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Advances in balance assessment and
balance training for diabetes

Bijan Najafi*', Manish Bharara', Talal K Talal*& David G Armstrond'

B Diabetic patients are more vulnerable to a minor trauma than a healthy individual, thus addressing
fall prevention should be considered at an even younger age than people without diabetes.

In addition to diabetes-associated comorbidities, which impact postural control in individuals with
diabetes, many of the medications prescribed for diabetes could actually add to a patient’s balance
instability and, thus, should be prescribed with precaution in those at high risk of falling.

Practice Points
| |

B The evaluation of the risk of falling is a necessary step towards the provision of preventive measures
for individuals deemed to have a high risk of falling.

B The subtle, early findings that are indicative of postural instability are, however, difficult to accurately
assess from a clinical examination, and gait laboratory assessment is not currently available or
practical. Thus, unfortunately, many patients suffering from diabetes that are ‘at risk for falls’ are
undiagnosed.

B The above point being the case, very few centers have practical gait laboratories at their disposal.

B |nnovative technologies, such as wearable sensors (which may be deployed anywhere - in an
unobserved fashion), may be used in clinical practice for assessing subtle deviation in gait and
balance due to diabetes.

B New data have demonstrated a potential benefit of exercise training in improving balance in
diabetes.

B Recent developments in motor learning and virtual reality have shown promise to help patients
alleviate their sensory feedback and motor impairments and speed up motor function recovery and
may be used by patients at home much as their younger family members use video games.

SUMMARY  As clinicians, we have been searching for objective and widely available
outcome measures for our care. We also prefer these measuring processes not to burden
our busy clinics or patients’ time. With this in mind, it seems that there are many challenges
to treating patients with diabetes. Some of these are well recognized and some are not. For
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example, we know that balance deterioration affects this population. In addition, individuals
with diabetes are more vulnerable to any minor trauma than a healthy individual. Any minor
trauma causes a major wound, which can be very dangerous for this population. Thus
preventive strategies for reducing the risk of falls in diabetes should be considered even
before geriatric age. Evaluation of the risk of falling is a necessary step towards the provision
of preventive measures. This paper reviews and provides a comprehensive outlook of
current development and possible emerging technologies for addressing balance instability

in diabetes.

Falling is among the most serious health prob-
lems associated with aging [1]. It is estimated
that 32% of people aged 65 years and older and
75% of nursing home residents are expected to
fall at least once a year, with a quarter of these
cases leading to serious injuries [2]. Falls are one
of the leading causes of injurious deaths among
people aged 65 years and older [3], resulting in
approximately 9600 deaths in 1998 in the USA
(4]. Hip fractures are one of the most serious con-
sequences of falls among the elderly and it is esti-
mated that there will be 500,000 hip fractures
per year by 2040 [s5]. Falls have other negative
consequences, such as loss of function or immo-
bility. Even after injuries are healed, or in cases of
falls that do not result in injury, the mere experi-
ence of a fall often leaves elderly individuals with
a fear of falling, causing them to severely limit
their physical activity [6]. Such restriction on
activity can trap an individual in a vicious cycle
leading to decreased functional mobility, which
in turn further restricts activity, and so on [7].
The economical burden of fall-related injuries,
together with the pretium doloris makes such
injuries the first public health problem for the
elderly population. Therefore, prevention of falls
and fall-related injuries, specifically in the elderly,
remains a key challenge for public health.

Individuals with diabetes are more vulnerable
to any minor trauma than a healthy individual,
thus addressing fall prevention should be consid-
ered at an even younger age than people without
diabetes. For example, Reistetter ¢z al. studied
79,526 persons with a first time hip fracture and
demonstrated that younger patients with dia-
betes had poorer outcomes (e.g., length of stay
in the medical rehabilitation unit or hospital)
than patients with no diabetes [8]. Their results
also suggest that the difference between diabetes
and nondiabetes in recovery outcomes after hip
fracture is more pronounced in younger subjects
than older subjects.

In addition, several studies suggest that peo-
ple with diabetes are more likely to fall than
the same age-matched population of people
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without diabetes [9.10]. For example, Miller and
colleagues demonstrated that individuals with
diabetes are 2.5-times more likely to experience
an accidental fall or a fall-related injury than age-
matched controls [11]. In the Women’s Health
and Aging Study of 1002 women, Volpato and
colleagues reported that diabetes status demon-
strated a 44% increased risk of falls over 3 years
in their multivariate model [10]. In the Study of
Osteoporotic Fractures (n = 9249), Schwartz and
colleagues reported a 68% increased in multiple
falls risk in individuals with diabetes over 2-year
follow-up, compared to aged-matched controls
9]. Incident falls are also increased in patients
with previous foot ulceration compared to con-
trols [12]. Interestingly, poor balance appears to
describe more of the fall risk association than
loss of sensation or decreased vibratory percep-
tion [9]. Other authors have also described loss
of sensation falling out of a multivariate model
for conservative gait patterns in persons with dia-
betes [13]. Schwartz and colleagues reported poor
balance, as assessed by tandem gait and stand-
ing, describing 23 and 14% of the fall risk asso-
ciation compared with 3 and 6%, respectively,
for monofilament insensitivity and decreased
vibration perception [9].

Evaluation of the risk of falling is a necessary
step towards the provision of preventive measures
for individuals deemed to have a high risk of fall-
ing. The risk of falling is generally evaluated by
using questionnaires (e.g., fall history, health-
related quality of life [e.g., SF12 or SF36] and
Fall Efficacy Scale [e.g., FES or FES-I]). These
methods have numerous shortcomings such as
subjectivity and limited accuracy in recall [14].
Risk of falling can also be evaluated using clini-
cal and functional tests, such as assessments of
posture and gait (e.g., Tinetti Gait and Balance
Score, Romberg’s Balance Test and gait inter-
cycle variability), independence in daily life
(Barthel Index), level of motor task functioning
(e.g., Lawton’s score), cognition and vision [15-21].

