
pedal stance for electrical stimulation
group. The average amplitude, the
peak-to-peak amplitude, the SD of
CoP(A/p) significantly decreased by
7.7%,8.9% and 8.4% respectively. *ve
Electrical noise applies bilaterally over
the TS muscles reduces postural oscilla-
tions during bipedal quiet stance. *ve
There was a significant correlation be-
tween the reduction in force fluctuation
and the decrease in postural sway due
to the electrical noise stimulation. *ve
Subsensory electrical noise applied to
the anterior or posterior leg muscles sig-
nificantly reduced postural sway
measures when compared to control
condition. *ve



Ross (2007) Repeated measu-

res

Ross & Arnold Repeated measu-
(2012) res

Ross & Guskie- Mixed-Design
wicz (2006)

Ross et al. (2007)  Mixed-Design

Ross et al. (2013)  Mixed-Design

+ve favor intervention; -ve favor control; ~ neutral

Force platform (Ber-
tec)

Force platform (Ber-
tec)

Force platform (Ber-
tec)

Force platform (Ber-
tec)

Accusway Plus Bal-
ance platform (Ad-
vanced Mechanical
Technology)

No stochastic resonance
(SR) stimulation vs SR stim-
ulation (0.05mA or 0.01mA)

No stochastic resonance
(SR) stimulation vs SR stim-
ulation (0.05mA)

Coordination training vs SR
stimulation (0.05mA) and
coordination training,.

No stochastic resonance
(SR) stimulation and coor-
dination training vs coordi-
nation training vs SR stimu-
lation (0.05mA) and coordi-
nation training.

0% SR stimulation vs 25%
SR stimulation vs 50% SR
stimulation vs 75% SR sti-
mulation vs 90% SR stimu-
lation

Optimal SR stimulation improved pos-
tural stability of functional ankle insta-
bility (FAI) group compared to the con-
trol condition. Significant reduction in
centre-of-pressure velocities- resultant
(COPV-R). *ve

Stochastic resonance stimulation im-
proved dynamic single leg balance by
reducing anterioposterior Time-to-stabi-
lisations (TTS) in FAI participants. *ve
SR stimulation might improve dynamic
postural stability more quickly than co-
ordination training for FAI participants.
SR stimulation used as an adjunct ther-
apy to coordination training enhanced
postural stability deficits associated
with FAL #ve

Stochastic resonance and coordination
training group had lower CoP velocity
in AP and ML directions. *ve
Customized optimal intensity signifi-
cantly improved double-leg standing
balance in both FAI and healthy groups.

+ve
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Abstract

Systematic reviews of balance control have tended to only focus on the effects of single
lower-limb stimulation strategies, and a current limitation is the lack of comparison between
different relevant stimulation strategies. The aim of this systematic review and meta-analy-
sis was to examine evidence of effects of different lower-limb sensory stimulation strategies
on postural regulation and stability. Moderate- to high- pooled effect sizes (Unbiased
(Hedges’ g) standardized mean differences (SMD) = 0.31-0.66) were observed with the
addition of noise in a Stochastic Resonance Stimulation Strategy (SRSS), in three popula-
tions (i.e., healthy young adults, older adults, and individuals with lower-limb injuries), and
under different task constraints (i.e., unipedal, bipedal, and eyes open). A Textured Material
Stimulation Strategy (TMSS) enhanced postural control in the most challenging condition—
eyes-closed on a stable surface (SMD = 0.61), and in older adults (SMD = 0.30). The Wear-
able Garments Stimulation Strategy (WGSS) showed no or adverse effects (SMD = -0.68—
0.05) under all task constraints and in all populations, except in individuals with lower-limb
injuries (SMD = 0.20). Results of our systematic review and meta-analysis revealed that
future research could consider combining two or more stimulation strategies in intervention
treatments for postural regulation and balance problems, depending on individual needs.

Introduction

During human postural control, individuals constantly regulate movements, subconsciously,
based on perceived information to achieve postural stability. In the past two decades, many

studies have been devoted to investigating effects of lower-limb sensory stimulation strategies
(e.g. tapes/sleeves/ braces/compression; application of Stochastic Resonance; textured insoles
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and footwear) for postural regulation and balance performance in different populations. Com-
mon to intervention strategies is the assumption that lower-limb stimulation increases
somatosensory feedback. Specifically, it has been proposed that increasing attunement to plan-
tar cutaneous afferent information sent to the Central Nervous System (CNS) [1,2] enhances
balance/postural regulation by supporting faster detection of, and/or responses to, postural
sway [3-7]. Studies have shown that cutaneous afference plays an important role in mainte-
nance of balance [3,8-11]. Kavounoudias et al. [8] suggested that plantar cutaneous afference
from the soles of the feet could potentially provide valuable feedback for balance regulation.
They interpreted the sole of each foot as having a “dynamometric map”, where numerous sen-
sors of the sole are able to spatially organise different pressures exerted against it, providing
information to regulate balance and posture. Hence, plantar cutaneous afferents provide valu-
able feedback to the balance control system making it an important mechanism in supporting
the functionality of the somatosensory system overall. Here we sought to examine evidence of
the effects of different lower-limb sensory stimulation strategies on postural regulation and sta-
bility in order to contrast their relative effectiveness.

To the best of our knowledge, no published article has focused on the comparison of the
effects of various lower-limb stimulation strategies such as tapes, braces, compression gar-
ments, textured insoles and footwear, and application of added random sub-threshold electri-
cal or mechanical stimulation (noise) (exploiting a mechanism referred to as Stochastic
Resonance [SR]). To date, systematic reviews have tended to only focus on a single stimulation
strategy such as the role of textured materials [12], shoes and ankle appliances [3] and ankle
taping and bracing [13]. Two of these studies quantified the review in a meta-analysis [12,13].
These studies have provided an overview of the effects of specific lower-limb stimulation strat-
egies on balance control, but have been limited in not comparing the relevance of different
stimulation strategies. A systematic review and meta-analysis of the entire body of work on
lower-limb stimulation strategies will provide much-needed insights on the relevance of each
stimulation strategy and its influence on postural regulation during static and dynamic balanc-
ing tasks. This information would inform clinicians, physiotherapists, practitioners, rehabilita-
tion therapists and sport and exercise scientists about the relative effectiveness of each
stimulation strategy.

The specific purposes of this review article are: i) to review systematically the effects of
lower-limb stimulation strategies on sensory regulation of postural control and balance perfor-
mance ii) to meta-analyze the effect of these lower-limb stimulation strategies on various pop-
ulations (healthy young adults; older adults; individuals with lower-limb injuries) and under
different task constraints (unipedal; bipedal; eyes open; eyes-closed).

Previous evidence of efficacy of different lower-limb stimulation
strategies: Wearable Garments (WG), Textured Materials (TM) and
application of Stochastic Resonance (SR)

Wearable Garments (WG). The main focus of early research using wearable garments
(e.g., tapes, braces and compression garments) was related to injury and re-injury prevention
[14-16]. Investigations centred on how disrupted proprioception could be enhanced by using
wearable garments. For example, two studies investigated effects of strips and athletic tapes on
joint movement position awareness [15,16] for injury prevention. Robbins et al. [15] suggested
that the traction of the tape on the skin provided cutaneous sensory cues of plantar surface
position to enhance anticipation of the foot position before contact with the floor. Similarly,
effects of wearing compression garments (shorts and sleeves) on joint position sense [17] and
postural regulation and balance during a single-leg landing task [14] were also tested. Kuster
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etal. [14] revealed that the compressive sleeve intervention reduced postural sway in the ante-
roposterior (AP) direction. It was argued that wearable garments such as tapes, compression
garments, and braces could improve proprioception, specifically on improving judgment of
ankle position and orientation of the plantar surface with respects to the leg [16, 18].

Furthermore, Kraemer et al. [17] suggested that it was possible that cutaneous receptors
interacted with compression garment fabric, and that the signals may be even more important
in fatigued musculature as evidenced by the test garments’ enhancement of performance in a
fatigued jump task. They suggested that compression might interact with a biological cueing
system to enhance performance. Following these promising findings, a number of research
programmes have since examined the utility of different approaches for achieving improved
performance outcomes, ostensibly via similar mechanisms. Such interventions have included:
tapes [19-21], braces [22-24] and compression garments [25-27] in young, healthy adults and
people with lower-limb injuries (e.g., Functional Ankle Instability (FAI)).

Michael [28] suggested that compression shorts improved the total time in unipedal stand-
ing balance in a more challenging condition involving visual occlusion. For young athletes
with lower extremity injuries, studies have shown that compression via orthoses and sleeves
improved uni- and bipedal balance performance [25,29-31] and proprioception [14, 20].
However, Papadapoulos et al. [24] suggested that ankle braces with 30kPa and 60kPa pressure
were not able to alter the balance control strategy of the central nervous system (CNS). In an
elderly sample, localized compression on the ankle was shown to improve joint position sense,
but not a static balance performance [26]. Thus, mixed findings exist on the role of wearing
compression garments, compared to control conditions of wearing non-compression gar-
ments on postural regulation.

Textured Materials (TM). Textured materials, especially textured insoles, have also
emerged as an important research area in somatosensory intervention studies. Texture insoles
are deemed to be beneficial because they increase the sensitivity of plantar cutaneous afferent
information sent to the CNS [1]. The systematic review by Hijmans et al. [3] suggested that
insoles with tubing or vibrating elements might improve balance. However, no definitive con-
clusions have been drawn on effects of such insoles on balance in older people (> 60 years old)
and patients with peripheral nervous system disorders. In a later meta-analysis carried out by
Orth and colleagues, it was concluded that simple stimulation of cutaneous receptors via
added texture can improve perceptual-motor system functionality in elderly individuals as
well as in young, healthy adults. Several studies have suggested a positive relationship between
balance/postural regulation and somatosensory feedback provided by use of textured insoles
[4,5,7,32]. Qiu and colleagues [7] suggested that textured insole surfaces, both hard and soft,
reduced postural sway during standing in older people. At the same time, Losa Iglesias and col-
leagues [5] also reported that hard insole surfaces may be more effective compared to soft
insole surfaces for reducing fall risk. Losa Iglesias et al. [5] concluded that more rigid insoles
promoted a more neutral alignment of the talocrural joint in a standing position, limiting the
range of foot pronation, thereby, improving the ankle joint stability.

Stochastic Resonance (SR). In addition to wearable garments and textured insoles, the
use of sub-threshold electrical or mechanical stimulation (white noise) for stimulating soles of
the feet, known as application of SR, has also received substantial research attention. Various
studies introducing sub-sensory electrical or mechanical noise to enhance postural regulation
were conducted between 2002 to 2014 (e.g., Collins et al. [33]). They examined effects of vari-
ous intensities of electrical noise on balance control in FAI patients [34-36], older adults
[37,38] young and healthy adults [39-42]. The majority of these studies found significant
improvements in postural regulation during the performance of static and dynamic balancing
tasks. These findings suggested that stimulation, through added noise, boosted detection of
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sensorimotor signals through SR, subsequently enhancing functioning of the postural regula-
tion system. Sejdic & Lipsitz [43] stated that people who lost the resiliency and adaptive capac-
ity due to aging and diseases, the postural regulation system can be restored by exploiting the
phenomenon of SR.

From the motor system perspective, two studies highlighted the potential benefits of intro-
ducing SR in the motor systems of humans and cats [44,45]. Cordo et al. [44] showed how
introduction of weak input signals (non-zero level of noise) through the tendon of a parent
muscle enhanced the sensitivity of the muscle spindle receptors. This stimulation increased the
muscle spindle sensory outputs to modulate performance in complex motor tasks (e.g., for bal-
ance). Martinez et al. [45] tested the effects of noise on the monosynaptic reflect pathway of
the cat spinal cord. Their study showed that an application of SR could increase the sensitivity
of motor neurons and that mechanical noise could be employed to improve feline motor task
performance.

The majority of the reviewed studies showed promising findings on effects of individual
lower-limb stimulation strategy on postural regulation systems. This quantified review seeks to
provide new insights on this area of work with specific focus on the heterogeneity, similarities
and differences between intervention strategies in enhancing postural regulation systems.

Method
Search strategy

The search and reporting format were conducted in accordance with the PRISMA statement
(S1 PRISMA Checklist) [46]. Electronic databases (EBSCO, Science Direct, PubMed, Taylor
and Francis, Google Scholar, and Scopus) were searched to identify publications concerning
the effects of different lower- limb stimulation strategies (tapes/braces/sleeves, textured materi-
als, and application of Stochastic Resonance) on postural regulation and stability. A detailed
literature search identified articles published in English between 1995 and October 2016. An
additional hand-conducted search of reference lists was undertaken to identify studies not cap-
tured in the electronic database searches. The following combination of two groups of key-
words was used in searching relevant articles:
1. Lower-limb stimulation strategies: “Textured/Textured insoles or footwear”, “Compres-
sion/Compression garments and stocking”, “Tapes and braces”, “Application of Stochastic
Resonance/ added noise.”

2. Task- related: “Postural Control” and “Balance.”

Selection of studies

The first reviewer (lead author) performed the search of the electronic databases and screened

the potentially relevant articles based on abstracts and titles at the initial screening. Then, the

retrieved articles were evaluated separately by the first and fourth authors using the following

inclusion and exclusion criteria for full review, with any disagreement resolved by consensus.
Inclusion Criteria:

1. No restrictions on study design.
2. Studies published in English between 1995 and October 2016.

3. Studies investigating the effects of behavioural measures of textured materials (insoles;
stocking), wearable garments (compression garments; braces; tapes), and application of
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Stochastic Resonance during tasks involving postural stability and balance (static; dynamic)
in non-fatigue conditions.

