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Abstract

Introduction:

Currently, diagnosis of patients with postural instability relies on a rudimentary clinical examination. This article
suggests an innovative, portable, and cost-effective prototype to evaluate balance control objectively.

Methods:

The proposed system uses low-cost, microelectromechanical sensor, body-worn sensors (BalanSens™) to measure
the motion of ankle and hip joints in three dimensions. We also integrated resulting data into a two-link
biomechanical model of the human body for estimating the two-dimensional sway of the center of mass (COM)
in anterior—posterior (AP) and medial-lateral (ML) directions. A new reciprocal compensatory index (RCI)
was defined to quantify postural compensatory strategy (PCS) performance. To validate the accuracy of
our algorithms in assessing balance, we investigated the two-dimensional sway of COM and RCI in 21 healthy
subjects and 17 patients with diabetic peripheral neuropathic (DPN) complications using the system just
explained. Two different conditions were examined: eyes open (EO) and eyes closed (EC) for duration of at least
30 seconds. Results were compared with center of pressure sway (COP) as measured by a pressure platform
(Emed-x system, Novel Inc, Germany). To further investigate the contribution of the somatosensory (SOM)
feedback to balance control, healthy subjects performed EO and EC trials while standing on both a rigid and a
foam surface.

Results:

A relatively high correlation was observed between COM measured using BalanSens and COP measured using
the pressure platform (r = 092). Results demonstrated that DPN patients exhibit significantly greater COM sway
than healthy subjects for both EO and EC conditions (p < 0.005). The difference becomes highly pronounced
while eyes are closed (197 + 44 cm? vs 68 + 56 cm?). Furthermore, results showed that PCS assessed using
RCI is significantly better in healthy subjects compared to DPN subjects for both EO and EC conditions, as well as
in both ML and AP directions (p < 0.05). Alteration in SOM feedback in healthy subjects resulted in diminished
RCI values that were similar to those seen in DPN subjects (p > 0.05).
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Discussion/Conclusion:
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This study suggested an innovative system that enables the investigation of COM as well as postural control
compensatory strategy in humans. Results suggest that neuropathy significantly impacts PCS.

Introduction

Balance is a fundamental ability for humans, and
its impairment dramatically reduces a person’s ability to
perform activities essential to daily living (e.g., walking,
turning, and changing posture).'? Neurodegenerative
diseases such as diabetic neuropathy, Parkinson’s, and
stroke may lead to balance-associated disorders.
The degradation in balance increases the risk of falling,
ultimately leading to increased morbidity, mortality,
and health care costs. Falls are also associated with
decreased confidence in movement and balance.*® Loss of
confidence or fear of falling often leads to decreased
physical activity, which may cause further declines in
postural stability and quality of life? It comes as no
surprise, therefore, that balance instability in persons
is strongly linked to an increased prevalence of
depression.1o!!

Loss of balance control is a key concern for people
with diabetes, the elderly, and patients suffering from
neurodegenerative diseases. According to the National
Diabetes Information Clearinghouse,'? at least 20.8 million
people in the United States—7% of the population—
live with diabetes. According to the World Health
Organization,® by 2025, the number of diabetes patients
will increase by approximately 122% to reach 300 million
individuals. Approximately 50% of diabetes patients over
60 years of age exhibit symptoms of diabetic neuropathy,
making this the most common symptomatic complication.
Individuals with diabetic peripheral neuropathy (DPN)
often suffer from postural instability, leading in turn to
an increased likelihood of falling, depression, anxiety,
and decreased quality of life!*® Although previous
studies have shown that diabetic neuropathy presents
a significant independent risk for falls in elderly
people, 7724 it is remarkable that only a few studies have
considered the postural instability disorder, which is an
important consequence of this devastating malady.!152122

There is an unmet need for a convenient, cost-effective
tool to identify individuals with postural instability
and who are at risk for falls. Falling is among the most
serious health problems associated with aging. A third of
persons over 65 fall at least once a year, with a quarter
of these cases leading to serious injuries. In clinical
practice, current physical examination techniques used
to diagnose postural instability (e.g., Romberg test) are
inexact. The subjective nature of these techniques lacks
the optimized sensitivity for diagnosing the presence
of the condition early enough while simultaneously
assessing its severity. Many strategies are also unsuitable
for the busy clinical setting, as they require substantial
space and infrastructure (e.g, force platform). Furthermore,
no simple, cost-effective, and easy-to-use systems
exist that can examine both biomechanical (e.g, body
sway) and neurological (e.g., postural control strategy
and compensatory mechanisms of upper body for
maintaining balance) components of balance control.