The subtle, early findings that are indicative
of postural instability are, however, difficult to
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accurately assess from a clinical examination,
and gait laboratory assessment is not currently
available or practical for the clinical environ-
ment. Thus, unfortunately, many patients suf-
fering from diabetes that are ‘at risk for falls’
are undiagnosed. The conventional methods for
assessment of gait and balance have been limited
to gait laboratories equipped with motion track-
ing systems [22-26], which may not be suitable for
a clinical environment [27,28]. This review aims
to provide an overview of new advances in tech-
nologies and methods that may allow clinicians
to evaluate gait and balance alteration due to
diabetes outside of a gait laboratory and appro-
priately for routine clinical assessment. To better
look at the appropriate technology for assessing
gait and balance, first the impact of diabetes on
gait and balance is briefly overviewed.

Diabetes & balance control
Traditionally, balance control is defined by
an individual’s ability to control deviations of
the center of mass (COM) within the base of
support (or center of pressure [COP]) [29], and
balance deficits defined by deviations that lie
outside normal age-matched reference limits [30].
Balance deficit is a key concern for individuals
with diabetes and is associated with high mor-
bidity and mortality. According to the National
Diabetes Information Clearinghouse [201],
20.8 million people in the USA — at least 7% of
the population — have diabetes and the number
is steadily growing and estimated to increase by
122% by 2025 to reach a total of 300 million
individuals [202]. Approximately 50% of individu-
als with diabetes over the age of 60 years exhibit
diabetic neuropathy, making this the most com-
mon symptomatic complication. Diabetic periph-
eral neuropathy (DPN) is a serious complication,
predisposing diabetic patients to foot complica-
tions. Individuals with DPN often suffer from
postural instabilities, leading to falls, depression,
anxiety and a decreased quality of life [31-33].
Balance disorder in DPN has been found to
be associated with abnormal somatosensory feed-
back (proprioceptive and tactile), which is used
in the formation of an internal representation of
body position and motion (internal model) in
the CNS [31.34-36]. It has been well established
that in healthy subjects, this internal model is
formed and tuned with practice, based on error-
dependent learning of rules between the prior
motor action and desired action [37.38]. In spite of
long sensory delays, noise from multiple sources
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and many interdependent muscles to control,
this internal model enables individuals to pro-
duce motor commands (feedforward prediction)
appropriate for arbitrary actions. DPN individu-
als may compensate for the lack of sensory feed-
back through intact sensory systems and through
prior experience (e.g., feedforward prediction).
Although, this is a very positive phenomenon for
reducing the risk of falling, especially during clin-
ical evaluation, this capability may be enhanced
and mask the impact of sensory impairment for
maintaining balance in those conditions in which
subjects are naive. Therefore, a potential postural
disorder may not be recognized during a clinic
visit. The novel technology based on body-worn
sensors with a suitable biomechanical model of
the human body offer a new objective tool that
allows assessing both biomechanical (e.g., body
sway) and neurological (e.g., postural compensa-
tory strategy) aspects of balance control in DPN
patients.

Deficit in somatosensory feedback due to
peripheral neuropathy is not the only cause of
balance instability in individuals with diabetes.
Several studies have hypothesized that deficits
in vision due to retinopathies, vestibular system
due to polyneuropathy and orthostatic intoler-
ance due to diabetes could be important contrib-
utors to postural instabilities in this population
(39-44]. In addition, alteration in the CNS due
to autonomic neuropathy may also contribute to
abnormalities in gait and balance in individuals
with diabetes [42,44.45].

Diabetes & gait
Proper gait function (i.e., quality of gair)
requires the ability to maintain safe gait while
navigating in complex and changing environ-
ments, and to conform one’s gait to different
task demands. Furthermore, a person’s qual-
ity of gait is closely linked to his or her overall
state of health. For example, walking speed
inversely correlates with an individual’s ability
to live independently, perform various activi-
ties of daily life (such as safely crossing a traffic
intersection) and risk of falling [27.46,47].
Patients with diabetes experience a high inci-
dence of injuries while walking and have a low
level of perceived safety [31.43.48]. Furthermore,
aberrations in some spatio-temporal gait param-
eters have been linked with increased fall risk
among elderly patients [48-51]. Cavanagh ez al.
found that patients with DPN are 15-times more
likely to report a fall accident during walking
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or standing than aged-matched controls [48].
Therefore, a better understanding of the impact
of peripheral neuropathy on spatio-temporal
parameters of gait may be of key importance in
preventing falls in this patient population.
Several studies have previously addressed gait
alterations that occur in patients with diabetes.
Patients with diabetes tend to take shorter steps
with a wider base of support [4352]. They also
walk slower and demonstrate a longer double sup-
port time [43,52]. There may be psychological fac-
tors that influence one’s gait pattern beyond aging
alone s3]. Nonetheless, patients with diabetes and
peripheral neuropathy have been described to
have gait instability [s4]. Petrofsky and colleagues
studied this potential area in 15 patients with dia-
betes and no strength deficits via manual muscle
testing or loss of protective sensation using 10 g
monofilaments [52]. Gait was assessed in a linear
path as well during two turning tasks (0.66 m
and 0.33 m). They demonstrated slower speed
and wider step length in patients with diabetes
compared to aged-matched controls, coupled
with greater motor error at the joints. The authors
suggested that the deterioration in gait observed
in individuals with diabetes is due to damage in
the vestibular, autonomic and somatic nervous
systems [52]. Other authors have observed gait
impairment preceding sensory loss [55.56].