4. The primary outcome measures consisted of the center of pressure (CoP) related measure-
ments, the center of mass (CoM), distance reach, balance time, and gait variables.

5. The primary outcomes included in the meta-analysis were the center of pressure (CoP)
related measurements such as CoP sway and standard deviations (SD) in medial-lateral
(ML), and anterior-posterior (AP) directions; path length; recurrence quantification analy-
sis (RQA) measurements.

6. In the meta-analysis, studies were required to report means and standard deviations of out-
come measures interacting with lower-limb stimulation strategies.

Exclusion Criteria:

1. Studies that use cumbersome and expensive equipment in investigating vibration effects on
postural ability, which is more complex and costly for end-users, compared to the simpler
addition of electrical stimulation, textured, and wearable materials. Furthermore, vibration
effects usually produce stimulation above the consciously perceived threshold level, which
would negate the role of Stochastic Resonance in enhancing proprioception and haptic per-
ception at a sub-threshold level.

2. Studies where outcome variables are not compatible for comparison, (means and standard
deviations) in the meta-analysis.

3. Studies in stroke, diseases resulting in neuropathy (e.g. Multiple Sclerosis and Parkinson
Disease) and cerebral palsy populations, with some damage to the brain, impairing physical
mobility and postural control mechanisms.

Lower-limb stimulation strategies

In this context of study, three main groups of the lower-limb stimulation strategies were based
on the characteristics—wearable garments, textured materials, and an application of stochastic
resonance. Compression garments (sleeves; socks), braces and tapes were grouped as Wearable
Garments (WGSS). Textured insoles and footwear were grouped as Textured Materials
(TMSS). Last, implementation of white noise and electrical stimulation were grouped as an
application of Stochastic Resonance (SRSS).

Assessment of methodological quality

The methodological quality of the included studies was assessed by two reviewers (lead author
and the fourth author) using the Cochrane Collaborations tool for evaluating the risk of bias
[47]. The domains of assessment were sequence generation, allocation concealment, blinding
of participants, personnel and outcome assessors, incomplete outcome data, selective outcome
reporting and other sources of bias. Summary outcomes of all studies for each domain were
categorised as “low risk of bias”, “high risk of bias” and “unclear risk of bias”. Any discrepan-
cies were resolved through consensus between the two reviewers.

Data extraction and management

For the systematic review, the extracted data included: sample size, participant characteristics,
tasks, equipment used, balance-related measurements and main outcomes of the study. Only
studies that reported the outcome measures of interest (CoP related measurements) were
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included in the statistical analysis. The CoP related data was used due to its commonality in
postural control and regulation research [48]. Furthermore, Ruhe et al. [49] also suggested that
81.3% of the research studies demonstrated acceptable reliability levels of using CoP measures
and it could be used as a reliable tool for investigating general postural stability and balance
performance under specific conditions.

Analysis and meta-analytic techniques

The primary analysis was to compare the effectiveness of the three different lower-limb stimu-
lation strategies—Wearable garments, Textured materials, and application of Stochastic Reso-
nance. Unbiased (Hedges’ g) standardized mean differences (SMD) and 95% confidence
intervals (CI) were calculated for continuous outcomes [50]. In studies that investigated more
than two treatments (e.g., compression socks and normal socks), the calculated effect size of
the multiple treatments was combined and treated as a single effect size for each continuous
outcome [51]. Five studies from WGSS [23,24,27,28,52], four studies from TMSS [7,53-55],
and three studies from SRSS [33,39,56] had more than two treatments in the experimental
design. All the effect sizes of the outcomes were then combined as a single effect size for each
study. In the event of multiple stages of task design (pre- and post-conditioning procedures,
for example), the most appropriate stage (pre- or post-treatment) was chosen, based upon its
relevance to the objective of this analysis.

For dependent group designs, effect size estimates for lower-limb stimulation strategies for
the control group in each study were standardized using the control group standard deviation
value [12]. However, the pooled standard deviation was used as the denominator in indepen-
dent group designs [51]. The value of rho estimates from Orth et al. [12] was used to compute
the unbiased variance estimates. Subsequently, standard error (SE) of each study was calcu-
lated based on the computed unbiased variance estimates [51].

Calculated synthesized (by average) estimated effect size and standard error (SE) values
were imported into Review Manager (RevMan computer program, version 5.3.5 Copenhagen:
The Nordic Cochrane Centre, The Cochrane Collaboration, 2014) for the calculation of pooled
effect size, p-value, z- value, Tau?, heterogeneity (1. The following settings were used: data
type—generic inverse variance; statistical method—inverse variance; analysis model—random
effects; effect measure—standardized mean difference (SMD); study and total confidence
interval- 95%. An effect size of 0.1 is considered small, an effect size of 0.3 is medium, and an
effect size of 0.5, large [51].

Consequently, pooled effect size, 95% confidence interval, P-value and heterogeneity (I*)
were calculated per subgroup, per study. An alpha level of .05 (two-tailed) was used to test
whether the average effect size was significantly different from zero in each subgroup.

Subgroup analysis. The subgroup analysis was used to derive pooled estimates of the
three subgroups (WGSS; TMSS; SRSS) for the differences observed on postural control per-
formances. Three main areas identified for subgroup comparison were: i) static balance tasks
—single-leg standing (SLS) and double-limbs standing (DLS); ii) populations—young and
healthy adults, older adults, lower-limb injuries individuals (e.g. Ankle sprained; Anterior
Cruciate Ligament reconstruction; Knee Osteoarthritis); and iii) vision availability—eyes
open and -closed. There is always some debate over the measurements of postural sway to
express system stability. In the meta-analysis of this review, decreases in CoP measurements
imply the increased ability of a postural-regulation system to maintain balance. Hence, a pos-
itive effect size indicated a functional role of stimulation strategies, while a negative effect
size inferred that there was a positive functional capacity of the control group in regulating
posture.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174522 March 29, 2017 6/26



@'PLOS ’ ONE

Lower-limb sensory stimulation strategies and postural regulation

—
g Records identified through Additional records identified
'§ database searching through other sources
& (n=3523) (n=17 )
]
c
7]
al
A .
Records after duplicates removed
—
(n=3540 )
"]
=
c
()
o y
=3
) Records screened Records excluded
(n=66) (n=8)
-
— !
Full-text articles assessed Full-text articles excluded,
z for eligibility > with reasons
3 (n=58) (n=9)
)
; !
Studies included in
qualitative synthesis
(n=49 )
3 '
3
S Studies included in
c
- quantitative synthesis
(meta-analysis)
J (n=28)

Fig 1. Summary of the search strategy and selection process based on included and excluded
studies.

https://doi.org/10.1371/journal.pone.0174522.9001

Results
Study selection and characteristics

Fig 1 outlines the process of the literature review search. A total of 58 out of 3540 studies were
identified, based on the title and abstract review from the electronic database and hand
searches. Nine studies were excluded as the intervention treatments, or the measure outcomes
did not match the inclusion criteria after the initial assessment.

Of the 49 studies (S1 Table), 18 examined the effects of the wearable garments stimulation
strategy (WGSS), 19 investigated the effects of textured materials stimulation strategy (TMSS),
and 12 studied the application of Stochastic Resonance stimulation strategy (SRSS). Thirty
studies used a repeated measures design, with each participant performing in all the conditions
(control and stimulation treatments). Seventeen studies used a mixed-model design, where
they were two or more independent groups performing all the treatment conditions (S1
Table). Six studies used a pre, post-test protocol, where the intervention periods ranged from
5-minutes to 12-weeks, to measure the effects of lower-limb stimulation strategies [37,57-61].
One study, by Qu [62], was unique in that it did not specify a control condition to compare
with the other textured insoles treatments.

A summary of the characteristics of all included studies was tabulated according to the
three different lower-limb stimulation strategies and presented, based on participant charac-
teristics (Table 1) and the assessment tasks (Table 2). In Table 1, the majority of studies
(n = 28) involved young and healthy adults as research participants to examine the effect of the
lower-limb strategies on static and dynamic balancing tasks. The second main population for
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Table 1. Characteristic of included studies based on populations.

Lower limbs’
strategies

Study

Young
Healthy
Adults

Middle-aged and
older adults

Neuropathy
patients

Athlete /
Elite

Lower limbs’ Injuries or
medical condition

Remarks

Wearable
Garments

Birmingham et al.
(2001)

v

Broglio et al. (2009)

Cavanaugh et al.
(2016)

<

Genthon et al.
(2010)

Gribble et al. (2010)

Hadadi et al (2011)

Hadadi et al. (2014)

NN NSRS

Hijmans et al.
(2009)

Kunzler et al. (2013)

< SR

Kuster et al. (1999)

Michael et al. (2014)

Ozer et al. (2009)

<_

Palm et al. (2012)

Papadopoulos et al.
(2007)

<.

Sperlich et al.
(2013)

Vuillerme & Pinsault
(2007)

Wheat et al. (2014)

Woo et al. (2014)

Textured
Materials

Aruin & Kaneka.
(2013)

Collings et al.
(2015)

Corbin et al. (2007)

Hatton et al. (2009)

<<l o< < k] o<

Hatton et al. (2011)

— = [~ [~

Hatton et al. (2012)

Jenkins et al. (2009)

SN

Kelleher et al.
(2010)

Ma et al. (2016)

Maki et al. (1999)

Menz et al. (2006)

Palluel et al. (2008)

Palluel et al. (2009)

Perry et al. (2008)

Qiu et al. (2012)

< Rk <«

Qiuetal. (2013)

v (PD)

Qu (2015)

SR RS

Stern & Gottschall
(2012)

Wilson et al. (2008)

/ (middle-aged)

Mean age:
51.1£5.8

(Continued)
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Table 1. (Continued)

Lower limbs’ Study Young Middle-aged and Neuropathy Athlete/ | Lower limbs’ Injuries or Remarks
strategies Healthy older adults patients Elite medical condition
Adults
Stochastic Amiridis et al. Vv
Resonance (2005)
Collins et al. (2012) 4 v/ (Knee Osteoarthritis)
Dickstein et al. v
(2005)
Gravelle et al. 4
(2002)
Kimura & Kouzaki Vv
(2013)
Magalhaes & Kohn v
(2012)
Magalhaes & Kohn Vv
(2014)
Ross (2007) v
Ross & Arnold V4
(2012)
Ross & Guskiewicz v Vv
(2006)
Ross et al. (2007) v
Ross et al. (2013) V4

https://doi.org/10.1371/journal.pone.0174522.1001

the wearable garments’ research included participants with some form of lower-limb injuries
(n =7). The textured material (n = 5) and application of Stochastic Resonance (n = 4) research
studies focused on a middle/old age population.

From Table 2, the double-limb standing (DLS) balance tasks were the most commonly used
tests in all studies (n = 24). Surprisingly, the single-leg standing (SLS) balance task has not
been considered as the main assessment task in TMSS research. However, the TMSS grouping
included the most number of studies in gait related tasks. Whereas, the wearable garments
stimulation strategy (WGSS) grouping favored both static and dynamic balance tasks, specifi-
cally SLS. On the other hand, a majority of the studies in WGSS and SRSS examined only one
task, while the TMSS grouping tended to include two or more tasks in a single study.

Risk of bias

Most studies in WGSS and TMSS groupings were at high risk of bias for selection bias, perfor-
mance, and detection categories (Fig 2). Fig 3 depicts a funnel plot based on the 28 studies
included in the meta-analysis on the effects of lower-limb stimulation strategies on postural
control. The asymmetrical shape of this plot suggests possible reporting bias or low methodo-
logical quality of some studies [63].

Overall, about 67% of the studies (n = 33) met the criteria for high risk of bias in the
sequence generation category. Of the 33 studies, SRSS had the least number of studies (n = 5;
15.2%) followed by TMSS (n = 11; 33.3%) and WGSS (n = 17; 51.5%). In the WGSS group, all
17 studies (100%) included a non-random approach for selection of participants. There were
24 studies meeting criteria for high risk of bias in the allocation concealment category. Of the
24 studies, 13 from WGSS (54.2%), 8 from TMSS (33.3%) and 3 from SRSS (12.5%).

With regards to the blinding categories, a high risk of bias was found in both the WGSS and
TMSS groups- 13 (61.9%) and 6 (28.6%) out of 21 studies, respectively. However, it is

PLOS ONE | https://doi.org/10.1371/journal.pone.0174522 March 29, 2017

9/26



@'PLOS | ONE

Lower-limb sensory stimulation strategies and postural regulation

Table 2. Characteristic of included studies based on tasks constraints.

