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Abstract As evidence of the effectiveness of added
plantar-surface texture to improve balance has been
successful for various populations, it is important to study
if textured insoles may increase balance for individuals
with knee osteoarthritis (OA) who have compromised the
somatosensory function of the affected joint and
correspondingly an increased risk of falls. Thus, this study
investigated the degree of benefit through the use of
textured insoles for improving balance and compared the
balance of individuals with knee OA to matched-healthy
peers. Fifteen with knee OA and fifteen healthy, aged,
gender and BMI matched controls completed this study and
were evaluated on balance as measured by a computerized
dynamic posturography. There were significant
improvements in balance when wearing the textured
insoles in both groups, and healthy knee controls showed
significantly better balance performances than individuals
with knee OA. The benefits of this study for the individuals
with knee OA are that this may lead to the development of
an evidence-based footwear intervention which is
noninvasive, simple to use, inexpensive, allows the user for
self-management, and has the capacity to reduce the risk of
falls, consequentially improving the quality of life.
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1. Introduction
Adults aged 45 yr and older with arthritis account for
52% of adults in the United States [1]. Among the arthritis
forms, osteoarthritis (OA) is the most prevalent and is a
leading cause of disability and loss of function [2, 3]. OA is
characterized by a degradation of articular cartilage,
sclerosis of the subchondral bone, and osteophyte
formation with symptoms of joint pain and dysfunction [4].
In its advanced stages, joint contractures, muscle atrophy,
limb deformity, and the prior characteristics combine to