Diabetes & reaction time
Aging slows reflexes and increases the time to
react to a number of external stimuli of differ-
ent modalities [57]. In movement-related research
fields, the reaction time test is used to estimate
the attention demand required to perform the
main motor task [58]. Several studies suggest
that diabetes slows psychomotor responses and
has cognitive affect on those individuals with-
out proper metabolic control, all of which may
affect reaction times. The additional slowing of
reaction times may affect every day tasks such as
balance, increasing the probability of a slip or fall.
In the gait study by Petoskey and colleagues
in 15 patients with diabetes [52], reaction times
were assessed as the time taken to stop walking
in response to a strobe flash. The results suggest
that the reaction time is twofold longer in indi-
viduals with diabetes versus age-matched con-
trols. Courtemanche and colleagues observed
similar findings in a study of 12 patients with
DPN compared with seven age-matched con-
trols. Neuropathy was defined using a clinical
scoring system and authors found prolonged
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reaction time in patients suffering from diabetes
and peripheral neuropathy. This was measured
using an upper extremity reaction time test to
auditory stimulus. These results led the authors
to conclude that increased attentional demands
with more conservative gait patterns suggest lack
of proprioception affecting control of gait [59].

Prescribed medication & its impact on
balance

Theoretically, many of the medications prescribed
for DPN could actually add to a patient’s balance
instability. For example, amitriptyline has been
reported to cause sedation in 43% of patients [60].
In a comparison trial with gabapentin, 79% of
patients treated with amitriptyline reported seda-
tion, dizziness, ataxia, postural hypotension or
lethargy and there were 31 reports of these con-
ditions in 28 patients treated with gabapentin
(61]. In another report, Biesbroeck and colleagues
reported somnolence and musculoskeletal com-
plaints in 46 and 23% of DPN patients, respec-
tively [62]. Similar adverse event rates have been
reported in trials of newer agents. In a trial of
duloxetine, 43% reported somnolence, fatigue
or dizziness [63]. In a trial of pregabulin, 61%
reported somnolence, dizziness, ataxia or asthenia
(64]. The point of this discussion is not to dimin-
ish the high clinical value of treating neuropathic
pain with effective agents. The point is that many
of these reported adverse events are difficult to
quantify in a patient’s health-related quality of
life. More objective measures, such as modeling
the COM and postural control strategy during a
Romberg’s test could be helpful in understanding
how balance has responded to a therapy [65]. Also,
measuring one’s quality of activity at home and
the duration of their postural transitions outside
of the gait laboratory or under the watchful eyes of
a clinician could also be helpful in understanding
response to treatment [66].

Objective assessment of balance
instability

During normal quiet stance, humans sway
slightly. This sway is indicative of a senso-
rimotor control system maintaining imperfect
equilibrium of an inverted pendulum model of
upright posture [67]. The control generally relies
on input from multiple sensory modalities, and
sway, practically defined either as motion of the
body’s COM or the COP of vertical ground
reaction forces onto a subject’s feet [68], increases
when some sensory inputs are disrupted [69]. In
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addition, subjects with a variety of neurologi-
cal disorders exhibit greater sway than healthy
subjects [70-72]. For these reasons and because
the of ease of measurement, sway and other
quantifiers of quiet stance have been proposed
as useful measures for detecting balance disor-
ders or determining the risk of falling. These
measures are, however, limited in their ability
to either diagnose contributing factors or pro-
vide insight concerning underlying mechanisms
(73.74]. In fact, increasing sway is not a good
predictor of postural instability since many
very unstable patients, such as patients with
Parkinson’s disease, show smaller than normal
sway in stance [75]. Gill ez a/. for example showed
that elderly subjects did not exhibit greater sway
than younger subjects in some conditions [76].
The inaccuracy of current technologies based
on measuring body sway for assessing postural
control is mostly owing to the following reasons:

* They do not take into account the postural
compensatory strategy, which represents how
a voluntary oscillation of a body segment is
compensated by involuntary movement of
other segments;

* They study the postural response without
altering the sensory feedback systems (e.g.,
under low light condition, during which false
visual cues may make things worse) [77];

= Sway is measured based on using a single
inverted pendulum rotating around the ankle
joint, under the assumption that movement
around the hip joint is quite small;

* Most importantly, balance is assessed under
conditions that do not challenge the feedfor-
ward control system and hence the role of motor
adapration to compensate the impairment in
sensory feedback through re-weighting or using
other intact sensory systems is unclear.

Thus, for a more accurate assessment of balance
and its potential improvement postinterven-
tion a combination of more sensitive tools and
paradigms of test is required. More specifically,
balance should be assessed by the evaluation of
how different body segments are interacting with
each other and whether this interaction helps to
stabilize COM within the base of support (or
COP). Additionally, balance should be tested
under conditions in which individuals with
diabetes may have more difficulty to interact
with sensory feedback such as standing on an
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irregular surface (vulnerability due to foot insen-
sation) or an ankle reaching task (vulnerability
due to limited lower extremity flexibility and

lack of prioprioception feedback).