Lower limbs’ Study Static Dynamic Gait
strategies SLS DLS Tandem Unstable/ moving Single leg Stable | Uneven | Hill
Stance platform (SLS); SEBT land_Jump/hop
Wearable Birminghametal. | /***;/ v
Garments (2001) itk
Broglio et al. (2009) Vi V* VA
Cavanaugh et al. v/ (SEBT) v
(2016)
Genthon et al. VEE
(2010)
Gribble et al. (2010) v
Hadadi et al (2011) V*
Hadadi et al (2014) V/ (SEBT)
Hijmans et al. (2009) EEE
Kunzler et al. (2013) VA
Kuster et al. (1999) V4
Michael et al. (2014) | /***
Ozer et al. (2009) V4
Palm et al. (2012) V
Papadopoulos et al. JEE*
(2007)
Sperlich et al. (2013) Vv
Vuillerme & Pinsault Ve
(2007)
Wheat et al. (2014) VA
Woo et al. (2014) VEREL
Hit#H
Textured Aruin & Kaneka. Nas Vv v
Materials (2013)
Collings et al. (2015) v
Corbin et al. (2007) EER XER
Hatton et al. (2009) N
Hatton et al. (2011) JEEE
Hatton et al. (2012) JEER v
Jenkins et al. (2009) Vv
Kelleher et al. (2010) v
Ma et al. (2016) v
Maki et al. (1999) Vv
Menz et al. (2006) EER
Palluel et al. (2008) Vi v
Palluel et al. (2009) VF
Perry et al. (2008) v
Qiu et al. (2012) VEEEL/
Hi#H#
Qiu et al. (2013) VERE/
H#Hi#H#
Qu (2015) JEEE
Stern & Gottschall v v
(2012)
Wilson et al. (2008) JEE v
(Continued)
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Table 2. (Continued)

Lower limbs’
strategies

Study

Static Dynamic Gait

SLS DLS Unstable/ moving Stable | Uneven | Hill

platform (SLS); SEBT

Single leg
land_Jump/hop

Tandem
Stance

Stochastic

Amiridis et al. (2005)

v* v* v*

Resonance

Collins et al. (2012)

\/*

Dickstein et al.
(2005)

\/-)(-

Gravelle et al. (2002)

\/*

Kimura & Kouzaki
(2013)

\/**

Magalhaes & Kohn
(2012)

\/*

Magalhaes & Kohn
(2014)

\/**

Ross (2007)

\/*

Ross & Arnold
(2012)

Ross & Guskiewics.
(2006)

Ross et al. (2007)

\/*

Ross et al. (2013)

v* v*

* Vision: eyes open;

**Vision: eyes-closed;
***\/ision: eyes open and closed;

# Surface: stable;

## Surface: stable and foam

https://doi.org/10.1371/journal.pone.0174522.t002

important to acknowledge the challenge faced when attempting to blind participants and
researchers to intervention materials that are perceivable, especially in WGSS and TMSS
groups.

In contrast, most studies (~75.5%) were at as low risk of bias in the participant attrition
and reporting categories, with no missing outcome data, with all the relevant dependent vari-
ables apparently reported. However, two studies each from WGSS [26,30] and TMSS [59,64]
groupings were at high risk of bias for incomplete outcome data. The reasons for this
included: imbalanced numbers of participants across the groups [26,59], or because partici-
pants were excluded due to an additional injury [30], or reduced total sample sizes due to
data corruption [64].

Eight studies were rated at a high risk of reporting bias because they failed to report the key
outcomes or provided incomplete information on dependent variables [1,7,20,28,34,59,65,66].
The reasons for this were due to incomplete outcomes reported [7,28,65], and failure to
include results for key outcomes [1,20,34,59,65].

Performance outcomes

Opverall, a total of 30 studies (WGSS = 9; TMSS = 11; SRSS = 10) reported positive effects of
applying lower-limb stimulation strategies on static balance tasks, dynamic balance tasks and
gait (S1 Table). Five studies (WGSS = 1; TMSS = 3; SRSS = 1) concluded the findings with a
neutral statement [61,67-70]. A study from WGSS reported mixed results, where they only
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Fig 2. Risk of bias summary.
https://doi.org/10.1371/journal.pone.0174522.9002

found the beneficial effects in under specific constraints, including an eyes-closed condition
[28]; and under a stability task performed by participants on an injured leg [22,23,25].

Wearable Garments Stimulation Strategy (WGSS). Of the 7 studies in this grouping, six
found that braces, tapes and compression sleeves improved postural regulation especially in
participants with lower-limb injuries [22,23,25,30,71]. There was only one study by Gribble
etal. [65] reporting that an ankle brace did not affect the balance performance in a population
with a lower-limb injury.

For the young and healthy adults, Kunzler et al. [72] and Vuillerme and Pinsault [21] indi-
cated that taping treatment improved postural regulation in a non-fatigue condition, as shown
in the decrease of CoP velocity and CoP surface area. In contrast, eight studies did not find it
beneficial by applying the tapes or braces on the limbs of young and healthy adults
[19,20,23,24,26,52,67,71].

There were two studies that reported no significant differences in postural regulation with
compression bandages and stockings for older adults [26,27]. Two studies examined the effects
of compression garments on postural regulation in athletes [28,66]. Sperlich et al. [66] con-
cluded that no significant improvement in postural regulation with the compression garments
in the eyes-closed condition, whereas, Michael et al. [28] found otherwise.

Textured Materials Stimulation Strategy (TMSS). A total of 10 studies examined TMSS
effects on postural regulation in static and dynamic balance tasks in young and healthy adults.
Five studies reported beneficial effects during performance in DLS balance tasks
[1,57,58,73,74], four studies found no significant differences in postural regulation during
double-limb standing [7,53] and in gait [69,75], and two suggested that the evidence was insuf-
ficient to arrive at a concrete conclusion for dynamic balance control (Gait) [68,70].

For middle-aged and older adults, 63.6% (7 out of 11) of the studies indicated that textured
insoles had a positive influence on static balance control [7,54,57,58], dynamic balance control
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Fig 3. Funnel plot of all studies included in the meta-analysis.

https://doi.org/10.1371/journal.pone.0174522.9003

[74] and postural regulation in gait [59,64]. Three studies found no significant improvement
or detrimental effects of using textured insoles on postural regulation during the double-limb
standing tasks [55,60,62]. There was only one study showing no improvement in gait with the
use of facilitatory ribbed insoles [76].

There was a unique study that examined the effects of using Velcro, an affordable and inno-
vative approach to providing tactical stimulation, on three groups of participants—young and
healthy adults, older adults, and diabetic peripheral neuropathy patients [56]. The Velcro was
used to rub gently against the skin on the side of the ankle, calf and knee, instead of stimulating
the soles of the feet. Findings revealed that the Velcro stimulus significantly reduced postural
sway in all three groups of participants.

Application of Stochastic Resonance Stimulation Strategy (SRSS). Ten out of twelve
studies (83.3%) concluded that application of SR had a significant effect on postural regulation
in young and healthy adults [39-42,77], older participants [37,38], and participants with
lower-limb injuries [34-36]. Positive effects were observed in static balance tasks [34,35,37-
42,77] and a dynamic balance task (Single-leg landing task) [36].

Only one study did not find a significant improvement in performance on a single-leg
standing task with sub-threshold electrical stimulation in older adults with minimal-to-moder-
ate knee osteoarthritis [33]. On the other hand, Ross & Guskiewicz [61] postulated that
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application of SR stimulation might improve dynamic postural stability more quickly than
coordination training for lower-limb injuries (Functional ankle instability) participants.

Meta-analysis

Among the included studies, 28 studies reported CoP measurement outcomes for the static
balance tasks and were included in meta-analysis. The subgroups are wearable garments
(n = 10), textured materials (n = 10) and application of SR (n = 8) as lower-limb stimulation
strategies. For the static balance tasks, CoP measurements such as time-to-stabilization, path
length, the postural sway velocity and distance in both Anterior-posterior (AP) and medial-lat-
eral (ML) directions under the different vision (e.g., eyes open and closed) and surface (stable
& foam) conditions were included in the analysis. For the sample populations (young and
healthy adults, elderly individuals, and with lower-limb injuries), the CoP measurements from
SLS and DLS under the stable surface condition with eyes open and -closed were included in
the analysis. For the vision conditions, CoP measurements of all populations, which performed
both SLS and DLS under the stable surface, were included in the analysis. Both SLS and DLS
comprise popular experimental paradigms used by researchers. The reasons for their popular-
ity could be due to the complex sensory information perceptual mechanisms used during
upright stance. It could also due to the association between DLS and the risk of falling, espe-
cially in elderly population [78,79]. Single-leg standing was used to increase the difficulty of
the standing task and also for a comparative examination of balance performance between the
injured and non-injured legs.

Tasks: Single-Leg Standing (SLS) & Double-Limbs Standing (DLS). Ten studies
(WGSS = 5; SRSS = 5) reported CoP measurements of postural regulation during performance
of the SLS task (Fig 4). There was a significant difference between the two subgroups, WGSS
and SRSS (p = 0.02), where a higher pooled effect size was observed in SRSS group
(SMD = 0.49, z = 2.40, p = 0.02). However, there was a high level of heterogeneity observed in
the SRSS (Tau® = 0.15; df = 4; I* = 76%) group compared to the homogeneity observed in the
WGSS group (Tau” = 0.00; df = 4; I* = 0%). This finding indicated that 76% of variability
between effect sizes of SRSS studies displayed a systematic influence of one or more variables.
The average pooled effect size for the WGSS was found to be 0.20, which corresponds to a
Std. Mean Difference

Control Intervention Std. Mean Difference

Study or Subgroup Std. Mean Difference SE Total Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.1.1 Wearable Garments

Birmingham et al. 2001 0.05 0.18 30 30 11.6% 0.05 [-0.30, 0.40] 2001 I
Papadapoulos et al. 2007 -0.1 0.17 33 33 12.0% -0.10 [-0.43, 0.23] 2007 ——

Hadadi et al. 2011 0.07 0.22 20 20 10.1% 0.07 [-0.36, 0.50] 2011 — T
Wheat et al. 2014 -0.04 0.29 13 13 7.9% -0.04 [-0.61, 0.53] 2014 e E—
Michael et al. 2014 -0.06 0.22 20 20 10.1% -0.06 [-0.49, 0.37] 2014 )
Subtotal (95% CI) 116 116 51.8% -0.02 [-0.20, 0.16] o
Heterogeneity: Tau? = 0.00; Chi? = 0.58, df = 4 (P = 0.97); I = 0%

Test for overall effect: Z = 0.20 (P = 0.84)

1.1.2 Stochastic Resonance

Gravelle et al. 2002 0.16 0.29 13 13 7.9% 0.16 [-0.41, 0.73] 2002 I e —
Amiridis et al. 2005 1.42 0.33 21 21 6.8% 1.42[0.77, 2.07] 2005 —_—
Ross 2007 0.58 0.24 11 10 9.4% 0.58[0.11, 1.05] 2007

Collins et al. 2012 0.08 0.13 52 52 13.6% 0.08 [-0.17, 0.33] 2012 o

Ross et al 2013 0.46 0.21 24 24 10.5% 0.46 [0.05, 0.87] 2013 —_—
Subtotal (95% CI) 121 120 48.2% 0.49 [0.09, 0.89] i
Heterogeneity: Tau? = 0.15; Chi? = 16.42, df = 4 (P = 0.003); I = 76%

Test for overall effect: Z = 2.40 (P = 0.02)

Total (95% CI) 237 236 100.0% 0.21 [-0.00, 0.43] s
Heterogeneity: Tau? = 0.07; Chi? = 24.42, df = 9 (P = 0.004); I = 63%

Test for overall effect: Z = 1.92 (P = 0.05)

Test for subgroup differences: Chi? = 5.17, df = 1 (P = 0.02), 1> = 80.7%

-1 1 2
Favours [Control] Favours [Intervention]

Fig 4. Forest plots for single-leg standing balance task. Task: Single-Leg Stand; Vision: Eyes open and closed; Surface: Stable and
foam; Population: Healthy young; Older adults; Lower-limbs’ injuries.

https://doi.org/10.1371/journal.pone.0174522.g004
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Control Intervention Std. Mean Difference Std. Mean Difference
Study or Subgroup Std. Mean Difference SE Total Total Weight 1V, Random, 95% CI IV, Random, 95% ClI
1.2.1 Wearable Garments
Hijmans et al. 2009 -0.76 0.22 27 27 5.2% -0.76 [-1.19, -0.33]
Woo et al. 2014 -0.03 0.39 8 8 3.4%  -0.03[-0.79, 0.73] I E—
Genthon et al. 2010 0.14 0.13 53 53 6.1% 0.14 [-0.11, 0.39] T
Kunzler et al. 2013 0.33 0.24 18 18 4.9% 0.33 [-0.14, 0.80] T
Vuillerme & Pinault 2007 0.8 0.42 10 10 3.1% 0.80 [-0.02, 1.62]
Subtotal (95% CI) 116 116 22.7% 0.05 [-0.42, 0.52]

Heterogeneity: Tau® = 0.21; Chi? = 18.55, df = 4 (P = 0.0010); I = 78%
Test for overall effect: Z = 0.21 (P = 0.83)

1.2.2 Textured Materials

Corbin et al. 2007 -0.15 0.17 33 33 5.7% -0.15[-0.48, 0.18] /1
Hatton et al. 2012 -0.11 0.14 50 50 6.0% -0.11[-0.38, 0.16] 1
Hatton et al. 2011 -0.06 0.18 30 30 5.6% -0.06 [-0.41, 0.29] T
Hatton et al. 2009 0.01 0.2 24 24 5.4% 0.01 [-0.38, 0.40] . —
Palluel et al. 2009 0.1 0.16 36 36 5.8% 0.10 [-0.21, 0.41] T
Palluel et al. 2008 0.1 0.23 19 19 5.0% 0.10 [-0.35, 0.55] I —
Qiu et al. 2013 0.46 0.16 40 40 5.8% 0.46 [0.15, 0.77] I
Perry et al. 2008 0.7 0.17 20 20 5.7% 0.70[0.37, 1.03] -
Qiu et al. 2012 0.93 0.31 17 17 4.1% 0.93 [0.32, 1.54]

Menz et al. 2006 1.21 0.25 30 30 4.8% 1.21[0.72, 1.70]

Subtotal (95% CI) 299 299 54.1% 0.29 [0.03, 0.55] S 2

Heterogeneity: Tau? = 0.14; Chi? = 45.79, df = 9 (P < 0.00001); I = 80%
Test for overall effect: Z = 2.16 (P = 0.03)

1.2.3 Stochastic Resonance

Amiridis et al. 2005 0.13 0.21 11 10 5.3% 0.13 [-0.28, 0.54] o
Ross et al 2013 0.37 0.21 12 12 5.3% 0.37 [-0.04, 0.78] —
Magalhaes & Kohn 2011 0.56 0.35 11 11 3.7% 0.56 [-0.13, 1.25] -

Kimura & Kouzaki 2013 0.58 0.33 12 12 3.9% 0.58 [-0.07, 1.23] 1

Dickstein et al. 2005 1.16 0.24 30 30 4.9% 1.16 [0.69, 1.63]

Subtotal (95% Cl) 76 75 23.2% 0.55 [0.17, 0.93] P

Heterogeneity: Tau? = 0.12; Chi? = 11.12, df = 4 (P = 0.03); I* = 64%
Test for overall effect: Z = 2.84 (P = 0.004)

Total (95% CI) 491 490 100.0% 0.29 [0.10, 0.49] <o

Heterogeneity: Tau? = 0.15; Chi? = 86.71, df = 19 (P < 0.00001); I> = 78% _52 _51 5 i é
Test for overall effeclt: z=291 (P.= 0.004) Favours [Control] Favours [Intervention]
Test for subgroup differences: Chi? = 2.72, df = 2 (P = 0.26), I> = 26.5%

Fig 5. Forest plots for double-limbs standing balance task. Task: Double-limbs standing; Vision: Eyes open and closed; Surface: Stable
and foam; Population: Healthy young; Older adults; Lower-limbs’ injuries.

https://doi.org/10.1371/journal.pone.0174522.9005

small effect size. In comparison, the SRSS had a moderate effect size (SMD = 0.41). The overall
application of both WGSS and SRSS during SLS had beneficial effects on postural regulation
during performance of a SLS task on stable surfaces with eyes open and closed condition
(z=1.92,p = 0.05).