result in a reduction of lower limb muscle strength and
abnormal somatosensory function [5, 6, 7]. As a result,
individuals with knee OA have been reported to have
balance deficits [8, 9, 10], and knee OA is a major risk
factor for falls [11]. Physical interventions to improve
balance in individuals with knee OA have implemented
various approaches such as aerobic and weight training, tai
chi, aquatic exercise, kinesthesia balance exercises and
sensorimotor training. However, no method of physical
interventions has been universally agreed upon.
Furthermore, although individuals with knee OA use many
fall prevention tactics, they often fall more compared to
those without arthritis [12]. Therefore, additional types of
intervention strategies aimed at improving balance for
individuals with knee OA should be considered.
The plantar sole is a unique body part because the
plantar sole, which is densely packed with
mechanoreceptors, is the primary location on the body
directly connecting humans to their environment. It has
been shown that plantar sole feedback can be used to detect
information about support surface characteristics by
providing information about pressure changes and
associated body sway [13, 14]. Bodies use this
somatosensory information to initiate reflexes that help
maintain balance [15, 16]. Previous research has been
conducted into how changing the quality of the
somatosensory information received from plantar sole
determines balance is affected. For example, ischemia of
the foot, desensitization via anesthetizing or cooling of the
plantar surface, was used to decrease or alter the
somatosensory input from the foot and plantar soles, which
revealed postural instability [17, 18]. Thus, postural
instability using desensitized/anesthetized feet emphasizes
the importance of somatosensory feedback in maintaining
balance. Naturally, a number of studies have been
conducted investigating how enhancing somatosensory
feedback can improve balance. Specifically, the ability to
enhance cutaneous information on the feet has been
reported to be successful. Orth et al. [19] (2013) showed
previous studies in a systematic review that the
stimulation of sensory receptors in the skin via simple
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mechanical deformation of the plantar surface by added
texture (e.g., addition of nodules and protuberances on the
surface of a shoe insole or a standing area) can improve
balance. Evidence of the effectiveness of added
plantar-surface texture has been demonstrated in various
populations, such as the young, the elderly, fallers, people
with Parkinson’s disease, people with multiple sclerosis,
and people with chronic ankle instability under static
balance test, dynamic balance test, gait analysis and
proprioception test [19]. For example, Qiu et al. [20] (2012)
concluded that textured material could improve balance in
older people in unstable surface conditions. These
improvements were strongest under conditions where
reliance on somatosensory information was emphasized by
removal of visual information, which indicated that the
somatosensory information received from the plantar
surface is critical for maintaining balance. In this regard, it
is
apparent
that
textured
material
enhanced
somatosensation in the skin of the plantar surface.
Therefore, this present study has suggested that textured
insoles may provide an effective intervention to decrease
balance instability and can potentially enhance
somatosensory feedback and ultimately improve the
functionality of balance.
Based on previous research, knee OA may negatively
impact balance. However, there are few studies that have
evaluated the balance performance of individuals with
knee OA using computerized dynamic posturography.
Furthermore, it is unclear whether the enhanced
somatosensory input provided by a textured insole would
benefit an individual with knee OA compared to other
previously studied populations. As individuals with knee
OA have compromised the somatosensory function of the
affected joint and correspondingly an increased risk of
falls [7, 21], understanding the effects of textured insoles
on balance of these individuals is crucial. Therefore, it is
important to study how using textured insoles may
improve balance for individuals with knee OA and if
textured insoles may increase balance in healthy matched
control individuals, though it may be less efficient for
individuals who are physiologically normal. Thus, this
study investigated the degree of benefit provided to these
two populations through the use of textured insoles for
improving balance and compared the balance of
individuals with knee OA to matched-healthy peers.
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2. Methods
2.1. Participants
Fifteen participants (12 female, 3 male) with knee OA
and 15 asymptomatic controls (12 female, 3 male) aged
between 32 and 62 yr were recruited through
advertisements in local clubs and university listserve. The
study was approved by the university's Institutional
Review Board, and written informed consent was obtained
from all participants. Fifteen participants in each group
were calculated via an a priori power analysis to provide
85% power with an effect size of approximately 1 at α = .05
to detect differences. The data used for the estimates were
the results of EQ scores reported in a study that was done
by Jones and colleagues on postural control of individuals
with fibromyalgia [39].
All participants were free from (1) a concomitant
medical illness that, as judged by the principal investigator
using medical history and health questionnaire, could
impair balance (for example, neurological or significant
musculoskeletal disease, Meniere’s disease or other inner
ear disease, permanent lower-limb injury, significant
psychiatric disorder), (2) the inability to ambulate without
an assistive device, (3) an abnormal optometric or
ophthalmic examination in the 6 months. Diagnosis of
knee OA was confirmed by rheumatologists who were
each participant’s physician. And pain level was measured
by the WOMAC (Western Ontario and McMaster
Universities Osteoarthritis Index).
Exclusion criteria include the following: inflammatory
arthritis, major lower extremity joint surgery (e.g., knee
arthrotomy within the previous 6 months), any condition
which severely limits local ambulation (e.g., amputation
or stroke), use of gait aids for ambulation, or dementia or
inability to understand and follow directions. Participants
with knee OA were matched with asymptomatic control
participants based on gender, age, and body mass index
(BMI). Control participants with evidence of rheumatoid
or any other type of arthritis, a history of injury to the
lower extremity, or prolonged knee pain that required
medication and knee surgery were excluded. Control
participants with recurring or prolonged knee pain
occurring within the last month, even if pain-free on the
day of testing, were excluded. Participant characteristics
are presented in Table 1.

Table 1. Participant Demographics
Participant
Characteristics

Knee OA (n=15)
Mean (S.D.)

Healthy knee (n=15)
Mean (S.D.)

F

P value

ηp2

Age (yr)

52.67(±11.36)

51.40(±10.78)

0.098

0.756

0.003

Height (cm)

164.59(±10.30)

162.90(±6.57)

0.288

0.596

0.010

Mass (kg)

75.70(±13.96)

73.40(±13.74)

0.207

0.653

0.007

BMI (kg/m2)

28.07(±5.38)

27.61(±4.68)

0.063

0.803

0.002
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2.2. Materials
The textured insoles (flexible, polyvinyl chloride [PVC],
3 mm thickness, transparent) had small, round peaks with
center-to-center distances of approximately 4 mm (Figure
1). Insoles were customized for both left and right feet
based on the participant's foot width and length. This
textured insole was considered adequate to deliver sensory
stimulation, but not rough enough to cause skin discomfort.

included dynamic stretches, such as hip circles, arm
circles, arm swings and walking. The participant then
practiced performing the two balance tests (sensory
organization test [SOT], motor control test [MCT])
described below. The participant performed NeuroCom
EquiTest SOT and MCT protocol with smooth insoles.
There was a ten-minute rest period to change insoles. The
participant then wore the textured insoles and was tested
again.
2.4. Sensory Organization Test (SOT), Equilibrium
Score, and Composite Equilibrium Score