Postural strategy & sensory alteration

Body sway itself may not be accurate enough
to evaluate postural control. An individual may
have a significant sway in the COP or ankle with-
out moving his/her COM through an appropri-
ate reciprocal coordination between his/her body
segments [65]. This is the strategy that is often
used in acrobatics performance (e.g., tightrope
walking). On the other hand, a slight motion
of ankle segment may substantially move COM
out of the base of support and thus cause a fall
if, for example, the hip moves in the same direc-
tion as the ankle movement. The best postural
anticipatory strategy is defined as best joint
reciprocal coordination to minimize the motion
of COM. Balance assessment should evaluate
how postural anticipatory strategy is modified
owing to diabetes. For example, poor strength
and poor sensory response at the ankles due to
diabetes may lead to a compensatory strategy of
excessive hip/trunk motion for control of the
postural equilibrium [78]. The identification of
the strategies used by a patient to compensate
for his/her impairments enables clinicians to
determine whether more optimal strategies are
potentially available. Thus, an objective assess-
ment helps clinicians know whether or not their
patients are performing optimally given their
current set of primary impairments, and whether
intervention can improve the strategies used to
accomplish balance tasks. It would also be help-
ful to assess reciprocal postural response with
changes in support and sensory conditions, an
individual’s expectation and experience, and task
constraints. Balance assessments should also dif-
ferentiate between different types of balance con-
trol, including the ability to respond to external
perturbations, the ability to anticipate postural
demands associated with voluntary movements,
and the ability to voluntarily and efficiently move
the COM through space, since patients may be
affected differently in these different types of
balance control [75,78]. A balance assessment sys-
tem must also evaluate the compensatory strate-
gies used by individuals during balancing tasks.

Motor learning & sensory compensation
Recent studies support the hypothesis that pos-
tural compensation for sensory feedback loss can
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involve sensory substitution, predictive mecha-
nisms and increased sensitivity to the remaining
intact sensory information [79]. For example, in a
case study of an unusual patient with total body
loss of large fiber sensory afferents, Horak ez al.
found that auditory cues indicating perturbation
onset can trigger functional postural responses
when the direction of perturbation is predict-
able [72]. In a subsequent study, they showed that
patients with partial loss of somatosensory infor-
mation from the feet due to DPN can substitute
light touch from a fingertip to reduce sway and
improve scaling of postural response magnitude
(80]. Interestingly, in another study, Horak ez a/.
demonstrated that control subjects standing on
any sway-referenced surface swayed significantly
more than neuropathy subjects who stood on a
firm surface [34]. This suggests that sway-refer-
encing disrupts more somatosensory information
than is disrupted by severe neuropathy [32,48]. A
similar observation was reported by Najafi ez al.
by comparing balance control between healthy
subjects standing on a soft surface (alteration
in somatosensory feedback) and DPN patients
(65]. These findings may indicate that in DPN
patients, CNS forms a new motor adaptation
mechanism to predict the alteration and hence
compensate for the distorted somatosensory
information. The details of this compensation
mechanism, however, are not well understood.
Additionally, these studies may suggest that

Camera

although DPN patients may show a relatively
good balance during their clinical visit, they may
be vulnerable when maintaining balance in con-
ditions that are new to them. Therefore, novel
techniques/paradigms should also be designed to
examine the feedforward component underlying
balance control prior to compensation of the lack
of sensory feedback for appropriate therapeutic
decision-making.

Current methods for assessment of
balance instability

Currently available technologies for assess-
ing postural control can be divided into four
categories (see Figure 1). A variation of COM
can be estimated using camera-based systems
(e.g., Vicon) incorporated with several reflected
markers attached to different body segments, as
Figure 1A shows; such technologies, however, are
expensive. Given that they require installation
of particular infrastructures, and that the overall
process, including marker attachment and data
extraction, are time consuming, these systems
are impractical for use in routine clinical prac-
tice; the most widely-used method for evaluation
of a patient’s ability to maintain postural stabil-
ity (posturography) is based on the measurement
of ground reaction forces and variation of COP
(Figure 1B). Forceplate (e.g., Kistler) provides an
accurate estimate of the ground reaction forces
and the COP. These technologies, however, are

Figure 1. Current methods for assessment of postural instability. (A) Camera-based systems: these
technologies could be used for estimation of center of mass sway. (B) Force Platform: a force plate
could be used for measuring the variation of center of pressure as the subject stands on the platform.
(C) Computerized dynamic posturography: using a computerized and movable platform, balance
can be assessed under altered sensory conditions; (D) recently some innovative technologies based
on micro-electro-mechanical systems technology has been introduced to measure body segment

oscillation.
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relatively expensive, and often require specific
infrastructure installation and are not ambula-
tory. Additionally, standing on an instrumented
platform makes it difficult to examine balance
on different types of surfaces, which make dif-
ficult the assessment of type of standing surface,
footwear on balance. Therefore, they are also less
practical for small clinic/hospital environments.
Furthermore, they do not provide any informa-
tion about the movement of body segments as
well as compensatory strategy. Figure 1C shows
computerized dynamic posturography attempts
to provide quantitative information about the
patient’s ability to maintain balance [203]. The
patient wears a harness to prevent falls and
stands on an enclosed platform surrounded by a
visual field. By altering the platform angle, or by
shifting the visual field, the test assesses move-
ment coordination and the sensory organization
of visual, somatosensory and vestibular infor-
mation relevant to postural control. The results
of posturography have been used to determine
what type of information (e.g., visual, vestibular
and proprioceptive) can and cannot be used to
maintain balance. Although such a technology
enables the study of postural control in altered
sensory conditions, these systems are expensive
and require a dedicated space and installation
of particular infrastructures. They are therefore
unsuitable for in-home and small clinics/hospital
applications. Recently several technologies have
been developed to measure body sway based
on MEMS technology (e.g., SwayStar™ [204])
(Figure 1D). However, they are unable to evaluate
postural compensatory strategy since they lack
a suitable biomechanical model — most studies
model the human body as a single inverted pen-
dulum rotating around the ankle joint, under the
assumption that movement around the hip joint
is quite small. However, a recent study suggests
that the movement around hip joint is not only
not negligible, but is also of key importance for
maintaining balance (81].