For the DLS balancing task, a total of 20 studies (WGSS = 5; TMSS = 10; SRSS = 5) were
included for analysis (Fig 5). The mean effect sizes of TMSS (SMD = 0.29) and SRSS
(SMD = 0.55) showed low to moderate effects of implementation of lower-limb stimulation
strategies on performance in the DLS balance task. In contrast, the WGSS (SMD = 0.05) barely
showed any effects on postural regulation measurements during the DLS balance task. All
three groups revealed significant levels of heterogeneity, suggesting that different population
samples, vision and surface conditions, or experimental design-related factors influenced levels
of variability across effect sizes. The findings showed beneficial effects when applying all three
lower-limb stimulation strategies during performance in the DLS task on stable surfaces
(z=2.91, p =0.004).

In summary, the SRSS is more effective intervention strategy compared to TMSS and
WGSS under the SLS and DLS conditions.

Populations: Young and healthy, elderly individuals and lower-limb injuries individu-
als. A total of 16 studies (WGSS = 6; TMSS = 6; SRSS = 4) that involved young and healthy
adults, were included in the analysis (Fig 6). Of the three lower-limb stimulation strategy
groupings, only the SRSS demonstrated a moderate positive effect (SMD = 0.66, p = 0.003) on
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Study or Subgroup

Std. Mean Difference  SE  Total

Std. Mean Difference
IV, Random, 95% CI

Control Intervention Std. Mean Difference
Total Weight IV, Random, 95% Cl Year

1.4.1 Wearable Garments
Vuillerme & Pinault 2007
Papadapoulos et al. 2007
Hijmans et al. 2009
Hadadi et al. 2011
Kunzler et al. 2013

Wheat et al. 2014
Subtotal (95% CI)

Heterogeneity: Tau? = 0.04; Chi? = 8.07, df = 5 (P = 0.15); I = 38%
Test for overall effect: Z = 0.02 (P = 0.98)

1.4.2 Textured Material
Menz et al. 2006

Corbin et al. 2007
Palluel et al. 2008
Palluel et al. 2009
Hatton et al. 2009

Qiu et al. 2012

Subtotal (95% CI)

Heterogeneity: Tau? = 0.10; Chi? = 13.08, df = 5 (P = 0.02); I* = 62%
Test for overall effect: Z = 1.51 (P = 0.13)

1.4.3 Stochastic Resonance
Dickstein et al. 2005
Magalhaes & Kohn 2011
Kimura & Kouzaki 2013
Ross et al 2013

Subtotal (95% CI)

Heterogeneity: Tau? = 0.12; Chi? = 7.73, df = 3 (P = 0.05); 1> = 61%
Test for overall effect: Z = 2.95 (P = 0.003)

Total (95% CI)

Heterogeneity: Tau? = 0.13; Chi? = 45.93, df = 15 (P < 0.0001); I = 67%
Test for overall effect: Z = 2.40 (P = 0.02)

0.8 0.42 10 10 42%  0.80[-0.02, 1.62] 2007
-0.18 0.17 33 33 8.1% -0.18[-0.51,0.15] 2007 —
-0.29 0.27 15 15 6.4% -0.29 [-0.82,0.24] 2009 e
-0.07 0.22 20 20 7.2%  -0.07 [-0.50, 0.36] 2011 —
0.33 0.24 18 18 6.9%  0.33[-0.14,0.80] 2013 —
-0.15 0.29 13 13 6.0% -0.15[-0.72,0.42] 2014 —_—T
109 109 38.8% -0.00 [-0.26, 0.25] S
1.36 0.54 10 10 3.0% 1.36 [0.30, 2.42] 2006 _—
-0.15 0.17 33 33 8.1%  -0.15[-0.48, 0.18] 2007 —
0.06 0.23 19 19 7.1%  0.06[-0.39,0.51] 2008 —_—t
0.59 0.27 17 17 6.4% 0.59 [0.06, 1.12] 2009
0.01 0.2 24 24 7.6%  0.01[-0.38,0.40] 2009 —_—
0.67 0.4 10 10 4.4%  0.67[-0.11, 1.45] 2012 —
113 113 36.6%  0.26 [-0.08, 0.60] -

1.17 0.24 30 30 6.9% 1.17 [0.70, 1.64] 2005

0.57 0.35 11 11 5.1%  0.57[-0.12,1.26] 2011 —

0.58 0.34 12 12 52%  0.58[-0.09, 1.25] 2013 B

0.29 0.21 24 24 7.4%  0.29[-0.12,0.70] 2013 +—
77 77 24.6% 0.66 [0.22, 1.09] -
299 299 100.0% 0.27 [0.05, 0.49] >

-2 2

-1 0 1
Favours [Control] Favours [Intervention]

Test for subgroup differences: Chi? = 6.77, df = 2 (P = 0.03), 1> = 70.5%

Fig 6. Forest plots for the young and healthy population. Population: Young and healthy; Vision: Eyes open and closed; Surface:
Stable; Task: Single-leg and double-limbs standing tasks.

https://doi.org/10.1371/journal.pone.0174522.9006

postural regulation performance during static balance tasks—SLS and DLS on a stable surface
with eyes open and closed. A forest plot showed that there was no effect demonstrated by
WGSS (SMD = 0) and a low effect was observed in TMSS (SMD = 0.26). Both TMSS and SRSS
showed moderate levels of heterogeneity: 62% & 67% respectively. There was an overall posi-
tive effect of applying SRSS observed in young adults on postural regulation during perfor-
mance of static balance tasks on a stable surface with eyes open and closed (z = 2.95,

p =0.003).

For the elderly individuals, a forest plot (Fig 7) showed that there was a moderate negative
effect of wearing compression garments (SMD = -0.68). The pooled effect size for TMSS and
SRSS appeared low (SMD = 0.30 and 0.31 respectively). There was evidence of moderate het-
erogeneity for WGSS (Tau? = 0.41; df = 1; I = 69%), TMSS (Tau® = 0.09; df = 6; I> = 61%) and
SRSS (Tau® = 0.10; df = 2; I* = 67%).

There were no differences across the lower-limb stimulation interventions on postural reg-
ulation during performance of static balance tasks on a stable surface with eyes open and eyes-
closed (Fig 8). The pooled effect size values were low and moderate in WGSS (SMD = 0.20,
z=1.54,p =0.12) and SRSS (SMD = 0.41, z = 1.75, p = 0.08) sub-groups, respectively.

In summary, the SRSS showed beneficial effects on postural regulation in all three popula-
tions. In contrast, the WGSS induced adverse effects in an elderly population.

Visions: Eyes open and—closed conditions. A significant negative pooled effect size
observed in the WGSS sub-group (SMD = -0.21, z = 2.09, p = 0.04) during static balancing
tasks performed by participants on a stable surface under the eyes open condition (Fig 9). In
contrast, the SRSS subgroup had a significant positive pooled effect size (SMD = 0.49, z = 1.71,
p = 0.008) under the same task constraints. There were significant levels of heterogeneity in
both the TMSS (Tau® = 0.19; df = 8; I* = 82%) and SRSS (Tau” = 0.15; df = 5; I” = 74%)
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Control Intervention Std. Mean Difference Std. Mean Difference
Study or Subgroup  Std. Mean Difference SE Total Total Weight IV, Random, 95% Cl Year IV, Random, 95% ClI
1.3.1 Wearable Garments
Hijmans et al. 2009 -1.24 0.45 12 12 4.9% -1.24[-2.12,-0.36] 2009 +————
Woo et al. 2014 -0.15 0.4 8 8 5.7% -0.15[-0.93,0.63] 2014
Subtotal (95% CI) 20 20 10.7% -0.68 [-1.74, 0.39] e ——
Heterogeneity: Tau? = 0.41; Chi’? = 3.28,df = 1 (P = 0.07); I = 69%
Test for overall effect: Z = 1.24 (P = 0.21)
1.3.2 Textured Materials
Menz et al. 2006 1.05 0.47 10 10 4.7% 1.05[0.13, 1.97] 2006 —_—
Palluel et al. 2008 0.37 0.24 19 19 9.4% 0.37 [-0.10, 0.84] 2008 i e —
Palluel et al. 2009 0.71 0.27 19 19 8.6% 0.71[0.18, 1.24] 2009 —_—
Hatton et al. 2011 -0.11 0.14 50 50 12.4% -0.11[-0.38, 0.16] 2011 D
Qiu et al. 2012 0.81 0.56 7 7 3.6% 0.81[-0.29, 1.91] 2012 4
Hatton et al. 2012 -0.05 0.18 30 30 11.2% -0.05 [-0.40, 0.30] 2012 R
Qiu et al. 2013 0.28 0.23 20 20 9.7% 0.28 [-0.17, 0.73] 2013 e
Subtotal (95% ClI) 155 155 59.7% 0.30 [0.00, 0.59] o
Heterogeneity: Tau? = 0.09; Chi? = 15.20, df = 6 (P = 0.02); I = 61%
Test for overall effect: Z = 1.97 (P = 0.05)
1.3.3 Stochastic Resonance
Gravelle et al. 2002 0.16 0.29 13 13 8.1% 0.16 [-0.41, 0.73] 2002 B I —
Amiridis et al. 2005 0.78 0.26 11 10 8.9% 0.78[0.27, 1.29] 2005 —_—
Collins et al. 2012 0.07 0.13 52 52 12.7% 0.07 [-0.18, 0.32] 2012 D
Subtotal (95% CI) 76 75 29.6% 0.31[-0.13, 0.74] —~
Heterogeneity: Tau? = 0.10; Chi? = 5.99, df = 2 (P = 0.05); I = 67%
Test for overall effect: Z = 1.38 (P = 0.17)
Total (95% CI) 251 250 100.0% 0.20 [-0.04, 0.44] .
Heterogeneity: Tau? = 0.10; Chi? = 31.51, df = 11 (P = 0.0009); I = 65% _51 _05 5 ) 055 :5[

Test for overall effect: Z = 1.66 (P = 0.10)
Test for subgroup differences: Chi? = 3.04, df = 2 (P = 0.22), I> = 34.3%

Favours [Control] Favours [Intervention]

Fig 7. Forest plots for the older adults population. Population: Older adults; Vision: Eyes open and closed; Surface: Stable; Task:

Single-leg and double-limbs standing tasks.

https://doi.org/10.1371/journal.pone.0174522.9007

subgroups. Conversely, homogeneity was observed in the pooled effect size of the WGSS

subgroup.

A negative pooled effect size was observed in the WGSS sub-group (SMD = -0.16, z = 0.61,
p = 0.54) for the static balance tasks performed by participants on a stable surface under the
eyes closed condition (Fig 10). In contrast, the TMSS subgroup had a significant positive
pooled effect size (SMD = 0.61, z = 2.97, p = 0.003) under the same task constraints. Of the 6
studies in the WGSS subgroup, only 2 studies demonstrated positive effects of interventions
(Kunzler et al. [72]; Vuillerme & Pinsault [21]). There were significant heterogeneity levels in
both the WGSS (Tau” = 0.32; df = 5; I” = 81%) and TMSS (Tau® = 0.20; df = 5; I” = 81%)

subgroups.