Figure 1. The textured insoles used in this study

2.3. Procedures
Upon acceptance into the study, each participant
underwent warmups before practice testing. Warm-ups

The sensory organization test (SOT) challenges stability
via sway referencing by altering the availability and/or
accuracy of sensory information from three systems: the
visual, vestibular, and somatosensory systems. Sway
referencing synchronizes the rotation of the platform
and/or surroundings with the person’s anterior-posterior
postural sway; that is, as the individual sways forward, the
platform and/or surrounding room sways forward
synchronously. The sway-referenced platform minimizes
or alters the accuracy of somatosensory information,
whereas the sway-referenced surrounding, extending
beyond the visual periphery, provides inaccurate visual
sensory information. By reducing the quality of sensory
feedback regarding postural sway, these methods challenge
postural control. Three trials for each sensory condition
were presented in the manufacturer’s suggested order, with
increasing difficulty from condition 1 through condition 6
(Table 2).

Table 2. Description of the six sensory organization test tasks
Condition

Environment

Expected Sensory System Response

Vision

Surface

Eyes open

Fixed

2

Eyes closed

Fixed

Vision

Somatosensory

3

Sway reference-visual surrounding

Fixed

Vision

Somatosensory

4

Eyes open

sway-referenced surface

Somatosensory

Vision

5

Eyes open

sway-referenced surface

Somatosensory & Vision

Vestibular

6

Sway-referenced visual surrounding

sway-referenced surface

Somatosensory & Vision

Vestibular

1

Removed and/or reduced

Using
Somatosensory
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The equilibrium score (ES) indicates how well the
participant’s sway remains in the expected angular limits of
stability during SOT trials. The ES was generated from
forceplate data of each trial (20 seconds @ 100Hz, 2000
data points) via NeuroCom software (NeuroCom,
Clackamas, OR). An ES was computed for each trial using
the following equation:
ES=

12.5−[𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 −𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 ]
12.5

* 100

(1)

The result was provided as an inverse percentage of
0-100. While no movement resulted in an ES of 100, a fall
resulted in a score of 0. This outcome measure is clinically
accepted and has been used extensively in motor control
research [22, 23]. The composite equilibrium score (CES)
quantifies the weighted average of the scored of each
condition. It was designed to measure the overall balance
performance and can be used to predict the risk of falls
[40].
2.5. Motor Control Test (MCT) and Latency
In the motor control test (MCT), the participant's
automatic reactions were measured in response to support
surface translations. The MCT consisted of 6 conditions:
graded backward (3) and forward (3) translations (Figure
2). The translations were scaled according to the
participant's height, but durations were the same for
everyone. Small, medium and large translations produced a
1.25cm translation for 250ms, 3.14cm translation for
300ms, and 5.7cm translation for 400ms, respectively.
Small translations represented threshold stimulation, large
translations produced a maximal response, and medium
translations were midway between the small and large.
Each translation occurred at a constant velocity and
therefore transferred constant forward or backward angular
momentum to the participant's body [24].
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onset of the participants’ response to the support surface
translation movement. Latencies were the averaged
performance of the right and left feet.
2.6. Statistical Analysis
Regression was performed to evaluate the interaction
between groups to investigate if textured insoles produce
greater improvements in knee OA groups. This analysis
had two groups of subjects (knee OA and healthy knee
groups) applied to the variables (difference scores between
the smooth insole and the textured insole) of equilibrium
scores and latency. The dependent (Y) variable was the
difference between smooth and textured insoles. The
predictor variables (X) was the existence of knee OA
(grouping variable), with covariates such as participants’
age and smooth insole scores. To find group interactions
the following equation was used:
Y_Texrued insole - Y_Smooth insole = intercept + b1*
grouping variable (knee OA = 1 and healthy knee group = 0)
+ b2* age + b3* Y_Smooth insole + e
(2)
The age as one of the covariates was chosen based on
empirical evidence that has shown deterioration of balance
performance associated with aging [25].
Furthermore, paired t-tests were conducted to determine
whether the textured insole improved balance
performances in each group, and independent t-test was
utilized to identify differences in the balance between the
knee OA and healthy control group with smooth insole
conditions. For the normality test, a Shapiro-Wilk analysis
of the data was completed to determine if the assumption of
normality had been met, and the Levene’s test for equality
of variances was utilized to assess homogeneity. Wilcoxon
signed-rank test for paired t-test and Mann-Whitney U test
for Independent t-test were used if the data violated
normality test assumptions. The results of the evaluation of
the significance of the differences were represented by the
significance coefficient (p). The level of statistical
significance was indicated by “*” – p < 0.05.