Recent advances in assessing balance

Human body motion is traditionally captured
using standard optic, magnetic or sonic tech-
nologies [82]. However, in recent years, body-
wearable sensor technology based on electro-
mechanical sensors (MEMS) has provided a new
avenue for accurately detecting and monitoring
body motion and physical activity of an individ-
ual under free conditions [50.82,83]. In particular
thanks to the integration of MEMS in a new
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generation of smart cell phones, the application
of MEMS for motion analysis and mobile health
application has sharply increased in recent years.

Unlike laboratory-based instruments, which
need a dedicated controlled space, the wear-
able sensors can be used just about anywhere
(82]. These are highly transportable and do not
require stationary units such as a transmitter,
receiver or cameras. In addition, these sensors are
much cheaper than sonic, magnetic and optical
motion capture devices [82]. They are easy to set
up and use, and do not require highly skilled
operators. Wearable sensors can be used in real
time, since the processing phase of detected sig-
nal is much shorter than the computing time of
some standard systems using image processing
and marker tracking algorithms [82]. In particu-
lar, the combination of multiple accelerometers,
angular rate sensors (gyroscopes) and a magne-
tometer show a promising design for a hybrid
kinematic sensor module for measuring the
3D kinematics of different body segments [¢s].
These sensors incorporated with a high speed
data acquisition system enable the measuring
and recording of 3D body segment motion with
sample frequency (up to several hundred Hz)
with a lower cost than camera-based systems.
The high sample frequency is essential for virtual
reality and motor adaption applications, where
assessing subjects’ postural response against an
alteration is required (e.g., assessing involuntary
response or feedforward and motor adaptation
ability). In addition, real-time processing is
highly beneficial to the creation a bio-feedback
signal from body segment motion or COM for
both rehabilitation and evaluation of gait and
postural control mechanisms [84].

Using body-worn sensor for assessing
postural control & postural control
strategy in diabetes

The application of wearable sensors based on
MEMS technology for assessing balance has been
described in the past. For example, postural sway
can be measured by using accelerometers placed
at the back of a subject. Adlerton ez a/assessed the
changes in postural control strategy after fatigu-
ing exercise using accelerometers on a hip belt
and compared the results with a force platform
(85]. Results suggest that both COP movements
and truck accelerations are increased post fatigue.
Body sway can also be measured using angular
velocity sensor (gyroscope), for example, Allum
et al. quantified trunk sway during balance tasks
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using two angular velocity sensors mounted on
a belt and attached to the lower back [8¢]. The
results suggest that measuring trunk sway allows
the identification of vestibular deficit subjects
from normal healthy controls (86].

A key challenge for using wearable sensors
is their ability to extract useful clinical data
along with a restriction on the number of sensor
attachments and ease of management. Naturally,
if the wearable sensor poses any hindrance to a
subject’s movements, due to either the complex-
ity of sensor attachments (e.g., multiple sensor
units or the location of sensor attachment) or
device management (e.g., limited battery life), its
application for outdoor monitoring and routine
clinical assessment will be limited [82]. Therefore,
a simplified biomechanical model of the human
body with the requirement of a minimum num-
ber of sensor attachments should be integrated
with such technology to make them suitable for
various clinical applications. On the other hand,
model simplification may alter system accuracy.
Therefore, an optimum tradeoff between system
accuracy and the minimum number of sensor
attachment should be provided. Previous stud-
ies addressing MEMS technology for assessing

Body-worn
sensors

Figure 2. Wearable sensors for assessing
balance. By attaching two wearable sensors to
a patient’s shin and lower back, balance as well
as reciprocal interaction between ankle and hip
motion can be assessed accurately. One of the
key advantages of this method is the ability to
assess balance in any environment independent
of type of surface and base of support.

Diabetes Manage. (2012) 2(4)

balance often assumed that measuring sacral or
lower back motion (e.g., one link) is sufficient to
estimate the COM sway, assuming that the hip
joint movement is quite small [65,81,85,86].

In a recent study, our team has designed
and validated a biosensor technology named
BalanSens™ (¢s]. The system is based on widely
available kinematic sensors (i.e., accelerometer,
gyroscope and magnetometer). The system
measures ankle and hip motion in 3D (Figure 2).
We have also integrated the resulting data into
a two-link biomechanical model of the human
body for estimating the 2D sway of the COM in
anterior—posterior (AP) and medial-lateral (ML)
directions (Figure 3). To evaluate the best postural
strategy for maintaining balance, a reciprocal
compensatory index (RCI) was defined, which
quantifies how the movement around the hip
could compensate for the movement around the
ankle for reducing the variation of COM [65].
RCI values near to zero represent a good pos-
tural control strategy (i.e., negative correlation
between hip and ankle movements), RCI val-
ues more than one represent inappropriate pos-
tural control strategy (i.e., positive correlation
between hip and ankle movements leading to
an increase in the variation of COM and conse-
quently fall accident) and RCI values near to one
indicate that there is no correlation between the
movement of ankle and hip joints [és].

The validity and reliability of the suggested
system were examined by several measurements
(6s]. First, the COM estimated using BalanSens
was compared with COP measured using a stan-
dard pressure platform in 21 healthy subjects.
Results suggested a relatively high correlation
(r = 0.92) between the two measurements dur-
ing both eyes-open (EO) and eyes-closed (EC)
conditions. The clinical validity of the system
was assessed by comparing the balance control
of healthy subjects with a group of 17 individuals
with DPN [65]. Results demonstrated that DPN
patients exhibit significantly greater COM sway
than healthy subjects for both EO and EC condi-
tions (p < 0.005). The difference becomes highly
pronounced while eyes are closed. Furthermore,
the results showed that postural compensatory
strategy assessed using RCl is significantly better
in healthy subjects compared to DPN subjects for
both EO and EC conditions, as well as in both
medial-lateral and anterior—posterior directions
(p <0.05). Interestingly, alteration in somatosen-
sory feedback in healthy subjects by standing on
a soft surface resulted in diminished RCI values
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that were similar to those seen in the DPN sub-
jects (p > 0.05). These results suggest that a low-
cost technology based on inertial sensors similar
to those sensors used in the new generation of
smart phones (e.g., iPhone® 4S, Apple Inc., CA,
USA) can provide accurate information about
a patient’s balance without using an elaborate
gait lab infrastructure [¢s]. This strategy also
appears to be more sensitive and responsive as the
changes are approximately 12-times larger than
using traditional COP techniques. This degree
of discrimination could detect clinically subtle
yet meaningful changes in a patient’s balance.