In recent years, body-wearable sensor technology based
on electromechanical sensors has provided a new avenue
for accurately detecting and monitoring body motion
and physical activity of an individual under free
conditions.5% For example, combinations of multiple
accelerometers and angular-rate sensors (gyroscopes)
hold great promise for hybrid kinematic sensor
modules for measuring the three-dimensional kinematics
of different body segments.>®** Key advantages of
using body-wearable sensors are that such technology
(1) is inexpensive and (2) does not require a specific
environment or installation of any particular infra-
structure. These advantages are crucial in developing
a suitable tool for clinical applications that enables
physicians to better evaluate the postural control of their
patients under real conditions and help patients care for
themselves.
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This article proposes an innovative, wearable, and
low-cost system for evaluating posture and balance
control that can be used outside of a gait laboratory
environment. This system is based on widely available
kinematic sensors (i.e, accelerometer, gyroscope, and
magnetometer). Using a biomechanical model of the
human body, the suggested device assesses both postural
stability and postural control strategy objectively.

Methods

Measuring Joint Angles

Two sensors (Figure 1A), each including a triaxial
accelerometer, triaxial gyroscope, and a triaxial magno-
meter, were used to estimate three-dimensional angles
of the hip and ankle joints (BalanSens”, BioSensics LLC,
Brookline, MA). Each sensor provided real-time (sample
frequency 50 to 100 Hz) quaternions (4., 4. 4, ¢.) that
are subsequently converted to Euler angles denoted as
0, ¢, and . The resulting three-dimensional angles are
used to estimate the trajectory of the subject’s ankle and
hip. Euler angles, used to describe a sequence of three
rotations determining the orientation of a rigid body
in three dimensions, are defined as (in their order of
application): (i) heading (6), (ii) attitude (¢), and (iii) bank
(y)(see Figure 1B).

The quaternion®® output of the calibrated sensor during the
balance test, gpnar, is converted to Euler angles as follows:

Jenvar = G + Gk + q,) + gk M
(2 g 2. 4]

0 = 4tan Ix " 4y Gx " 4- )
| 120 -2
q):aSinz'qx'qy—i_z'qz'qw) ©)
> g a —2.q 0]
¥ = atan Ix* Jw Ty 9- @
[ 1-2q -2

In these equations, ¢,, 9, 9w and g, represent components
of the quaternion output gpna;.

Estimation of Center of Mass (COM) Position

Several ways exist for estimating the COM of a subject.
For example, a well-known method for monitoring COM
is by analyzing signals from an accelerometer placed
on the sacrum of the subject, often the best position
to monitor the COM.334 Although this approach may
produce accurate results during quiet standing or
walking in a straight line, it may be inappropriate for
assessing the COM when the subject sways significantly

Rotation
axis

Figure 1. BalanSens™ system: (A) two sensor units allow providing three-dimensional angles of ankle and hip joints. A central unit allows
transferring the estimated angles in real time to a computer via a WiFi communication protocol. A researchable battery allows recording and
transferring data unto a 2-hour continuous measurement. If necessary, the battery can be replaced easily. (B) Representation of the axes angles.
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or during reaching task movements. This approach
assumes a single inverted pendulum model in which
the body mass rotates around the ankle joint (assuming
a negligible motion of the hip joint), which is not always
true, especially when the subject sways significantly.
To overcome this shortcoming, a two-segment model of
the body was used to calculate anterior-posterior (AP)
and medial-lateral (ML) angles during movement.