Control Intervention Std. Mean Difference Std. Mean Difference
Study or Subgroup Std. Mean Difference SE  Total Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.7.1 Wearable Garments
Birmingham et al. 2001 0.02 0.18 30 30 19.6% 0.02 [-0.33, 0.37] 2001 —
Genthon et al. 2010 0.21 0.21 23 23 16.7% 0.21[-0.20, 0.62] 2010 —
Hadadi et al. 2011 0.48 0.24 20 20 14.3% 0.48 [0.01, 0.95] 2011
Subtotal (95% Cl) 73 73 50.6%  0.20 [-0.05, 0.45] el
Heterogeneity: Tau? = 0.01; Chi? = 2.36, df = 2 (P = 0.31); I* = 15%
Test for overall effect: Z = 1.54 (P = 0.12)
1.7.2 Stochastic Resonance
Ross 2007 0.58 0.34 12 12 8.8% 0.58 [-0.09, 1.25] 2007
Collins et al. 2012 0.08 0.13 52 52 25.6% 0.08 [-0.17, 0.33] 2012 e E—
Ross et al 2013 0.71 0.23 12 12 15.0% 0.71[0.26, 1.16] 2013 S —
Subtotal (95% CI) 76 76 49.4% 0.41 [-0.05, 0.87] == e
Heterogeneity: Tau? = 0.11; Chi? = 6.63, df = 2 (P = 0.04); I = 70%
Test for overall effect: Z = 1.75 (P = 0.08)
Total (95% CI) 149 149 100.0% 0.29 [0.06, 0.51] ——
Heterogeneity: Tau? = 0.03; Chi? = 9.20, df = 5 (P = 0.10); I* = 46% 5_1 + ) 055 15

Test for overall effect: Z = 2.49 (P = 0.01)
Test for subgroup differences: Chi? = 0.62, df = 1 (P = 0.43), 1> = 0%

-0.5 .
Favours [Control] Favours [Intervention]

Fig 8. Forest plots for the lower-limbs’ injuries population. Population: Lower-limbs’ injuries; Vision: Eyes open and closed; Surface:

Stable; Task: Single-leg and double-limbs standing tasks.

https://doi.org/10.1371/journal.pone.0174522.g008
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Control Intervention Std. Mean Difference Std. Mean Difference

Study or Subgroup Std. Mean Difference SE Total Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI

1.5.1 Wearable garments

Papadapoulos et al. 2007 -0.16 0.17 33 33 5.7% -0.16 [-0.49, 0.17] 2007 -

Hijmans et al. 2009 -0.47 0.2 27 27 5.4% -0.47 [-0.86, -0.08] 2009 e —

Hadadi et al. 2011 -0.07 0.22 20 20 5.2% -0.07 [-0.50, 0.36] 2011 I E—

Wheat et al. 2014 -0.18 0.29 13 13 4.4%  -0.18[-0.75,0.39] 2014 D I

Woo et al. 2014 0.02 0.39 8 8 3.4% 0.02 [-0.74, 0.78] 2014

Subtotal (95% ClI) 101 101 24.0% -0.21[-0.41, -0.01] e

Heterogeneity: Tau? = 0.00; Chi® = 2.54, df = 4 (P = 0.64); I* = 0%

Test for overall effect: Z = 2.09 (P = 0.04)

1.5.2 Textured Materials

Menz et al. 2006 1.165 0.31 20 20 4.2% 1.17 [0.56, 1.77] 2006 EE——
Corbin et al. 2007 -0.15 0.17 33 33 5.7%  -0.15[-0.48, 0.18] 2007 _— 1

Palluel et al. 2008 0.21 0.23 19 19 5.0% 0.21[-0.24, 0.66] 2008 1T

Hatton et al. 2009 0.01 0.2 24 24 5.4% 0.01[-0.38, 0.40] 2009 I S—

Palluel et al. 2009 0.65 0.18 36 36 5.6% 0.65 [0.30, 1.00] 2009 e —
Hatton et al. 2011 -0.34 0.14 50 50 6.0% -0.34[-0.61,-0.07] 2011 —_—

Qiu et al. 2012 0.87 0.3 17 17 4.3% 0.87[0.28, 1.46] 2012 e —
Hatton et al. 2012 -0.16 0.18 30 30 5.6% -0.16 [-0.51, 0.19] 2012 e

Qiu et al. 2013 -0.35 0.23 20 20 5.0% -0.35[-0.80, 0.10] 2013 I —

Subtotal (95% ClI) 249 249 46.8% 0.17 [-0.14, 0.49] i
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Fig 9. Forest plots for eyes open condition. Vision: Eyes open; Surface: Stable; Task: Single-leg and double-limbs standing tasks;
Population: Healthy young; Older adults; Lower-limbs’ injuries.
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Population: Healthy young; Older adults; Lower-limbs’ injuries.
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In summary, WGSS did not have any beneficial effects for performance in the static stand-
ing task on a stable surface under both vision conditions. In contrast, SRSS & TMSS showed
beneficial effects under the same conditions.

Discussion

The primary aim of this quantitative review was to investigate effectiveness of different lower-
limb sensory stimulation strategies on postural regulation through systematic review and
meta-analysis. Of additional interest was the comparison of effects with respect to three major
subgroupings in the extant literature—WGSS, TMSS and SRSS in various populations (young
and healthy; older adults; individuals with lower- limb injuries) and under different task and
informational constraints (Unipedal; Bipedal; Eyes open; Eyes -closed). To the best of our
knowledge, this is the first systematic review and meta-analysis comparing the effectiveness of
various lower-limb stimulation strategies on postural regulation performance in different sub
-populations.

Qualitative and quantitative analyses of SRSS studies showed significant positive effects of
applying a SR strategy in young and healthy adults during static balance tasks (SLS & DLS)
and in a vision condition. In contrast, a quantitative analysis of WGSS effectiveness showed
no, or adverse, effects in older adults, young and healthy populations, during performance of
static balance tasks (SLS & DLS), with eyes open and closed conditions. However, the qualita-
tive analysis demonstrated some beneficial effects of using WGSS such as braces, tapes and
compression sleeves. The quantitative and qualitative analyses suggested that TMSS studies
revealed small and moderate positive effects of wearing textured materials on postural regula-
tion during static and dynamic balance tasks.

Effects of Wearable Garment lower-limb Stimulation Strategies (WGSS)

Qualitative data suggested that wearable garments provide additional somatosensory informa-
tion, inducing cutaneous pressure, probably by enhancing stimulation of plantar cutaneous
receptors in the lower limbs [14,17,21,22,25,72], except in the elderly population. The quantita-
tive outcomes of the review showed positive effects of wearable garments on postural control
under static task constraints, revealing that enhanced performance was more prominent in
people with lower-limb injuries [14,22,23,25,30,71] compared to a young, healthy people
[19,20,23,24,26,52,71], and older adults [26,27]. These observations suggest that the disruptive
effects of injury or illness on mechanoreceptors in an injured limb can be ameliorated by
increasing stimulation of the cutaneous receptors through taping, braces and wearing com-
pression garments. However, this was not the case for young, healthy adults, with few observed
positive effects in quantitative analyses. This could be that “healthy postural control systems”
may not benefit from the additional stimulation provided by wearable garments.

Only two studies, by Kunzler et al. [72] and Vuillerme and Pinsault [21] demonstrated a
moderate to high positive effect size in applying the medical and athletic adhesive tapes in
young and healthy adults during performance in the DLS balance tasks. In these studies, the
tapes were placed on the anterior aspect of the ankle and along the Achilles tendon, unlike in
other studies, where the entire ankles were wrapped/covered up by the braces, tapes or socks.
Hence, it is possible that the pressure applied by the tapes in these two particular locations pro-
vided a more effective stimulant to the ankle joint receptors as well as the skin receptors in the
lower limb. Further studies are needed to investigate location-specific effects of worn garments
on motor task performance, to evaluate this possibility. It is plausible that the athletic taping
could be used in sports that require high balance capacity such as ice dancing, Alpine skiing
and gymnastics.

PLOS ONE | https://doi.org/10.1371/journal.pone.0174522 March 29, 2017 19/26



@'PLOS ’ ONE

Lower-limb sensory stimulation strategies and postural regulation

Studies by Hijmans et al. [26] and Woo et al. [27] are the only two studies to have examined
the effect of compression garments (bandage and socks) on postural regulation in older adults.
Hijmans et al. [26] found a main effect of compression, with balance significantly disturbed in
the elderly aged 85.4 + 4.6 years old. However, Woo et al. [27] concluded that both compres-
sion and commercial socks displayed similar functions in the regularization of anterior-poste-
rior (AP) and medial-lateral (ML) motions, as seen under barefoot conditions for the elderly
participants aged 70.9 + 5.9 years old. The age groups of the participants for these two studies
were different, which might explain the slight differences in the outcomes. Furthermore, the
small sample size used in Woo et al. could have affected the reported outcomes. Nevertheless,
these two studies left us with the question on whether wearing compression garments (e.g.
socks and bandages) provide beneficial or deteriorating effects in influencing postural regula-
tion in daily living activities in elderly populations remains unknown. Hence, more research is
needed to investigate the effects of wearable garments on individuals of various ages in elderly
populations.

Effects of Textured Materials lower-limb Stimulation Strategies (TMSS)

The qualitative review showed that double-limb standing balance measurements were most
commonly used in studies of textured materials. Additionally, participants were almost always
older adults. The quantitative review showed that textured insoles enhanced postural regula-
tion performance in challenging conditions—during upright balance with eyes closed on a sta-
ble surface (SMD = 0.61), in older adults (SMD = 0.30).

The motivations behind these studies are rooted in ideas of deterioration of sensory system
performance and the concept of sensory systems re-weighting their contributions to action
regulation. Changes in cutaneous sensitivity and receptor morphology have been observed as
people age, and have been associated with a reduction in neural activity, which increases the
sensory and vibration threshold needed for accurate perception [27,59,79]. Studies included in
this review reflect the role of textured insoles in enhancing the sensorimotor signals to provide
plantar cutaneous afferent information in older adults during balance and postural regulation.
These effects indirectly supported by evidence of textured insoles in improving postural regu-
lation under DLS task constraints [7,54,57-59,64,74].

From the perspective of sensory re-weighting, individuals primarily rely on the somatosen-
sory inputs when visual information is unavailable [80]. Presner-Domjan et al. [80] proposed
that mechanical stimulations such as textured insoles could activate the plantar cutaneous
receptors to compensate the loss of visual information. The idea of sensory re-weighting is
supported by the quantitative analysis in this review, where high pooled effect size values
(SMD = 0.61) were observed in the review of studies investigating effects of textured insoles on
postural regulation during static balance tasks with eyes closed. This finding highlights an area
requiring more research in the future, especially with regards to individuals with visual impair-
ments and elderly people with eye problems (e.g. Cataract & Glaucoma). Furthermore, it
might imply that such wearable technology might enhance somatosensory feedback to athletes
during performance (e.g in gymnastics, skiing, football) and reduce the dependence on visual
information during the competitive performance.

Of the 4 studies [7,55,56,59] that reported high positive effect sizes in favour of wearing
added textured materials, the study by Menz et al. [56] is the only one that used velcro to stim-
ulate the mechanoreceptors and skin receptors at either the ankle, calf, or knee. These findings
prompt the question whether other sensory receptors in the lower limbs, besides the cutaneous
receptors from the soles of the feet, could also be stimulated to enhance postural regulation
system function. Furthermore, future research might consider altering task constraints,
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including difficulty levels of balance tasks (e.g., unstable with eyes open and -closed condi-
tions), as noted in the studies by Qiu and colleagues’ in 2012 [7] and 2013 [55].

It is also worth noting that the TMSS was the only lower-limb stimulation strategy not used
to investigate the effects of textured materials on participants with lower-limb injuries. Previ-
ous studies have revealed beneficial effects seen in DLS task performance in other populations.
It is plausible that people with lower-limb injuries could benefit from using the textured mate-
rials to help their balance and postural control. The findings of this systematic review and
meta-analysis suggest that textured materials could be potentially used as a medium to amelio-
rate negative effects on the postural control system due to aging.

Effects of applying Stochastic Resonance as a lower-limb Stimulation
Strategy (SRSS)

The qualitative analysis showed that 83.3% of the studies reported that imperceptible electrical
stimulation (white noise, 0.0lmA- 0.05mA) enhanced balance control, being associated with
reduced postural sway during performance in static balance tasks. This stimulation strategy
showed moderate- to high-pooled effect sizes in most of the populations and categories stud-
ied—young and older adults, healthy individuals, static balance tasks, and with vision
available.

The current quantitative review focused on research studies with a common site of stimula-
tion along the shank, and between the ankle and knee joints. Most of the electrodes were
placed on the muscles, ligaments and bone (lateral and medial side of femoral condyles). It is
postulated that muscle spindles and mechanoreceptors along the shank were sensitive to the
stimulation by SR. Stimulation of these sites yielded beneficial effects on postural regulation in
older adults, and in patients with lower limb injuries, as well as healthy young adults. A key dif-
ference in studies, noted from the review, concerns variations in the sites of stimulation, focus-
ing on particular receptor(s). The majority of the studies in the WGSS grouping applied
wearable garments at the ankle joint (targeting joint receptors). The soles of the feet (cutaneous
receptors) were the most common stimulation sites used in TMSS studies. For the SRSS
research, the site of stimulation was typically between the knee and the shank (targeting muscle
spindles; mechanoreceptors). With the moderate to high effect sizes reported in the SRSS stud-
ies, investigators might wish to consider other sites of stimulation in future WGSS and TMSS
studies.

The direct application of weak input signals (non-zero level of noise) enhanced the detec-
tion of sensorimotor signals, which were beneficial to motor task performance (e.g., balance)
[44,45]. Our review article revealed that none of the previous studies measured the effects of
SRSS on athletic performance and using athletes as the study sample (Table 1). Hence, this
highlights another research areas for future studies to consider implementing this lower-limb
stimulation strategy in sports contexts that require good balancing in performers, such as,
competitive cycling, kicking a ball, skiing, snow and skateboarding and surfing.