New advances in assessing gait

Many of the previous studies explored gait alter-
ation due to diabetes in gait laboratories, which
have inherent space restrictions, making use of
targeting forceplates and requiring the speed,
rythmicity, and path of the subject to be regu-
lated by treadmills. These laboratory conditions
do not always replicate the natural environments
in which patients are usually active [28.50,87.88].
Advances in the technology of wearable sensors
during the last decade have opened new avenues
for exploration into gait assessment outside of
the confines of the gait laboratory [s3].

The reliability of gait parameters can change
at varying distances and gait speeds [50]. Najafi
and colleagues studied 24 elderly patients over
shorter (<10 m) and longer walking distances
(>20 m). They compared the results of gait assess-
ment inside of a gait laboratory over a traditional
walking test distance (~10 m) and outside of a
gait laboratory. They found that the reliability
of spatio-temporal parameters of gait improved
with longer walking distances [s0]. Surprisingly,
their results suggest that gait parameters mea-
sured outside of a gait laboratory and over a longer
walking distance are significantly different from
those measured inside of a gait laboratory [2750].
Recent studies also suggest that patients with
diabetes will change their gait strategy based on
differences in terrain [89]. Outside of gait pertur-
bation studies, this is difficult to assess in a labo-
ratory environment. Allet and colleagues studied
16 patients with diabetes with and without neu-
ropathy. Patients wore wearable sensors including
four uniaxial gyroscopes attached to each shank
and thigh segments using elastic bands. They
were asked to walk with their habitual speed over
three different surfaces including tarred, grass and
cobbled stone. The order of walking surface was
randomized by subject to remove any potential
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Figure 3. Measuring center of mass sway during Romberg test. Center of mass
sway in a typical patient with diabetic peripheral neuropathy during (A) eyes-open

and (B) eyes-closed condition.
COM: Center of mass.

bias due to learning or fatigue. After 8 days, they
were tested again. They reported excellent reli-
ability across the three different conditions. Their
results suggested that surfaces have an effect on
spatio-temporal parameters of gait in diabetic
subjects (p < 0.05). Specifically, the enrolled sub-
jects tended to walk slower on stones by 8% on
average compared to walking on grass surface
(1.12 £ 0.23 m/s on stones vs 1.21 + 0.21 m/s on
grass). On the same note, they walked slower on
grass than on the tarred surface (1.25 + 0.20 m/s
on tar vs 1.21 + 0.21 m/s on grass) [89].

Virtual reality & its application for
assessing alteration in motor performance
due to diabetes

Restricted joint mobility and alteration in sen-
sory feedback due to diabetes can contribute to
misjudgments while crossing obstacles [90]. In cer-
tain cases the impaired judgment — mainly due to
impaired proprioceptive feedback in subjects with
DPN - can cause obstacle collision leading to falls
or even serious injuries. It should be noted that it
is not only patients with moderate-to-severe DPN
who walk with altered gait patterns [88,89.91], those
with no to minimal DPN also show degraded
postural control and gait performance [90]. Apart
from deviations in gait, other changes are also
present in patients prior to clinical expression of
DPN including reduced ankle muscle strength
[92] and impaired joint position sense of the dis-
tal joints, which have been shown to affect gait
performance [93]. Therefore, during the early
development of DPN or prior to its diagnosis,
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assessing motor performance during an obstacle
negotiation task may be helpful for assessing the
associated risk of falling, especially in challenging
environments, including obstacle avoidance [94].

However, the conventional methods for assess-
ment of obstacle crossing ability have been lim-
ited to gait laboratories equipped with motion
tracking systems [22-26], which may not be suit-
able for a clinical environment [27,28,83,95]. In addi-
tion, assessing gait and balance in a real condition
such as using an actual obstacle could be risky for
DPN patients and may cause injury during the
test. Since even a small accident (e.g., hitting a real
obstacle) could cause a serious adverse event such
as a diabetic foot ulcer, which is difficult to heal,
the obstacle crossing test using an actual obstacle
should be avoided. The new technologies based
on virtual reality can replace the assessments per-
formed in a gait laboratory without imposing any
risk to patients and without the requirement of
expensive motion analyzer systems and/or devot-
ing a big gait laboratory space, which is often
unaffordable for many small clinics.

In a recent study, we proposed virtual reality
paradigm using wearable sensors for quantify-
ing a subject’s ability for successfully crossing a
series of virtual obstacles (Figure 4) [84]. The imple-
mented portable system provides real-time joint
position feedback from lower limbs and uses vir-
tual obstacles, thereby posing minimum risk of
injury to participants. Sixty seven participants
(age: 55.4 + 8.9 years; BMI: 28.1 + 5.8) including
diabetes with and without DPN, as well as aged-
matched healthy controls, were recruited. The
severity of neuropathy was quantified using the
vibratory perception threshold (VPT) test. The
ability to perceive the position of lower extremi-
ties was quantified by measuring obstacle crossing
success rate, toe—obstacle clearance and reaction

Figure 4. Virtual reality can be used for
assessing lower-extremity joint perception in
individuals with diabetes.