Figure 2 illustrates a two-link model of the human
body that can be used to estimate the COM once
the joint angles were estimated as described earlier.
Figure 3 illustrates an example of sensor attachment.
Sensors attached to the subject’s shin and back
provide, respectively, the angle of ankle (6,) and hip
(8;) joints in the AP plane, as illustrated in Figure 2.
Having anthropometric data of each subject (e.g, body
mass, m, and height, H), the position of the COM in each
link in the saggital plane can be described as:

i=(T,-sind, T, cosd,) @)

j= (L sin®, + T, sind, L, - cosB, + T - cosb,) (6)

COM = (MLt My Jox M by + M2 Jyyy ()

Here, 6, and 6, represent, respectively, the angular
displacement of the ankle and hip (see Figure 2).
The first component of the COM corresponds to the
frontal direction or movement in the AP direction, which
can be expressed as:

C5M = . (T’I/l1 . Tl -sin@u -+ m2 . (Ll -Sineu + T2 Sln@h))
my + my
= 1 . ((ml . Tl + m, Ll) . Sineﬂ + my- T2 . Sinﬁh) (8)
my + 1,

The equations can be rewritten with three constants, as
follows:

COM = K; -sinf, + K, -sinf,,
€)

my 'TZ
my + my,

ml'Tl + mz'L1
my + my

where K; = and K, =

The equation of the COM in the ML direction can be
derived in an analogous fashion, with angles expressed
in the ML direction. The values of m; and T; (i = 1-3)
and L; (j = 1, 2) can be estimated from the subject’s
body mass and height® To moderate the noise from
artifacts such as skin movement, angles data were filtered

--- Head

Lz, my

--- Hip

L-|, my

---- Ankle

COM

Figure 2. Two-link biomechanical model of human body for estimating
COM trajectory.

Sensors for
measuring
3D angles

Figure 3. Experimental setup: two sensors were attached, one to subject’s
lower back and one to the shin. These sensors allow measuring three-
dimensional angles of ankle and hip joints. Software was developed
to estimate the trajectory of COM, ankle, and hip in real time using a
two-link biomechanical model of a human body. Balance control and
postural compensatory strategy of subjects were assessed during eyes-
open and eyes-closed conditions while standing on a hard surface
or a soft surface (using a firm and thick foam). A pressure platform was
used as the gold standard to examine accuracy of the system to screen
balance deterioration due to sensory alteration.

using a wavelet transform band-pass filter with a
mother wavelet of “Coiflet 5" and a cutoff frequency of
0.06-30 Hz.

Estimation of Reciprocal Compensatory Index (RCI)

To evaluate the best postural strategy for maintaining
balance, we explored how the chosen postural strategy
compensated the alteration and helped reduce COM
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variation (i.e., variance; denoted as “var”). The best
postural strategy was quantified by estimating the
variance of COM from Equation (9) and defined as the
reciprocal compensatory index:

var(COM) = k?var(sin(ea)) + kivar(sin(eh)) (10)
+ 2k,k,cov(sin(8,), sin(8}))

Keep in mind that the first two components of the right
side of Equation (10) are always positive. However, the
third component could be positive, negative, or zero.
In case of a negative value for the third component, the
variation of COM could be reduced, despite high motion
of the ankle and hip joints. This would happen when
movement of the ankle joint is in the opposite direction
to that of hip joint movement, yielding a negative
covariance value. To examine how the third component
of Equation (10) could reduce the variance of COM,
we normalized the variation of COM by the first two
components of the equation according to the following
formula:

var(COM)

RCI = 5 5
kyvar(sin(0,)) + kyvar(sin(6,))

, (1)
2k k,cov(sin(®,), (sin(6,,))

= 1+ 5 2
kyvar(sin(0,)) + kyvar(sin(6,,))

Equation (11) can be also presented as a function of
correlation between movement of the hip and ankle
joints, assuming a small range of motion of ankle and
hip angles:

RCI— I+ 2ri<1k2\/var(sin(6u))2, var(sin(6,,)) 12)
kivar(sin(0,)) + kyvar(sin(6,,))

1

where “r” represents the coefficient of correlation
between ankle movement and hip movement.

According to this equation, RCI values near zero
represent a good postural control strategy (i.e, negative
correlation between hip and ankle movements), RCI
values more than 1 represent inappropriate postural
control strategy (i.e, positive correlation between hip
and ankle movements, leading to increase the variation
of COM and consequently fall accidents), and RCI values
near 1 indicate that no correlation exists between the
movement of ankle and hip joints.

Experimental Setup

Subject Recruitment

Two studies were performed to examine performance
of the designed biosensor (BalanSens) to assess postural
control. The first study evaluated the agreement between
results reported by our system and balance evaluation
performed using a well-established method based on
assessing the area of sway for center of pressure (COP).
After initial evaluation, the second study examined the
sensitivity of the designed system in screening balance
deterioration during eyes-closed condition compared
to eyes-open condition in a group of DPN subjects.
Both studies were approved by the local ethics committee
(institutional review board).