Of three studies [39,40,42], the study by Kimura and Kouzaki [40] was the only one that
reported the necessary information for effect size calculation in an eyes-closed condition. The
moderate effect size (SMD = 0.58) prompts speculation that SRSS might also be effective
under a condition where reliance on somatosensory system information is intensified by
removal of available visual information. This suggests the possibility of using Stochastic Reso-
nance to enhance somatosensory system signals and reduce the reliance on visual information
for basic postural control. Future research could consider including an eyes-closed condition
to measure the effects of applying SR on somatosensory system function and its effects on visu-
ally impaired populations.
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Limitations and future research

A limitation of this review is that some outcomes included summary values extracted from
graphs when values were not reported, reflecting estimations of the treatment effects. This
review solely focused on research that had undergone rigorous, external peer review in inter-
national, scientific journals. The varied intervention periods in the 4 studies included in the
meta-analysis might have had some impacts on the overall effects of the respective lower-limb
stimulation strategies.

The findings of this review suggest three possible areas for future research. First, this review
suggests that WGSS, TMSS and SRSS applications could be extended to the study of older
adults, people with lower-limb injuries, as well as with elite and developing athletes, since
many sports require attunement to information from the lower limbs for successful perfor-
mance. Second, task performance difficulty levels need to be included in future analyses of
experimental effects, such as the use of unstable surfaces in an eyes-closed condition and walk-
ing on uneven surfaces to measure the effectiveness of the lower-limb stimulation strategies.
Third, at a later stage, there is a need to study effects of integrating two lower-limb stimulation
strategies such as wearing textured and compression materials (or analysing the relative influ-
ence of different compression levels [clinical and non-clinical levels]) on the somatosensory
system function in sports and clinical settings, particularly for developing athletes and in peo-
ple with significant sensory function disorders.

Conclusion

A review of current evidence in published literature indicates that an SRSS has produced the
most effective results in postural regulation, compared to implementing interventions with
wearable garments and textured materials. An SRSS achieved moderate to high effect size in all
the populations and task constraints studied—healthy young and older adults, single-leg and
double-limbs standing balance tasks and eyes open condition. Regardless of these differences,
the costs of the organising specific interventions also need to be considered. The review
revealed that the WGSS was effective in studies of patients with lower-limb injuries, and TMSS
was found to be beneficial in young and healthy population in a double-leg standing task.
Future research can consider to investigate the effects of textured materials in populations
with lower limb injuries during performance on a single- leg standing task. The usage of SRSS
and WGSS could be extended out to neuropathy patients and elderly population respectively.
Furthermore, researchers could use at least two of the currently used stimulation strategies in
combination as an intervention treatment for people with significant sensory function disor-
ders, or for the enhancement of skill and expertise in elite and developing athletes. The combi-
nation of two stimulation strategies might yield better results by enhancing the sensorimotor
signals to the nervous system to support performance.
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changes in cognitive functioning might lead to poor judgments
and decision-makingB; declines in executive function, atten-
tion, and processing speed'*'?; and decrements in verbal rea-
soning and ability,'* which could increase the risk of falling.
This may become a particular problem when individuals with
mild cognitive impairments may need to engage in dual tasking
in everyday life (eg, when talking and climbing up a staircase
or navigating an uneven surface on the road). Hence, the early
detection of subtle cognitive impairments might help health

Introduction

Falling is a common public health problem for elderly individ-
uals and is the fifth leading cause of death."* In Singapore,
Chan and colleagues® found that 17.2% (N = 3000) of the
elderly population experienced at least 1 fall a year. In 2009,
the National University Hospital of Singapore reported that
85.3% of the elderly peoples’ injuries that required help in the
emergency department were due to falls.* Based on data from
the Singapore National Trauma Registry, a recent study by
Wong et al® found that more than 88% of elderly patients
experienced falls between 2011 and 2013.

Cognitive functioning and balance abilities are 2 primary
factors for falls.® To date, fall risk is closely related to severe
cognitive impairment in elderly individuals who have demen-
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tia.” Often, falls management programs and guidelines are
directed toward this group of elderly individuals.” However,
it is possible that a subtle decline in cognitive functioning can
contribute to postural instability® and increase the risk of fall-
ing.’ The association between cognitive functioning and fall
risk arises from the perspective of aging of the frontal cortex
and the changes in white matter of the brain.'*'? Subtle
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practitioners to better identify the degree of fall risk in
community-dwelling elderly people.

On the other hand, balance impairment has been recognized
as a major risk factor for falls in older people.'>'® Research has
demonstrated that lack of ability in balance control is associ-
ated with a higher risk of falling.'*"'”'® Deterioration in biolo-
gical systems, such as declines in sensory system capacity,
neurological functioning, and motor functions and increased
reaction time in elderly populations, causes delays in stabiliza-
tion of control systems, which could contribute to postural
instability and falls.'>* It is also possible that cognition plays
a key role in balance regulation in older adults, where the motor
and sensory systems are integrated through higher order neu-
rological processes.® Tangen and colleagues found that a
decline in balance ability was associated with increasing sever-
ity of cognitive impairment.?' Therefore, we sought to under-
stand whether a similar linear association existed between
cognitive function and balance abilities in a community-
dwelling elderly population in an Asian community.

Cognitive functioning and balance abilities have been com-
monly tested by researchers to predict fall risk, especially in
elderly people with severe cognitive impairment and neurolo-
gical conditions such as multiple sclerosis and Alzheimer dis-
ease.®!*>2 However, studies examining falls, cognitive
function, and balance profiles of a community-dwelling elderly
population and the association between these 3 aspects are
scarce in Asia. This study sought to contribute to the literature
by researching the relations between these 3 phenomena in
different categories of elderly people in an Asian population.
The primary aims of this study were to (1) compare occurrence
of falls, cognition, and balance profiles across people in elderly
age categories; (2) investigate the association between the 3
aspects; and (3) provide suggestions for the development of
simple screening interventions in a sample of Singapore’s
elderly population.

Method
Participants

A total of 385 community-dwelling, elderly individuals (65
years and above) were recruited randomly from Singaporean
communities. Recruitment e-mails were sent to senior activity
centers, government organizations, and social development
groups across Singapore. Based on Singapore’s Department
of Statistics (2007), the age groups of the elderly people were
identified as “young-old (65-74 years),” “medium-old (75-84
years),” and “oldest-old (above 85 years)” in this study.?*
Ethics approval was sought from the ethics committee of the
Nanyang Technological University, Singapore. Informed con-
sent was obtained from all participants, and procedures used in
the study were in accordance with ethical guidelines. Specific
inclusion criteria were ability to walk independently, either
with or without any assistive device, and freedom from diag-
nosed cognitive dysfunctions (eg, dementia and Alzheimer dis-
ease). Exclusion criteria were history of severe rheumatic

Table |. Berg Balance Scale Items.

ltem Description

Sitting to standing

Standing unsupported

Sitting unsupported

Standing to sitting

Transfers

Standing with eyes closed

Standing with feet together

Reaching forward with an outstretched arm
Object pick up from floor

Turning to look behind (twisting)
Turning 360°

Placing alternate foot on stool (stepping)
Tandem standing

One leg standing

O NONUT A WN —

—————v
~AwN—o0o

arthritis, neuropathy injury, recent stroke events (<18 months),
brain injuries, and diagnosed cognitive dysfunctions.

Procedure

A complete testing session included a 20-minute semi-
structured interview based on material from the Fallproof
Health and Activity ques‘[ionnaire,18 Mini-Mental State Exam-
ination (MMSE) adapted from Folstein et al,>> and Berg Bal-
ance Scale (BBS) test.!> For the interviews, each participant
was required to complete the questionnaire (Fallproof Health
and Activity) either via an informal interview with the
researcher or independently. The MMSE test was used to assess
cognitive functions as the test is used to quantitatively assess
the severity of cognitive impairment and documents cognitive
changes occurring over time.?® There were 3 categories of
cognitive function levels—no cognitive impairment (>24),
mild cognitive impairment (18-23), and severe cognitive
impairment (<17).2® The MMSE had a high test-retest level
of reliability (» = .83) in assessing cognitive functioning in
elderly populations.>> An updated comprehensive review
found that the reliability coefficient ranged between 0.64 and
0.97 for the sample populations aged between 58 and 86 years
0ld.? The cutoff score of <24 showed sensitivity levels of 0.63
and a specificity of 0.96 in predicting the risk of cognitive
impairment.?” The BBS is a commonly used subjective assess-
ment tool used globally in predicting falls among elderly peo-
ple.'>?® The BBS had high reliability (» > .75) in assessing
balance abilities in elderly people.'>**2° The sensitivity and
specificity of the BBS test were high in predicting the risk of
falls in elderly persons.’®**3! Lastly, the BBS was adminis-
tered, a scale consisting of 14 subtests, with each subtest scores
ranging from 0 to 4, performed in a standard order (Table 1) to
measure functional abilities and balance. The maximum score
for this assessment is 56. The categories were low risk of
falling (41-56) and increased risk of falling (<40).>'

All interviews were conducted in accordance with the pre-
ferred language (eg, English, Mandarin, Malay, and local



258

Geriatric Orthopaedic Surgery & Rehabilitation 8(4)

Table 2. Demographics of the Participants.?

Characteristics Young-Old (n = 212) Medium-Old (n = 146) Oldest-Old (n =27) P Value
Age, mean (SD) 69.63 (2.97) 79.14 (2.95) 88.22 (2.91) <.001
Height, m, mean (SD) 1.56 (0.08) 1.53 (0.08) 1.51 (0.07) >.05
Weight, kg, mean (SD) 60.56 (11.05) 54.10 (9.82) 51.44 (9.58) <.001
BMI, mean (SD) 25.17 (4.98) 2321 (3.94) 22.45 (3.65) <.05
MMSE scores, mean (SD) 22.51 (5.03) 21.18 (4.88) 17.93 (5.04) <.001
BBS scores, mean (SD) 47.37 (7.82) 45. I2 (7.72) 40.74 (6.97) <.001
Amount of exercise (xdays/week), mean (SD) 2.1 (2.7) 3(2.7) 1.3 (2.2)
Gender, n (%)

Male 8l (38.2) 52 (35.6) 6 (222)

Female 131 (61.8) 94 (64.4) 21 (77.8)
Ethnicity, n (%)

Chinese 132 (62.3) 112 (76.7) 25 (92.6)

Malay 71 (33.5) 30 (20.5) 2 (74)

Indian 4 (1.9) 0(2.7) 0 (0)

Others 5(2.4) 4 (0) 0 (0)
Medical conditions, n (%)

Hypertension 136 (64.2) 83 (56.8) 17 (63)

High cholesterol 102 (48.1) 73 (50) 12 (44.4)

Diabetes 53 (25) 46 (31.4) 9 (333)
Falls in the past | year, n (%)

Yes 58 (27.4) 40 (27.4) 9 (333)

No 154 (72.6) 106 (72.6) 18 (66.7)
Assistive device used in walking, n (%)

Yes 38 (17.9) 45 (30.8) 13 (48.1)

No 174 (82.1) 101 (69.2) 25 (51.9)
Education, n (%)

<6 years of education 147 (69.3) 134 (91.8) 25 (92.6)

>6 years of education 65 (30.7) 12 (8.2) 2(74)
MMSE categories, n (%)

No cognitive impairment (>24 scores) 100 (47.2) 56 (38.4) 5(18.5)

Mild cognitive impairment (18-23 scores) 75 (35.4) 57 (39.0) 8 (29.6)

Severe cognitive impairment (<17 scores) 37 (17.5) 33 (22.6) 14 (51.9)
BBS categories, n (%)

Low fall risk (41-56 scores) 183 (86.3) 122 (83.6) 15 (55.6)

Increased fall risk (<40 scores) 29 (13.7) 24 (16.4) 12 (44.4)

N = 385.

Abbreviations: BBS, Berg Balance Scale; BMI, body mass index; MMSE, Mini-Mental State Examination; SD, standard deviation.

dialects) used by the elderly participants to ensure adequate
understanding of questions and provision of accurate informa-
tion. Researchers were competent in speaking each partici-
pant’s preferred language. All testing sessions were voice
recorded for further analysis and clarification. Two short
breaks were provided for participants during the testing ses-
sion: after the questionnaire interview and after the MMSE test.

Statistical Analysis

The Statistical Program for Social Sciences software version
22.0 was used for statistical analysis. For all outcome mea-
sures, between-group differences in mean change were ana-
lyzed by using a nonparametric test—Friedman test. Post hoc
testing was performed using a Wilcoxon signed-rank test when
the Friedman analysis of variance resulted in a statistically
significant outcome (o value set at P < .05). Results were
reported as means =+ standard deviation (SD) for the

descriptive data and z score (z) and Wilcoxon (W) for the
Mann-Whitney (U) test. Binary logistic regression was used
to estimate the odds ratios of risk factors associated with falls.
Spearman correlation test was used to identify the correlations
between MMSE and BBS scores in the 3 age categories.

Results

Table 2 shows the sociodemographic characteristics, cognitive
assessment levels, the risk of falls, and medical conditions in
young-old, medium-old, and oldest-old groups. The ethnicity
distribution of the 385 participants was as follows: 69.9% were
Chinese, 26.2% were Malay, 3.1% were Indian, and 0.8% were
others. The distribution was close to the national ethnicity dis-
tribution in Singapore: Chinese (74.3%), Malays (13.3%),
Indians (9.1%), and others (3.2%).?> Regarding gender distri-
bution, there were 246 females and 139 males for this study;
83.7% (n = 206) of females and 71.9% (n = 100) of males had



Woo et al

Table 3. Gender Comparisons of MMSE and BBS Scores.