3. Results
3.1. Interactions between Groups
Figure 2. Forward/Backward Translations

The latency is defined as the time in milliseconds
between the onset of translation during the MCT and the

There were no statistically significant interactions
between groups in regression analysis, indicating that the
textured insoles had similar effects on all participants.
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Table 3. Results of coefficients
Unstandardized Coefficients

Standardized Coefficients

T

Sig.

-.240

-1.393

.175

.834

-.047

-.410

.685

-.892

1.417

-.103

-.629

.535

-2.687

3.694

-.123

-.727

.473

2.993

3.097

.109

.966

.343

1.676

3.031

.092

.553

.585

Composite equilibrium score

0.962

1.875

.080

.513

.612

Latency

-.477

1.777

-.054

-.268

.790

B

Std. Error

ß

Condition 1

-.904

.649

Condition 2

-.341

Condition 3
Condition 4
Condition 5
Condition 6

3.2. Effects of Textured Insoles on Each Group
The presence of the textured insole affected condition 6 and composite equilibrium score (CES) of both groups; the
textured insole (M = 60.578, SD = 16.084, conditions; t (14) = -3.323, p = 0.005) and the smooth insole (M = 51.044, SD
= 19.449) in the knee OA group, and the textured insole (M = 68.00, SD = 10.262, conditions; t (14) = -2.446, p = 0.028)
and the smooth insole (M = 64.289, SD = 11.160) in the healthy knee control group for condition 6, and the textured insole
(M = 71.85, SD = 9.881, conditions; t (14) = -3.590, p = 0.003) and the smooth insole (M = 64.74, SD = 13.136) in the
knee OA group, and the textured insole (M = 77.54, SD = 5.139, conditions; t (14) = -3.405, p = 0.004) and the smooth
insole (M = 75.24, SD = 6.009) in the healthy knee control group for the CES. Also, in condition 4 of the healthy knee
group, because the data were not normally distributed, a Wilcoxon Signed-Ranks test was run, and the output indicated
that the textured insole scores were statistically significantly higher than the smooth insole scores (Z = 2.445, p = 0.014, r
= 0.45). In condition 5, there were significantly higher scores for the textured insole (M = 53.734, SD = 14.485, conditions;
t (14) = -4.039, p = 0.001, d = -1.043) compared to the smooth insole (M = 37.022, SD = 25.674) in the knee OA group. In
addition, there was not a significant difference in the latency for the textured insole condition in both groups
3.3. Knee OA Group vs. Healthy Knee Group
Independent t-tests (Table 4) and Mann-Whitney U tests (Table 5) were conducted to compare the smooth insole’s
equilibrium scores in individuals with knee OA and healthy knee controls. For the four conditions in which either the
force plate and/or surround moved, and CES, the groups differed for the smooth insole. Healthy knee group had
significantly higher scores than knee OA group. Also, an independent t-test indicated that latency of the smooth insole
condition was faster for healthy knee controls (M = 129.80, SD = 9.511) than for individuals with knee OA (M = 138.367,
SD = 11.578, t (28) = -2.214, p = 0.035).
Table 4. Results of independent t-tests
Task condition
Condition1
Condition2
Condition5
Condition6
CES
latency

Group

Mean

SD

Std. Error Mean

Health

93.87

1.489

0.385

knee OA

92.84

2.278

0.588

Health

88.38

4.539

1.172

knee OA

87.02

4.608

1.19

Health

58.56

9.803

2.531

knee OA

37.02

25.674

6.629

Health

64.29

11.16

2.881

knee OA

51.04

19.449

5.022

Health

75.24

6.009

1.552

knee OA

64.74

13.136

3.392

Health

129.8

9.511

2.456

knee OA

138.37

11.578

2.99

t

p

1.455

0.158

0.811

0.424

3.035

0.007*

0.017

0.032*

0.002

0.011*

0.555

0.035*
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Table 5. Mann-Whitney U tests results
Mann-Whitney U

Wilcoxon W

Z

Sig.