In the first study, 21 healthy subjects (17 males and
4 females) with a mean age of 24.4 + 1.63 years, a mean
body height of 1755 + 104 c¢m, a mean body mass of
783 + 141 kg, and a mean body mass index (BMI) of
25.3 £ 3.0 were recruited. Participants were a sample of
volunteers from the Rosalind Franklin University campus.
Participants were all young and healthy individuals that
attended the university. Inclusion criterion was any healthy
adult student (age >18) with no self-reported gait or
balance instability. We excluded those with diabetes or
neuropathic complications and those with any history of
clinically significant orthopedic, muscular, or neurological
disability that would affect their ability to perform the
protocol.

In the second study, 17 DPN subjects (age: 592 + 8.5 yrs
old; weight: 1101 + 13.3 kg; height: 1784 + 5.8 cm;
BML: 34.6 + 4.2 kg/m?) were recruited from the Rosalind
Franklin University health system. We included any
volunteers with a diagnosis of diabetes mellitus (type 1
or 2), according to American Diabetes Association (ADA)
criteria,®® and with evidence of peripheral neuropathy.
The diagnosis of peripheral neuropathy (distal symmetric
polyneuropathy) was based on criteria explained in the
ADA’'s consensus statement.” More specifically, in
this study the diagnosis of DPN consisted of vibratory
perception threshold testing using the technique
described by Young and colleagues® and 10-gram
Semmes-Weinstein monofilament using criteria described
by Armstrong and associates.* We excluded those
subjects with any clinically significant neurological
(excluding  peripheral neuropathy), orthopedic, or
muscular disorder that would affect their ability to
perform the protocol.

J Diabetes Sci Technol Vol 4, Issue 4, July 2010

www.journalofdst.org



Assessing Postural Control and Postural Control Strategy in Diabetic Patients

Using Innovative and Wearable Technology

Najafi

Subject Preparation and Protocol of Measurement

Subjects were instructed to stand erect with feet together
and hands by their sides. Two different conditions were
examined as called for by the Romberg’s test: eyes open
(EO) and eyes closed (EC) for a duration of at least
30 seconds. During each condition, the area of sway
for COM, as well as hip and ankle motions, was estimated
using BalanSens as described earlier. Each test was
repeated twice, and the average of both measurements was
considered as the final outcome. In the first study, we
also used a pressure platform (Emed-x system, Novel Inc,
Germany) for measuring the area of sway for COP
during each condition (Figure 4). Additionally, to alter
somatosensory (SOM) feedback (sensation under feet),
we repeated both EO and EC tests while subjects were
standing on a thick soft and firm foam (Figure 5).
This altered SOM feedback in healthy subjects may
have challenged postural control similarly to the way a
loss of SOM feedback may challenge DPN patients.

Statistical Analysis

The area of sway for both COM and COP was calculated
by multiplying the range of motion in ML and AP directions
after excluding outliers. Outliers were estimated by
calculating 5 and 95 percentiles of data. The degree of
agreement between COM measured by BalanSens and
COP measured by the Emed pressure platform was
examined using Pearson’s correlation coefficient (v value).
The comparison between EO and EC conditions for
both young healthy subjects (group 1) and DPN subjects
(group 2) was performed using a paired f test (two-tailed).
The comparison between healthy and DPN subjects
was performed using a two-sample t test (two-tailed).
Intraclass correlation coefficient (ICC)* was calculated to
examine test-retest reliability for both COM and COP
values during EO and EC conditions. To interpret ICC
values we used benchmarks suggested by Menz and
colleagues* and Najafi and colleagues* (>0.75 excellent
reliability, 0.40-0.75 fair-to-good reliability, and <0.40
poor reliability). Paired sample t tests were performed
to demonstrate if any systematic change between test
and retest was significant. For all tests, an o level of 0.05
was considered statistically significant. A 95% confidence
interval (CI) for t-test results was calculated. A 95% CI
for r values and ICC values represents the 95% statistical
distribution of r values or ICC values around their mean
values. All calculations were made using MATLAB®
version 7.4 (R2007z) (The MathWorks, Inc., Natick, MA).
To estimate ICC values, we used an open source statistical
toolbox developed by the “R” development team,
version R2.4.0.43

I EENENENEEE RN EEE NN R EEERENEENEEEEE

Figure 4. The area of sway for COP was measured using a standard
pressure platform. Only the area of sway during a double stance
condition was calculated, and COP values related to a single stance
condition were excluded in the analysis.