Diabetes Manage. (2012) 2(4)

time while crossing a series of virtual obstacles
with heights at 10 and 20% of the subject’s leg
length. All three parameters were deteriorated in
individuals with diabetes compared to healthy
controls. Results suggest that DPN subjects have
a longer reaction time in response to approaching
virtual obstacles than aged-matched controls and
diabetes without neuropathy. Interestingly, results
suggest a relatively high correlation with neuropa-
thy severity (r = 0.5) quantified using a vibratory
perception threshold test. The delay becomes more
pronounced by increasing the size of the obstacle.
Using a regression model, results suggest that the
change in reaction time between obstacle sizes of
10 and 20% of leg length is the most sensitive pre-
dictor for neuropathy severity with an odds ratio
of 2.70 (p = 0.02). The increased reaction time
seen in this modality for subjects with diabetes
may be one cause of increased slips and falls in this
group, and thus its assessment may provide useful
information for assessing the risk of falling in indi-
viduals with diabetes. Additionally, the developed
technique could be used by diabetics at home to
assess their motor function deterioration caused by
diabetes and neuropathy, which in turn may help
to prevent falls and other associated trauma caused
by progression in neuropathy severity.

Methods for improving balance in
diabetes

In order to improve postural balance, a number
of studies have been conducted incorporating
balance training exercises to reduce the risk of
falling among subjects with poor balance con-
trol. A recent study by Morrison ¢t a/. examined
the effect of balance training on reduction of
fall risk in Type 2 diabetic individuals [96]. The
participants performed balance/strength train-
ing tasks over a period of 6 weeks and with a
training schedule of 3 days a week. The results
showed that, after balance training tasks, indi-
viduals with diabetes had a significantly greater
amount of leg strength, faster reaction time and
decreased amount of sway.

In a randomized control trial study, Allet and
colleagues showed that gait speed and balance
can be improved by exercise training in indi-
viduals with diabetes [97]. A 12-week program
(twice a week for 1 h) of warm up, circuit train-
ing and ten exercise tasks: balance and walking,
functional strength and endurance, stable and
unstable surfaces, increased step height exercises
and interactive games, such as badminton and
obstacle races in teams, and feedback sessions
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suggesting what exercises to do at home was fol-
lowed. After training, individuals with diabetes
had an increase in gait velocity, balance, muscle
strength, joint mobility and a decrease in fear
of falling. A follow-up measurement was made
after 6 months and subjects were encouraged to
continue the exercises for that period of time. The
Sway Index was reduced by approximately 33%
(from 6 to 4); however, at follow-up measure-
ments, the Sway Index reduction was approxi-
mately 16.6% compared with baseline. Knerl
et al. examined the effect of 6 weeks single and
combined training on dynamic balance including
the 8-Foot-Up and Go Test and the combined
score on the Fullerton Advanced Balance Scale
(FAB-Scale) with 51 elderly individuals divided
into three groups. The authors concluded that the
6-week period was not sufficient to reduce signifi-
cant improvement in dynamic balance regardless
of the training paradigm (98]. The possible reason
for contrary results could be the recruitment of
participants who were well above cutoff scores
for the test being involved in the measurement
protocol as reported by the authors themselves.

Interestingly, from the above discussions it
can be argued that the conventional balance
assessment techniques might not be as efficient
outside the vulnerable population. Thus, there is
also a need to explore systems that can identify
the subtlety of balance improvement/deterio-
ration among individuals at the early stage of
balance deterioration to prevent future trauma.
Objective assessment of gait and balance may
provide the necessary sensitivity to compare the
benefit of different balance training paradigms
and examine the benefit of balance training in
a short period of time.

In addition, the discrepancies regarding the
effect of type of training/exercise effective for
balance training [96,98.99] have also been reported.
Regardless of the contradictions discussed above,
the improvement in balance depends on the
training duration associated with it; usually
weeks. And, it still seems unclear what period
of training and what training exercises are most
beneficial for improving balance control [93].

Retention is an important aspect of balance
training, since training periods cannot last for-
ever. Therefore, the benefits of training/learning
must last. A number of studies have supported the
fact that multiple exposures to a task will improve
memory retention [100-103]. Several techniques
have been developed to make memory retention
more efficient, one such technique is spacing
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effect. Spacing effect states that memory retention
can be significantly improved if one takes breaks
between successive sessions. A study by Cepada
et al. on memory retention showed that altering
the time gaps between exposures influences reten-
tion [103]. The study concluded that the length of
the time gap between the learning sessions had a
significant effect on memory retention. By learn-
ing through shorter time gaps the participants
were able to learn more; however, the information
was not retained for a substantial length of time.
The results indicated that there was an optimal
time gap between sessions that changed on an
individual case basis and was dependent on how
long one wants to retain the information. Studies
have shown that using a longer gap time between
exposures or sessions is more beneficial than a
shorter time gap [103].