Overall Gender Comparisons

MMSE BBS

Male 234 + 5.1 475 + 79
Female 220 + 4.9° 452 + 7.8°
MMSE Score According to Age Groups

Young-Old Medium-Old Oldest-Old
Male 234 + 5.1 224 + 42 180 + 6.8
Female 220 + 4.9° 20.5 4+ 5.17 179 + 4.6
BBS Score According to Age Groups

Young-Old Medium-Old Oldest-Old
Male 48.5 + 8.1 463 + 7.7 448 + 3.8
Female 46.7 + 7.6* 445 + 7.7 396 + 73

Abbreviations: BBS, Berg Balance Scale; MMSE, Mini-Mental State Examination.
2 Significant difference from male participants.

Table 4. Independent Risk Factors for Fall and Cognitive Impairment
Levels.

Binary logistic regression: Odds Ratios (OR) and 95% Confidence
Intervals (Cls) for Fall

Characteristics B (SE) OR 95% Cl P Value

MMSE categories
No cognitive |
impairment
(>24 scores)
Mild cognitive
impairment (18-23
scores)
Severe cognitive
impairment
(<17 scores)

BBS categories
Low fall risk (41-56 |
scores)
Increased fall risk
(<40 scores)

Reference

0.63 (0.28) 1.874 1.080-3.250 <.05

0.32 (0.32) 1.376 0.730-2.59

Reference

—1.370 (0.306) 0.254 0.14-0463 <.00I

Abbreviations: BBS, Berg Balance Scale; MMSE, Mini-Mental State Examination;
SE, standard error.

less than 6 years of education. Nonparametric testing revealed
significant differences in weight, BMI, MMSE, and BBS
scores across the 3 age groups (P < .05). The males displayed
significantly higher scores on both MMSE (U = 13 560.50, W
=43941.5,Z=—-3.379, P <.05) and BBS tests (U = 13 459.5,
W = 43 840.5, Z= —3.473, P < .05; Table 3). A higher per-
centage of fall incidents was observed in the oldest-old group
compared to the other 2 groups. It was observed that the pro-
portion of community-dwelling elderly individuals using an
assistive device when walking increased with age.

Table 4 shows the risk factors for falls and cognitive impair-
ment levels. Risk of falling was significantly higher in those
who had mild cognitive impairment and with BBS scores at and
below the cutoff of 40.
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Figure |. Spearman correlation between MMSE and BBS scores of
the 3 age categories—young-old, medium-old, and oldest-old. BBS
denotes Berg Balance Scale; MMSE, Mini-Mental State Examination.

Overall, a moderate Spearman p correlation value (» = .485,
P = .000) was found between MMSE and BBS. A significant
moderate relationship was also determined between MMSE
and BBS in young-old (»r = .467, P = .000) and medium-old
(r =.502, P = .000) groups (Figure 1). However, no relation-
ship was found between MMSE and BBS scores in the oldest-
old group.

Discussion

The aims of this study were to (1) compare occurrence of falls,
cognition, and balance (2 primary implicated factors) profiles
across elderly age categories; (2) investigate associations
between them; and (3) provide suggestions for the development
of simple screening interventions in a sample of Singapore’s
elderly population. In this screening of Singapore community-
dwelling participants, it was observed that elderly individuals
had significant declines in cognitive functioning and balance
abilities between young-old (65-74 years old) and oldest-old
(>85 years old) groups. Mean MMSE scores showed that the
level of cognitive function was classified as mild cognitive
impairment, for both genders, but especially in females, in all
3 groups. The oldest-old group had a higher percentage of fall
incidences, higher risk of cognitive impairment, and increased
risk of falls, compared to the younger 2 groups. The risk factor
analysis showed that mild cognitive impairment and balance
scores <40 were associated with falls. Last, we found a mod-
erate correlation between MMSE and BBS scores in the young-
old and medium-old age groups.

The findings showed that both cognitive functions and bal-
ance abilities significantly declined as people aged. In line with
the outcomes of other studies, the current finding also indicates
that community-dwelling elderly individuals with mild
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cognitive impairment and balance impairment
were most at risk of falling. From the aging perspective, dete-
riorating speed of cognitive function, a decline in attention and
executive function (eg, slow response inhibitions and judgment
errors), and declines in sensory systems, due to the aging of the
frontal cortex, could be the biggest factors for an increased risk
of falling.”'*'® Furthermore, cognition plays a vital role in the
balance regulation in older adults.® The decline in cognitive
function observed might explain the increased risk of falling
in this sampled population.

The results of our study have shown that Singapore’s
community-dwelling elderly individuals display subtle
declines in cognition (mild cognitive impairment), with func-
tional performance below the average scores found in other
studies, of similar age groups, conducted in the United States,
Japan, Korea, Brazil, China, United Kingdom and Turkey.35 It
is plausible that the low education level of the majority of
participants in the sampled groups contributed to the subtle
decline in cognitive functioning, as education is one of the
primary protective mechanisms for cognitive impairment.**
This assumption on the role of education in cognitive impair-
ment is supported by data of Seeman et al,*® who found that
highly educated groups were less likely to exhibit cognitive
impairment in a group of elderly individuals, aged 70 to 79
years old. Albert®” suggested that low levels of education relate
to cognitive declines based on the fact that effects of education
on the increment of synaptic density in the brain in the early
stages of life could delay the appearance of cognitive declines
in old age. Eggenberger et al*® suggested that an intervention
exercise that combined cognitive and motor training (eg, inter-
active cognitive motor video game dancing) improved cogni-
tive function of older adults. Hence, clinicians and health
practitioners could consider the alternative solutions/interven-
tions exercises suggested by Eggenberger et al*® to tackle
health-related issues on falls, balance, and cognitive deteriora-
tion and impairment.

The current findings suggest that the results from the MMSE
and BBS tools could be used to predict the risk of falling. The
use of the MMSE test tool to predict falls has displayed mixed
results.® Muir et al® suggested that MMSE scores at and below
26 were strongly associated with the high risk of severe fall-
related injury. Mirelman et al” and Mitchell*® concluded that
the MMSE test tool was not strongly associated with fall risk
among community-living older adults. In contrast, our results
supported the findings of Gleason et al,” which suggested that a
decrease in MMSE scores was associated with elevations in the
rate of falls. We found that subtle cognitive deficits can
increase the risk of falls. On the other hand, the BBS tool
produced the highest sensitivity in predicting falls in indepen-
dent functioning, community-dwelling elderly individuals.>*'
However, Muir et al'® found that the BBS tool, with the cutoff
value at 45, failed to identify people at a high risk of falling
(multiple falls). They suggested that the use of a scale cutoff
point of 45, suggested by Berg et al,'” was inadequate to predict
future falls. Our study adopted a cutoff point of 40 and it
seemed to have a predictive value for risk of falls.***! Thus,

it is suggested that the BBS test tool, with a cutoff point of 40,
could be adopted by health practitioners as part of an initial
simple screening assessment procedure for the community-
dwelling elderly population in Singapore. Further analysis of
correlations between MMSE and BBS test scores indicated a
moderate relationship in young-old and medium-old groups.
This finding suggests that a decline in cognitive ability might
have led to a decrease in balance performance, suggesting that
clinicians and health practitioners of Singapore could adopt the
BBS test as a baseline screening tool to identify potential cog-
nitive impairment in the young-old and medium-old groups.

One limitation of the study was the self-reporting of fall
incidences, with a possibility of underreporting by the older
participants. The major implication of this study is that health
professionals could use the MMSE and BBS tests as predictors
for falls in elderly individuals, aged below 85 years. Health
professionals might need to explore ways to decelerate dete-
rioration in cognitive function and develop strategies for fall
prevention, especially in the oldest group. These strategies
could include activities for elderly people to engage the brain
and enhance nervous system function. These could include
balance and mobility exercise training, use of problem-
solving and perceptual awareness activities, cognitive and
memory games, and discussion of health education and home
safety guidelines. Among elderly individuals, we noted a mod-
erate relationship found between cognitive decline and the risk
of falls, and either test could be used as a simple screening tool
to incorporate in a routine primary care assessment in Singa-
pore, with further evaluations needed in other South East Asia
(SEA) countries.

Conclusion

In conclusion, findings revealed that participants older than 85
years had the highest number of fall incidents, combined with
mild impairments displayed in the cognitive and balance
assessments. Balance ability and cognitive functioning levels
were the biggest risk factors for falls. A significant moderate
relationship was determined between MMSE and BBS tests in
the young-old (65-74 years old) and medium-old (75-84 years
old) groups. This relationship indicates that the MMSE and
BBS tools could be incorporated into a routine primary care
assessment in Singapore. Future studies could examine and
evaluate the use of the MMSE and BBS tests in other SEA
countries.
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Background: Stimulation of lower limbs’ cutaneous receptors and mechanoreceptors through compression gar-
ments could potentially increase somatosensory system efficiency and aid postural regulation in elderly in-
dividuals.

Research question: This study examined immediate effects of wearing knee length socks (KLS) of various com-
pression levels on somatosensory function in community-dwelling healthy elderly men and women during a
double-limb standing, balancing task.

Methods: A total of forty-six elderly participants (Male = 23), aged between 65 and 84 years old, randomly
selected from the Singapore community-dwelling, healthy population. Three treatment interventions (wearing
clinical compression socks; wearing non-clinical compression socks; wearing commercial socks) and one control
condition (barefoot), in a counterbalanced order, were administered to participants while they performed a 30-s
Romberg test, with four levels of performance difficulty: (1) standing on a stable surface with vision (SO); (2) a
stable surface without vision (SC); (3) a foam surface with vision (FO); and (4), a foam surface without vision
(FO).

Results: Results showed that immediate effects of applying KLS of various compression levels significantly re-
duced sway area, trace length, velocity, and anterior-posterior (AP) sway as compared to barefoot condition
(control) during the FO task condition.

Significance: This finding indicates the positive immediate effects of garments on somatosensory system function
and postural regulation in the elderly men and women, especially when standing on the unstable surface.
Wearing compression KLS could be included as a viable intervention on top of other forms of balance training to
reduce risk of falling in elderly people.

1. Introduction

For example, ageing can result in decreased sensitivity to sensory in-
formation and motor output, slowing of cognitive capacities, increased

Postural regulation and stability of balance are affected by types of
standing surfaces and somatosensory system function of an individual
[1]. Standing on unstable surfaces, like foam surfaces, have revealed
the important role of somatosensory information in postural regulation
and balance [1,2]. Studies have suggested that postural sway increases
for balance regulation, especially when individuals are standing on a
foam surface [1,3]. Somatosensory function is important to study since
neurodegeneration can result in age-related declines in postural reg-
ulation due to reduction in cognitive and sensory system capacities [4].

reaction time, and decreased spinal-stretch reflex system function
[4-6]. These deteriorations could possibly put elderly individuals at
greater risk of falls [4]. To address the issue of decreased functionality
of postural regulation, lower-limb stimulation strategies (LLS) such as
wearable garments (braces & socks) [7,8], textured insoles [2,8], and
application of Stochastic Resonance (SR) [8] have demonstrated some
positive effects on postural regulation during balancing tasks in middle-
aged and older adults (65 years and above). On the other hand, postural
regulation and stability are affected by the types of standing surfaces
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and the visual conditions available to a person [1]. Specifically, foam
surfaces are commonly used to disrupt somatosensory information
[1,2]. With the absence of vision, studies have suggested that postural
sway increases, especially when individuals are standing on a foam
surface [1,3]. However, further investigation of elderly samples are
needed to ascertain whether postural regulation can be enhanced
during static balance, when standing on different surfaces and under
varied visual conditions (e.g., with and without), when wearing com-
pression socks. Therefore, this study aimed to investigate the effects of
compression wearable garments on somatosensory feedback in static
balance task, under different standing surfaces and vision conditions
(e.g., with and without), in elderly people.

An ecological dynamics framework has been proposed to account
for how compression and textured materials can support the exploita-
tion of sensorimotor system noise to enhance functional performance.
Davids et al. (2003) [9] argued that the functional role of variability
induced in the sensorimotor system by textured insoles, acts as a form
of “essential noise” which helps individuals regulate actions. They
suggested that the addition of intermittent, intermediate levels of noise,
via textured insoles, may help performers to pick up information from
the background signals to enhance perception of somatosensory feed-
back [9]. Effects of wearable garments could be related to neuromotor
function, specifically invoking the Hoffmann Reflex (H-reflex), an in-
direct measure of motorneuron excitability [10]. It has been reported
that wearing an ankle brace increases motorneuron excitation in the
afferent system at the Peroneus Longus muscle [10], providing addi-
tional active impact for proprioceptive control of movement in the
ankle dorsiflexor muscles [11]. Evidence from research on performance
of a younger, athletic population performing a sport action implies that
stimulation of the sensory system in the lower limbs by wearable gar-
ments (e.g., compression socks and textured insoles) could potentially
increase the efficiency of somatosensory system function and aid pos-
tural regulation of elderly individuals [12].

It has also been suggested that application of stimulation, provided
by adding pressure, texture nodules, and velcro strapping on the cuta-
neous, joints, and muscle receptors of the lower limbs could enhance
the level of sensorimotor system noise to improve perceptual-motor
system functionality [2,8,9,13,14]. A postulation is that stimulation of
the muscle spindles and mechanoreceptors along the shank, when
wearing compression socks, enhances postural regulation by contortion
and disturbances of haptic system receptors in the skin and soft tissue of
the lower limbs [8]. Recent investigations have suggested some bene-
ficial effects of wearing a knee compressive sleeve in reducing postural
sway in the anteroposterior (AP) direction [15] and donning a com-
pression stocking reduced the CoP trajectory amplitude [16]. In an el-
derly sample, Losa Iglesia (2012) [17] reported that wearing socks re-
duced sway areas compared to when the same participants regulated
posture in a barefoot condition. These initial findings suggest that more
research is needed to address the role of wearing compression socks in
stimulating somatosensory system feedback that emerges from pressure
on cutaneous and joint receptors in the lower legs in the elderly po-
pulation.