Figure 5. To examine the impact of SOM feedback alteration on
balance control, subjects were asked to stand on a firm and thick foam.

Results

Comparison between COM and COP

An excellent correlation was observed between the
area of sway for COM measured by our biosensor
device and the area of sway for COP measured by a
pressure platform [r = 0.92; 95% CI = (0.82-0.94), p < 10,
see Figure 6]. Additionally, test-retest reliability for COM
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measurements, including both EO and EC trials, was
excellent [ICC(1,1) = 0.76, F(41,40.5) = 0.71, 95% CI = (0.57,0.86),
p < 10 ]. On the same note, test-retest reliability for
COP measurements, including both EC and EO trials,
was relatively good [ICC(1,1) = 0.74, F(41,40.1) = 0.66,
95% CI = (0.56-0.85), p < 10°].

Impact of Sensory Feedback Alteration in Body
Sway and Postural Control

Table 1 summarizes body sway results for healthy
and DPN subjects for COM, COP, and ankle and hip
sway. Figure 7 illustrates the comparison between

200 1 N=21 ®
r=0.92,p <10° ®
ICC(1,1) = 0.75 Vg

/7

150 - s O

/7
100 - o

i

50 - ®
il
0 T T T 1

0 5 10 15 20

Center of pressure (cm?)
Measured by a pressure platform

»
o

@® EC condition

Center of mass (cm?)
Measured using sensor-based device

B EO condition

Figure 6. An excellent agreement was observed between COM
estimated using BalanSens and COP measured using the gold standard.

healthy and DPN subjects during EO and EC conditions.
Results demonstrated that BalanSens is sensitive to screen
balance deterioration due to either alteration in visual
feedback (EC condition) or alteration in SOM feedback
(e, standing on a soft surface or DPN complication).
In healthy subjects, the area of sway for COM was
increased significantly under the EC condition on
average by 110% [paired t test, p < 0.005 standard
deviation (SD) = 499 cm? degree of freedom (df) = 20,
95% CI = (13.3,58.6) cm?] without altering SOM (standing on
hard surface) and approximately by 197% [paired ¢ test,
p < 10 SD = 120 cm?, df = 20, 95% CI = (76,186) cm?]
after altering SOM feedback. Alteration in SOM feedback
in healthy subjects increased the area of sway of COM by
103 and 187%, respectively, during EO and EC conditions
[paired tests; for EO condition: p < 104, SD = 34 cm?,
df = 20, 95% CI = (18,50) cm?; for EC condition: p < 107,
SD = 104 cm?, df = 20, 95% CI = (82,174) cm?].

BalanSens also successfully identified the impact of
visual disturbance in DPN subjects as well as balance
deterioration due to neuropathic condition (see Figure 7A).
Results demonstrated that DPN patients exhibit significantly
greater COM sway than healthy subjects during both
EO and EC conditions. In DPN subjects, the area of sway
for COM was significantly higher than healthy subjects
on average by 98% [two-sample f test, p < 0.005, df = 36,
SD = 32 cm?, 95% CI = (11,54) cm?]. The difference was
highly pronounced during the EC condition and reached
greater than 245% [two-sample t test, p < 0.005, df = 36,
SD = 163 cm? 95% CI = (61,274) cm?]. Interestingly,
during the EO condition, despite a significant decrease
in COM sway in healthy subjects compared to DPN, no
significant difference was observed for both ankle and