Median (Healthy)

Median (Knee OA)

Effect Size r

Condition 3

61.500

181.500

-2.118

0.033 *

91.670

90.000

-0.547

Condition 4

65.500

185.500

-1.950

0.049 *

78.330

69.670

-0.503

4. Discussion
4.1. Interactions
Although it was expected that a textured insole
intervention would result in greater improvements in the
knee OA group compared to the healthy group, there were
no statistically significant interactions between groups,
indicating that textured insoles had similar effects for
individuals with knee OA and with healthy knees.
However, regarding the results of the paired-t test, there
were small interactions between groups. This difference in
results may be attributed to a small sample size or may
result from the covariates only existing in the regression
models and not in t-tests.
4.2. Effects of Textured Insoles on Each Group
Although there were no interactions, paired t-tests were
conducted to find out whether the textured insoles
improved the balance of each group. In the knee OA group,
there were significant improvements in condition 5, 6, and
CES when wearing the textured insoles. In the healthy knee
control group, there were statistically significant
improvements in condition 6 and CES when wearing the
textured insoles.
Condition 6, where the visual and somatosensory
information was altered, was the only condition where both
groups were affected by textured insoles. All participants
with the textured insoles were able to better manage
balance in inaccurate visual and somatosensory situations,
leading to a higher reliance on somatosensory orientation.
This result may be due to hyperesthesia of the plantar
surfaces of the feet, resulting in increased cutaneous
afferent receptor activity while participants wore the
textured insoles. Specifically, the underlying physiological
mechanisms by which textured insoles can cause changes
in the balance suggest that textured insoles provide enough
stimulation to alter the discharge rate from
mechanoreceptors, or firing patterns of sensory afferents,
located in the skin of the plantar surface [26]. This effect
would result in an overall increase of neural feedback from
the cutaneous receptors to the central nervous system,
which potentially contributed to improving balance. Also,
this finding is consistent with previous work by Qui et al.
[20] (2012), demonstrating that textured insoles improved
balance further in a challenging situation where visual and
somatosensory inputs were conflicted. However, it is
important to note that their research did not attempt to add
textured insoles into shoes but rather explored the effects of

a textured standing surface in healthy older adults.
As CES score represents an overall balance performance,
the textured insoles improved balance in the knee OA
group most likely due to the enhancement of
somatosensory information from the plantar surfaces.
These results contribute to the current understanding of the
research by complementing the extant data. For instance,
our results are in agreement with data reported by Priplata
et al. [27] (2002) who explored the effects of vibration
insoles, showing that balance can be improved during quiet
standing through enhanced somatosensory feedback.
Additionally, much of previous research demonstrated that
providing stimulation to the plantar surface of the feet
through the vibration stimulation has been considered as a
potential mechanism through which footwear intervention
could improve balance [28, 29] by altering sensorimotor
function. The difference between previous research and the
current study was the characteristics of the stimulation to
the feet. In this study, the plantar surface persisted in
contact with the indentations of the textured insole. When
the cutaneous afferents respond continuously to prolonged
indentations, they are classified as slow-adapting
mechanoreceptors [15]. In comparison, vibratory
interventions could manipulate the frequency, intensity,
phase, and duration of stimulation. These interventions
may affect fast-adapting mechanoreceptors which show
burst responses to stimulation [30]. Textured insoles used
for this study did not work on the same principle because
these textured insoles did not provide electrical
stimulation.
In addition, such vibration devices may be expensive
and difficult to use as effective interventions to improve
balance in daily life. Textured insoles may provide a
practical alternative and act as an inexpensive way of
improving balance [31]. A systematic review conducted for
the effects of textured interventions demonstrated that the
stimulation of sensory receptors in the skin through simple
mechanical deformation of the plantar surface by added
texture could improve the balance performances in various
populations, and could lead to an increase in proprioceptive
sensitivity and a higher reliance on the somatosensory
information [31]. Although we do not know the structural
integrity or functional capabilities of the sensory receptors
in the superficial plantar tissues in the individuals with
knee OA, it is surmised that textured insoles can
successfully stimulate sensory receptors to increase their
output, as known to occur in healthy adults and other
clinical populations, and thereby improve balance.
Also, the habituation of participants to the textured
insoles is one of the critical aspects of future research
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needed in this area. In Palluel, Olivier, & Nougier [32]
(2009) study, the participants were instructed to stand or to
walk for 5 minutes with textured insoles. However, effects
of textured insoles in supporting perceptual-motor function
need to be studied over a much longer period spanning
several months [31]. Although our participants testified
that the textured insoles were comfortable during the
assessments, it is important to assess over extended periods
of time to ensure the long-term adherence will be
comforted.