Furthermore, no studies have addressed the question of effects of
LLS related to gender differences associated with age-related degen-
eration of the perceptual-motor system. It is possible that elderly men
and women respond differently, based on fundamental differences in
morphology, exemplified by variations in brain structure and function,
musculature, and the sensory systems [18]. For example, some studies
have identified a possible gender effect with elderly women displaying
greater CoP sway values [19], lower balance scores [20], and shorter
nerve conduction pathways [18] than elderly men. Wearing compres-
sion garments could potentially enhance the sensitivity of the cutaneous
and mechanoreceptors in elderly females, reducing their falls risk, by
indirectly enhancing their postural regulation capacity.

Therefore, the current study sought to understand whether wearing
compressive knee length socks (KLS) would enhance the stimulation of
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Table 1
Participants’ Demographic.

Men (N = 23) Women (N = 23)
Age (years) 75.2 = 5.1 72.8 + 5.8
Height (cm) 162.3 * 6.4 153.7 * 6.2
Weight (kg) 57.9 £ 9.5 59.8 = 11.2
Berg Balance Scale (Scores) 50.9 + 4.3 50.6 + 4.4
Mini-Mental State Examination (Scores) 25.7 =+ 1.4 264 + 19

mechanoreceptors in the lower limbs of elderly men and women,
helping these community-dwelling individuals to achieve better pos-
tural regulation, and potentially forming a strategy to reduce risk of
falling. We sought to add to the literature by discerning the impact of
low cost, easily implemented compression materials, on somatosensory
function and postural regulation in elderly males and females. The
specific aim of this study was to examine immediate effects of wearing
KLS of various compression levels on postural regulation under four
levels of performance difficulty, in community-dwelling healthy elderly
men and women, during double-limb standing, balancing task. It was
hypothesized that wearing compression KLS would reduce postural
sway, with gender-based differences being observed in these commu-
nity-dwelling elderly men and women.

2. Methods
2.1. Participants

A total of 46 (Male = 23) community-dwelling elderly individuals
(Table 1), were randomly selected based on specific inclusion criteria,
from the profiling of Singapore community-dwelling elderly people
project [20]. Specific inclusion criteria were ability to walk in-
dependently without using any assistive devices (e.g., walking stick;
umbrella), no history of falling in the past 12 months, Berg Balance task
Score > 40 (normal), and Mini-Mental State Examination (MMSE)
score > 24 (normal). Exclusion criteria were: evidence of muscular and
neurological diseases, recent stroke events (< 18 months), and brain
injuries. Voluntary and informed consent was obtained from all 46
participants, and the procedures used in the study were approved and
in accordance with the ethical guidelines of the research ethics com-
mittee of Nanyang Technological University, Singapore.

2.2. Apparatus and tasks

Three treatment interventions (wearing clinical compression KLS;
wearing non-clinical compression KLS; wearing commercial KLS) and
one control condition (barefoot), in a counterbalanced order, were
administered to participants while they performed a double-limb
standing balance task. In testing we used KLS with clinical level com-
pression KLS (CC) of 20-30 mmHg pressure (Zeropoint, Finland), KLS
with non-clinical level compression (NCC) of 8-15mmHg (X-bionic,
Switzerland), and non-compression (NC) models commercial KLS
(Mizuno, Japan) of similar thickness. The purpose of including different
types of KLS was to gain insights into effects of wearing garments of
varying compression levels. We sought to discern whether the degree of
contortion of lower limb tissue, by different compression properties,
might influence postural regulation function in elderly males and fe-
males. The tasks required participants to perform a 30-s Romberg test
on a balance platform (Hur, Finland) under two vision conditions (eyes
open and closed) and on two standing surfaces (stable and foam) inside
a laboratory. The dimension of the foam was 50 x 50 X 10 cm and the
density was at 30 kg/m®.

The four levels of performance difficulty task conditions were
standing on: (1) a stable surface with eyes open (SO); (2) a stable
surface with eyes closed (SC); (3) a foam surface with eyes open (FO);
and (4), a foam surface with eyes closed (FC). All treatment
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interventions and task conditions were presented in a random order for
each participant.

2.3. Procedure

A repeated-measures design was used to determine effects on bal-
ance and postural control of four different treatment conditions —
wearing CC KLS; wearing NCC KLS; wearing NC KLS; barefoot. The
sequences of the testing interventions and the task conditions were
randomised by using Microsoft Excel to prevent carryover/order ef-
fects.

For the 30-s Romberg test, participants were instructed to stand
upright and as still as possible with feet together and the arms by the
side. For the eyes open condition, participants were asked to look
straight ahead to a reference point on a blank wall, marked at eye level,
and it was about 1.5m away from the balance platform. For the un-
stable surface, a 10-cm thick foam pad was placed on top of the balance
platform to create a more challenging surface for the participants.

Before data collection, participants undertook two trials of the static
balance task to familiarize themselves with each of the four task con-
ditions- SO, SC FO, FC. For every treatment intervention, participants
were required to perform 2 trials for each of the task conditions.
Participants were given a sufficient rest period (~ 2 min) between each
treatment intervention. The tests were repeated if participants lost
balance on the platform.

2.4. Data processing and Statistical analysis

Centre of pressure data were collected at a sampling frequency of
100 Hz, accumulating to 3000 data points for each condition. The
parameters were the 90% confidence elliptical area (C90 sway area),
trace length (TL, the total length of the CoP path), sway velocity, range
of anterior—posterior (AP) and medial-lateral (ML) CoP displacement,
AP and ML standard deviation (SD). Observed increases in value of
these parameters were associated with a greater risk of falling [21]. It
has been reported that the sway area, trace length, and sway velocity
are the most reliable CoP stabilometric parameters in measuring pos-
tural stability [6]. All data were analyzed by using nonparametric sta-
tistical tests due to abnormal data distributions. SPSS software (version
24.0) was used for statistical analysis. All measurements across the
treatment interventions were compared using a Friedman test — K re-
lated samples. If statistically significant results were found during the
Friedman test, Wilcoxon sign test was conducted to further identify
which treatment intervention resulted in a significant effect. Results
were reported as means and standard deviation (SD). Alpha level was
set at < 0.05 for all statistical analyses.

3. Results
3.1. Postural sway (C90) area

For the female group, the Friedman test revealed significant dif-
ferences across the treatment interventions on the foam surface with
eyes open (p = 0.007) (Fig. 1). Post hoc analysis showed that the sway
area in that group was significantly lower while wearing the NCC
(p = 0.013) and NC (p = 0.016) KLS compared to the barefoot condi-
tion. No statistically significant effects were found across the treatment
interventions in men.

3.2. Trace length

For the female group, the Friedman test revealed significant dif-
ferences across the treatment interventions on the foam surface with
eyes open (p = 0.007), but not in the other three task conditions - SO,
SC and FC (Fig. 2). Post hoc analysis showed that trace length was
significantly shorter while participants wore the NCC KLS (p = 0.013),
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compared to the barefoot condition for the FO task condition. No sta-
tistically significant effects were found across the treatment interven-
tions in men.

3.3. Sway velocity

The Friedman test revealed significant differences across the treat-
ment interventions (p = 0.027) in the female group in the FO task
condition (Fig. 3). Post hoc analysis showed that sway velocity was
significantly lower while wearing the CC and NCC KLS (p = 0.013)
compared to the barefoot condition. No statistically significant effects
were found across the treatment interventions in men.

3.4. Anterior-posterior (AP) postural sway and AP SD

There were significant differences across the treatment interven-
tions in AP sway on both stable (p = 0.043) and foam (p = 0.027)
surfaces, with eyes open (Table 2) in the elderly males. In the SO task
condition, post hoc analysis revealed that CC KLS significantly de-
creased AP sway compared to when wearing NCC KLS (p = 0.013) and
when standing barefoot (p = 0.039) in the elderly men. The same
beneficial effect of wearing CC KLS was observed in the FO condition. A
significant difference across treatment interventions was observed on
APSD (p = 0.012) in the SC condition. However, no significant differ-
ences were found in all treatment interventions and all task conditions
on AP sway and AP SD values in the women.

3.5. Medial-lateral (ML) postural sway and ML SD

There were no differences across the treatment interventions on ML
sway and ML SD in the elderly men (Table 2). A significant difference
across treatment conditions was observed in MLSD (p = 0.012) in SC
task in the women.

4. Discussion

The aim of this study was to examine immediate effects of wearing
KLS of various compression levels on somatosensory function, during a
double-limb standing balancing task. The results of this study support
our hypothesis on the beneficial effects of wearing compression KLS on
postural regulation in community-dwelling elderly men and women. In
elderly men, wearing CC and NCC KLS decreased postural sway, mainly
in the AP direction in both SO and FO task conditions. Similarly,
wearing KLS, particularly non-clinical compression, reduced sway area,
trace length and sway velocity while standing on the foam surface with
eyes open (FO) in the elderly women. There were no significant bene-
ficial effects of all levels of KLS observed in the FC condition in both
elderly men and women.

Consistent with findings of previous studies, use of lower-limb sti-
mulation strategies decreased postural sway for elderly participants
wearing textured insoles (see Qiu et al., 2012) [2] and hard insoles
[17]. Our results support the idea that compression wearable garments
can enhance the functioning of the postural regulation system by re-
ducing sway [8,14,16,22]. Wearing CC and NCC KLS are deemed to be
beneficial perhaps due to their capacity to support exploitation of the
available “sensorimotor system noise” to enhance perception of pro-
prioceptive and haptic information during performance of complex
tasks (for example, maintaining upright stance while standing on an
unstable surface). Furthermore, wearing compression KLS yielded si-
milar effects as balance training interventions (electrical stimulation) in
improving postural stability in elderly people [23,24]. Perhaps wearing
compression KLS may increase motorneuron excitability of H-reflex, as
suggested by Nishikawa and Grabiner (1999) [10] and down-modu-
lated the Hoffmann Reflex (H-reflex). Therefore, wearing compression
KLS, which covered most of the lower legs, seemed to stimulate the
various cutaneous mechanoreceptors, motor neurons, and muscle
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proprioceptors along the shanks, and could potentially form a strategy
to ameliorate negative effects of ageing on the postural control system
and reduce risk of falling.

The amplitude and conduction velocity of motor and sensory nerves
have been found to significantly differ with gender [25]. This effect
could be potentially attributed to the gender-based differences observed
from wearing the compression KLS in our study. In agreement with our
findings, Olchowik et al. (2015) [26] found that men displayed less
postural sway than women in the AP direction. Our findings provided
new insights, indicating that wearing compression KLS, is beneficial to
men, as supported by the decrease in the sway distance in the AP di-
rection. Furthermore, we found that women displayed positive perfor-
mance outcome in many COP variables such as sway area, trace length,
and sway velocity. This observation could be due to the possibility that
women use the ankle strategy (to regulate balance) more effectively
than men [25,26]. Wearing compression KLS seems to aid the ankle
control strategy by stimulating the cutaneous and mechanoreceptors
around the ankle joint. An issue requiring further research concerns the
suggestion that compression garment manufacturers may improve sock
design, by concentrating the stimulating material (by increasing tex-
tured undulations) surrounding the ankle and at the anterior-posterior
aspects of the compression socks.

In this study, KLS enhanced postural regulation performance in a
challenging condition — during upright balance on a foam (unstable)
surface with eyes open (i.e., availability of vision), supporting findings
with textured insoles reported by Qiu et al. (2012). The role of soma-
tosensory feedback is assumed to be more important when standing on
an unstable surface [1,3]. In the current study, wearing compression
KLS seemed to provide necessary sensory information to the Central
Nervous System (CNS) and facilitated the perceptual regulation of
stance [3] when the somatosensory system is compromised. In contrast
to data of Qiu et al. (2017) [2], our study showed no immediate ben-
eficial effects of wearing compression KLS when both vision and so-
matosensory are compromised [i.e., standing on a foam surface with
eyes closed (FC)]. Effects of these sensory perturbations seemed to be
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too severe for mediation by wearing compression garments, although
potential long term effects may need to be assessed. This finding could
imply that the somatosensory system stimulation provided by wearing
compression KLS is not sufficient to yield beneficial effects when both
vision and somatosensory systems are compromised. However, more
studies are needed to confirm the beneficial effects of wearing com-
pression KLS on postural regulation in the FC condition.

To summarise, our study showed that wearing compression KLS
significantly improved the balance performance in FO task condition. It
was observed that men and women responded differently to the effects
of wearing compression KLS on postural regulation. Wearing com-
pression KLS could be used as a medium to reduce risk of falling and
enhance postural control and function of the perceptual-motor systems.
A limitation of this study includes the absence of an assessment of the
muscle strength capacity of our participants and it is unknown whether
individual variations in lower limb muscle strength affected perfor-
mance outcomes, if at all. Future studies could include some form of
measurement of muscle strength to determine the effect of muscle
strength coupled with the use of KLS on the balance tasks. In addition,
there could also be an emphasis on examining the long-term effects of
wearing compression KLS on postural regulation and dynamic tasks
(e.g., walking, sliding), and the immediate effects of wearing com-
pression KLS in specific groups of elderly individuals with debilitating
conditions, such as diabetes, Parkinson Disease and peripheral neuro-
pathy.
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