Bod ay and ec1proca ompensato de 0 d D b
Healthy subjects DPN subjects
Hard surface Soft surface Hard surface
Normal SOM feedback Altered SOM feedback
EO EC EO EC EO EC
COM sway (cm?) 32.6 = 17.82 68.8 + 56.4 66.4 + 44.0 197.5 + 142.8 64.9 + 43.7 237.7 + 235.7
COP sway? (cm?) 297 + 1.4 5.94 + 4.0 16.3 + 8.9 34.4 + 28.2 — —
Ankle sway (deg?) 32 + 18 72 + 56 76 + 65 232 + 189 39 £ 19 129 + 58
Hip sway (deg? 46 + 44 61.5 151 + 280 285 + 217 45 £ 30 169 = 213
RCI—ML 0.80 + 0.05 0.89 + 0.05 0.94 + 0.10 0.94 + 0.12 0.89 + 0.14 0.96 + 0.20
RCI—AP 0.70 + 0.01 0.86 + 0.10 0.79 + 0.08 0.83 + 0.12 0.90 + 0.11 0.95 + 0.21

b Mean = SD.

4 Pressure platform is unable to measure COP sway on a soft surface.
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hip sways (p > 0.05), suggesting a more appropriate
postural compensatory strategy (PCS) in healthy subjects.
During the EC condition, both ankle and hip sways
were significantly higher in DPN subjects (p < 0.05
see Table 1 and Figures 7B and 7C).

Closing of the eyes in DPN subjects caused a significant
deterioration in COM sway by an average of 266%
[paired t test, p < 0.005 SD = 205 cm? df = 16,
95% CI = (61,250) cm?], which is more than twice
than healthy subjects without altering SOM feedback
[two-sample t test, p < 0.005 SD = 141 cm?, df = 36,
95% CI = (57305) cm?]. Interestingly, deterioration of
balance in DPN subjects due to eye closing was almost
the same as healthy subjects by alteration of their SOM
feedback [two-sample t test, p = 044, SD = 163 cm?
df = 36, 95% CI = (-67152) cm?.

On the same note, except for healthy subjects without
alteration of SOM feedback, after closing the eyes, the
area of sway for both hip and ankle joints was increased
significantly (paired f test, p < 0.05, see Figures 7B and
7C). The amount of sway for both ankle and hip joints
and during both EO and EC conditions was significantly
higher in healthy subjects when their SOM feedback was
altered compared to DPN subjects (two-sample ¢ test,
p < 0.05). During the EO condition, alteration of SOM
feedback in healthy subjects caused increased body sway
compared to DPN subjects on average by 49 and 70%,
respectively, for ankle and hip joints. This increase in
the ankle joint was significant [two-sample ¢ test: p < 0.05,
df = 36, SD = 50.2 deg? 95% CI = (4,71) deg? ], but was
insignificant for the hip joint [two-sample ¢t test: p = 0.12;
SD = 209 deg?, df = 36, 95% CI = (=30, 243) deg?].

Impact of Sensory Feedback Alteration in Postural
Compensatory Strategy

Postural control strategy in both ML and AP directions
was reported as RCI—ML and RCI—AP, respectively (see
Table 1). Results of RCI are also illustrated in Figure 8.
Interestingly, results demonstrate that the PCS is
significantly better in healthy subjects compared to DPN
subjects during the EO condition in both AP and ML
directions [two-sample ¢ test in AP: p < 107, SD = 0.09,
df = 36, 95% CI = (-0.24,-0.12); in ML: p < 0.05, SD = 0.10,
df = 36, 95% CI =(-0.18,-0.02)]. After alteration of SOM
feedback in healthy subjects, the PCS was still better in
the AP direction compared to DPN subjects [p < 0.001,
SD = 0.09, df = 36, 95% CI = (-0.18,-0.06)]. No significant
difference was observed for postural control strategy
in the ML direction between DPN subjects and healthy
subjects with altered SOM feedback (p = 0.3).

As illustrated in Figure 8, in healthy subjects, closing the
eyes significantly deteriorates postural control strategy
by an average of 22 and 10%, respectively, in AP and
ML directions. Furthermore, alteration of SOM feedback
in healthy subjects during the EO condition significantly
deteriorates RCI on average by 16 and 13%, respectively,
for ML and AP directions (p < 10*). However, alteration
of SOM feedback during the EC condition did not
impact RCI (p > 0.05).