These observations should be taken into account in the
fall prevention, especially, participants should place in
dynamic situations with the conflicted sensory
environment, as these are found in daily life. Also, The
current study has some limitations. First, the criteria for
diagnosis of knee OA may be different depending on each
participant’s physician due to the fact that the diagnosis of
knee OA is based on several factors, including the
individual's age, history, and symptoms. This may have
caused participants with asymptomatic osteoarthritis to be
placed in the control group.
Second, due to the lengthy test procedures, the author
4.3. Knee OA Group vs. Healthy Knee Group
did not want to risk fatigue and habituation of the textured
The results of the balance performances with smooth insoles in this first study with individuals with knee OA
insoles between the individuals with knee OA and the and, therefore, used one trial with practice trials rather than
healthy knee controls showed that condition 3, 4, 5, 6, and multiple trials for balance tests. Although this might have
CES were significantly higher for healthy knee controls resulted in measurement error in the data, it seems that the
than individuals with knee OA. Lower EQ values for knee magnitude of the textured insole effect on balance was
OA group were evidence of larger displacements of the larger than the measurement error which suggests this was
center of gravity in the forward–backward direction. CES a true effect of the textured insoles. Also, there was no
score showed an overall performance level of both group, period of accommodation and habituation regarding the
and a lower score suggests that the OA group was unable to textured insoles. Although our participants testified that the
maintain balance and a stable position during the SOT test textured insoles were comfortable during the tests, it is
procedure compared to healthy knee group. In condition 5 important to assess comfort levels over extended periods of
and 6 tests where participants had to compensate for the time to ensure the long-term adherence will be comforted
visual deprivation and the inaccurate somatosensory and that there will be no habituation effects as we did not
information with an increased use of vestibular information, investigate the effects of prolonged exposure to the
there were the increased number of falls and dropped textured insoles.
equilibrium scores. However, there were small differences
in conditions that did not stress balance. Several potential
mechanisms may account for the balance deficit observed 5. Conclusions
in the OA group, although this cross‐sectional study does
The results indicate that a textured insole intervention
not allow these to be confirmed. Individuals with knee OA
can
induce positive changes in balance overall. The
often exhibit several factors that affect the balance
benefits
of this study for the individuals with knee OA are
negatively, including muscle weakness [33], impaired
that
this
may
lead to the development of an evidence-based
somatosensory
[7],
a
significant
decline
of
footwear
intervention
which is noninvasive, simple to use,
mechanoreceptors compared to age-matched healthy peers
inexpensive,
allows
the
user for self-management, and can
[5], and joint contracture [34].
reduce
the
risk
of
falls,
consequentially improving the
In addition, individuals with knee OA displayed a longer
quality
of
life.
We
believe
that this study has clinical
neuromuscular response latency to balance perturbations,
significance
based
on
the
fact
that falling is one of the
indicating a reduced ability to begin in recover balance
leading
causes
of
injury
in
the
knee
OA population. Future
quickly following an unexpected disturbance. The previous
studies
which
examine
effects
of
prolonged wearing
research has stated that this long latency response could
textured
insoles
are
needed
to
conclude
if a textured insole
also result from the lack of dependence on somatosensory
intervention
can
produce
significant
changes
in balance
and vestibular information [35] which are used to activate
and
function
in
knee
OA
population.
and modulate balance correcting responses [36]. Joint pain
associated with the knee OA may play a role in slower
latency as well. Joint pain changes the responses and
affects the muscle activity during the automatic response
[37]. All knee OA participants of this study had REFERENCES
mild-moderate knee joint pain when they were assessed.
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