In DPN subjects, alteration in visual feedback (EC)
significantly deteriorated RCI approximately by 7 and 6%,
respectively, for ML and AP directions. However, the
observed deterioration was only significant in the
ML direction [paired f test, p < 0.05, SD = 0.11, df = 16,
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Figure 7. The area of sway for (A) COM, (B) hip joint, and (C) ankle joint for healthy subjects while standing on a hard surface
(healthy SOM feedback), DPN subjects (distorted SOM feedback), and healthy subjects while standing on a soft surface (distorted SOM feedback).
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Figure 8. Postural compensatory strategy quantified by RCI value in (A) anterior—posterior (AP) direction and (B) medial-lateral (ML) directions.

95% CI = (-0.12,-0.008)]. More interestingly, results suggest
that the PCS during the EO condition is significantly
better in healthy subjects compared to DPN subjects
on average by 10 and 28%, respectively, for ML and AP
directions (p < 10*). During the EC condition, although
postural control strategy was better in healthy subjects
on average of more than 7% for both AP and ML
directions, the observed difference was not significant
(p > 0.05).

Discussion

Traditionally, assessments of COM sway and postural
anticipatory strategy were performed using standard optic,
magnetic, or sonic technologies.>”* However, body-wearable
sensor technology based on electromechanical sensors
has provided a new avenue for accurately detecting and
monitoring body motion and physical activity of an
individual under free conditions.*?> This study has
suggested an innovative, portable, and cost-effective
prototype based on body-worn sensor technology and
used BalanSens to evaluate balance control objectively.
This system uses low-cost, microelectromechanical sensor,
body-worn sensors (i.e., accelerometer, gyroscope, and
magnetometer) to measure the motion of ankle and hip
joints in three dimensions. We also integrated resulting
data into a two-link biomechanical model of the
human body for estimating the two-dimensional sway
of the COM. A new RCI was defined to quantify PCS
performance. Reciprocal compensatory index values may

range from 0 to 2 with lower RCI values associated with
better PCS.

The validity and reliability of the suggested system
were examined by several measurements. First, the COM
estimated using BalanSens was compared with COP
measured using a standard pressure platform in 21 healthy
subjects. Results suggested a relatively high correlation
(r = 092) between two measurements during all conditions.
Interestingly, measuring COM seems to be more than
12 times more sensitive than measuring COP (e, 12 times
higher range of sway for COM compared to range of sway
for COP). Second, we examined test-retest reliability
(repeatability) of the measurement by repeating each
condition during the same session. Results demonstrated
an excellent test-retest reliability for measuring the
area of sway for COM (ICC >0.75). Third, to examine
the sensitivity of the device for screening balance
deterioration, we compared the output of the system
between several conditions in which one or both visual
and SOM feedback were altered. Results demonstrated
that our system is highly sensitive to detect balance
alterations due to challenges in visual (EC condition)
and SOM (standing on a soft surface) feedback. Finally,
the clinical validity of the system was assessed by
comparing balance control of healthy subjects with a
group of diabetes patients suffering from lack of SOM
feedback (i.e, DPN). The proposed technology allowed
screening balance impairment due to DPN complication
during both EO and EC conditions.
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The maintenance of postural stability depends on the
ability of the sensory system to extract SOM, vestibular,
and visual inputs relating to body orientation.
This information is then integrated within the central
system (CNS) and an appropriate motor
response is activated.***> Somatosensory function is
thought to be the most important sensory information
for control of postural stability, contributing at least
60-75% of the control of stance posture when a subject
stands on a firm surface.*** Somatosensory loss is a
characteristic of patients with diabetic neuropathy.!#46-48
Although more than 50% of diabetes patients older than
60 years of age show evidence of peripheral neuropathy,
only a few studies have focused on the postural
instability disorder, which is an important consequence
of this devastating malady.>”2* This study, for the first
time, explored balance determination in DPN subjects
by measuring the area of sway in COM rather than the
area of sway in COP. Results were consistent with other
studies that indicated DPN may significantly impact the
ability of the subject to maintain balance, particularly
during the EC condition. For example, Lafond et al.>°
reported that DPN patients show larger root mean
square values of COP displacement in both AP and ML
directions compared to control subjects. According to their
study, the root mean square value for COP during the
EO condition was 2.77 + 0.97 cm? in DPN patients versus
197 + 0.53 cm? in control subjects, which represents
approximately 41% deterioration of balance due to
neuropathy. In our study, during the EO condition,
the area of sway for COM was 33 + 18 and 66 + 44 cm?,
respectively, for healthy and DPN subjects, which shows
an approximately 100% increase in COM sway due to DPN
complication. On the same note, Lafond and associates®
reported that COP swayduring the EC condition is
2.39 + 0.81 and 4.13 + 3.69 cm? respectively, for healthy
and DPN subjects, which indicates a 73% deterioration
of balance due to diabetic neuropathy. Our study found
the area of COM sway during the EC condition was
69 + 56 cm? in healthy subjects versus 198 + 143 cm?
in DPN subjects, which is equivalent to 187% deterioration
in balance due to DPN complication. These results may
suggest that measuring COM is more sensitive than COP
for screening balance performance.

nervous

The authors of this article provided primary evidence
for potential impairment in PCS in diabetes patients.
Balance disorder in DPN has been found to be
associated with abnormal SOM feedback (proprioceptive
and tactile), which is used for formation of an internal
representation of body position and motion (internal
model) in the CNS.44-48 Tt has been well established

that, in healthy subjects, this internal model is formed
and tuned with practice, based on error-dependent
learning rules between prior motor action and desired
action.*# Despite long sensory delays, noise from
multiple sources, and many interdependent muscles
to control, this internal model enables individuals to
produce motor commands (feedforward prediction)
appropriate for arbitrary actions. However, there
unfortunately is still a paucity of evidence on whether
and how alteration in sensory feedback such as a DPN
complication affect the feedforward compensatory
mechanism. In this study, to examine PCS, we proposed
evaluation of postural reciprocal coordination between
motion around hip (proximal segment) and ankle
(distal segment). This reciprocal coordination allows
healthy subjects to compensate movement of the proximal
segment via anticipation of the distal segment movement.
To quantify this anticipatory strategy, we proposed a
simple index called the reciprocal compensatory index.
This index may range from 0 to 2 with lower RCI values
associated with better compensation of distal segment
movement through anticipation of proximal segment
movement. Interestingly, results revealed that closing
of the eyes or altering SOM feedback will reduce PCS
in healthy subjects. Additionally, results suggest that
DPN significantly impacts subject’s PCS. On the same
note, results suggest that removing visual feedback from
DPN patients completely diminishes their reciprocal
compensatory strategy for reducing the sway of COM.
This consequently may trigger a fall accident in a DPN
patient, as contrary to healthy subjects, their motion of
distal segments cannot be compensated by motion of
their proximal segments.

Interestingly, altering SOM feedback in healthy subjects
caused a significant increase in both ankle and hip joint
sway compared to DPN subjects. This is an important
finding and suggests that neuropathic patients may
compensate their distorted SOM information via a prior
experience/adaptation process. Further investigation to
understand the mechanism of this compensation may
open new avenues to design a smart balance training
program to improve the balance in DPN.

Results of this study have some limitations. First, we
used a small number of subjects; these results will need
to be confirmed with a larger sample. Second, these
subjects were a convenience sample and may not be
representative. Third, we did not match age, gender,
and BMI of our healthy group with the DPN group.
Another study should be addressed to explore the
impact of age, gender, and BMI on the observed results.
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Despite these limitations, we believe this system has
the potential for extended clinical as well as research
applications. It is envisaged that this system could help
assess a subject’s PCS, an important component underlying
postural control. Additionally, the system allows direct
measurement of COM, which may be more sensitive
than COP for examining balance control. Finally, the
suggested technology is highly portable and does not
require installation of any infrastructure, gait laboratory,
or highly trained personnel for data acquisition/analysis.

Conclusion

This study suggested an innovative technology based on
low-cost, wearable kinematic sensors. Using a two-link
biomechanical model of the human body, our device
assesses both postural stability and PCS objectively
(ie, anticipatory strategy to compensate movement of the
proximal segment by movement of the distal segment).
Clinical results of this investigation suggest that alteration
in SOM feedback due to DPN will significantly impact
postural reciprocal coordination between ankle and
hip joints movements. Additionally, in DPN subjects,
completely closing the eyes diminished this coordination,
which is used by healthy subjects to anticipate motion of
the proximal segment by motion of the distal segment.
This compensatory strategy in healthy subjects allows
them to reduce the variation of COM during both
voluntary and involuntary movements. Deterioration in
PCS in a DPN subject may make him or her vulnerable
in maintaining balance while closing the eyes or in
face of high amplitude of sway for either proximal or
distal segments.
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