Recent developments in the fields of robotics,
neuroscience and physical therapy, have enabled a
new wave of robotically assisted and virtual reality
rehabilitation therapies that have shown promise
to help patients alleviate their sensory feedback
and motor impairments and speed up motor func-
tion recovery. Virtual reality gives clinicians more
and better control over designing the paradigm to
assess and improve balance without causing major
risk to patients and without a dedicated big space
(e.g., a gait laboratory) for testing the patient’s
motor function. For example, virtual reality can
be implemented as a training tool for obstacle
avoidance/crossing in a virtual environment. Such
a motor learning-based virtual reality paradigm
would be of greater benefit for patients than con-
ventional balance training programs especially in
a clinical environment. The visual information
plays a significant role on foot elevation in the
feedforward control of lower limbs locomotion
during obstacle crossing [26]. Significant improve-
ments in gait parameters and foot obstacle clear-
ance using virtual obstacle and real-time feedback
have been demonstrated in poststroke patients
with hemiplegia [104]. During the actual phase
of obstacle crossing an individual does not have
complete visual information regarding clearance
between the obstacle and the foot; thus they rely
on proprioception of the leading limb and the
feedforward mechanism of the trailing limb.
Therefore, it can be hypothesized that providing
visual feedback during obstacle crossing may be
used as a motor learning paradigm to improve
feedforward performance (improve in accuracy
of prediction) via intact sensory feedbacks (e.g.,
visual, muscles, ligaments and so on).
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In addition, the realistic graphical interface
provided by virtual reality technology allows
testing interaction of the patient with environ-
ment (e.g., obstacle crossing ability) with mini-
mal physical effort. Navigating a 3D virtual
reality landscape improves spatial awareness.
Recent investigations showed that virtual reality
combined with a motor learning paradigm can
improve gait and balance [105,106]. Virtual real-
ity also fosters motivation to work at improving
health and physical and mental functioning dur-
ing rehabilitation, because the person is having
fun. Given the ad hoc nature of the current pro-
tocols, multiple questions, however, remain to be
answered regarding how the motor system learns
to maintain our balance in altered sensory condi-
tions, how quickly that learning occurs, how it
modifies motor plans when the motor output is
not what is desired, how it is affected by sensory
feedback deficiency such as in diabetic periph-
eral neuropathy and how motor learning proce-
dures could be best designed to maximize the
long-term effectiveness of the therapies based on
motor learning and motor adaptation concepts.
It is very important that we understand how the
motor system operates/processes data before we
can develop optimal rehabilitation strategies for
improving the balance control in patients who
suffer from sensory feedback impairment (e.g.,
individuals with diabetes).

Conclusion

People with diabetes frequently suffer from con-
comitant postural instability that can lead to falls,
fracture, depression, anxiety and decreased qual-
ity of life. This is an often neglected problem, and
has received little attention regarding develop-
ment as well as testing of innovative strategies to
improve balance and posture stability in individu-
als with diabetes. Evaluation of the risk of falling
is a necessary step towards the provision of pre-
ventive measures for individuals deemed to have
a high risk of falling. Current clinical methods for
assessing static balance (e.g., Romberg’s Sign) are
too coarse, thus actionable findings occur too late
for effective intervention. The subjective nature
of these techniques lack the optimized sensitiv-
ity for diagnosing the presence of the condition
early enough while simultaneously assessing its
severity. Many strategies are also unsuitable for
the busy clinical setting since they require sub-
stantial space and infrastructure. Furthermore,
no simple, cost-effective and easy-to-use systems
exist that can examine both biomechanical (e.g.,

Diabetes Manage. (2012) 2(4)

body sway) and neurological (e.g., reciprocal
postural coordination and feedforward mecha-
nism) components of balance control. In recent
years, body-wearable sensor technology based on
electro-mechanical sensors has provided a new
avenue for accurately detecting and monitoring
body motion and proved promising for assessing
body sway and postural coordination.

Future perspective

After identification of an individual with postural
instability, the next step is to improve balance.
Many studies proposed various balance training
programs for improving postural control in dia-
betes. However, there is no guideline on training
time and the activities to be incorporated into
training. The training programs are time con-
suming, tedious and may not be ideal for sub-
jects suffering from diabetes or other disorders
affecting mobility. There seems to be no factor of
motivation involved for patient compliance. After
reviewing the literature and limitations of the cur-
rent training paradigms it seems there is a need
to develop more efficient training methods. The
training methods need to be motivating enough to
encourage the patients to participate and improve
their balance control and to be able to retain the
learning for a longer period of time. New advances
in virtual reality and motor learning may be an
alternative to overcome the abovementioned
shortcomings. However, additional research
should be conducted to validate the benefit of such
technology for routine clinical usage.
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likely to report a fall accident during
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walking or standing compared with

aged-matched controls.

Beauchet O, Kressig RW, Najafi B, Aminian
K, Dubost V, Mourey F. Age-related decline
of gait control under a dual-task condition.
J. Am. Geriat. R. Soc. 51(8), 1187-1188
(2003).

Demonstrated the association between

cognition and gait decline due to aging.

Najafi B, Helbostad JL, Moe-Nilssen R,
Zijlstra W, Aminian K. Does walking
strategy in older people change as a function
of walking distance? Gait Posture 29(2),
261-266 (2009).

Demonstrated that gait parameters
measured outside of a gait laboratory and
over longer walking distance are
significantly different that those measured
inside of a gait laboratory.

Maki BE. Gait changes in older adults:
predictors of falls or indicators of fear. /. Am.

Geriatr. Soc. 45(3), 313-320 (1997).

Petrofsky J, Lee S, Bweir S. Gait
characteristics in people with Type 2 diabetes
mellitus. Eur. J. Appl. Physiol. 93(5-6),
640-647 (2005).

Demonstrated that patients with diabetes
tend to take shorter steps with a wider base

of support.

Vileikyte L, Leventhal H, Gonzalez JS ez al.
Diabetic peripheral neuropathy and
depressive symptoms: the association
revisited. Diabetes Care 28(10), 2378-2383
(2005).

Proposed the link between depression and

balance instability in diabetes.

Cavanagh PR, Simoneau GG, UlbrechtJS.
Ulceration, unsteadiness, and uncertainty:
the biomechanical consequences of diabetes
mellitus. /. Biomech. 26(Suppl. 1), 23—40
(1993).

Turgut N, Karasalihoglu S, Kucukugurluoglu
Y, Balci K, Ekuklu G, Tutunculer F. Clinical
utility of dorsal sural nerve conduction
studies in healthy and diabetic children. Clin.
Neurophysiol. 115(6), 1452-1456 (2004).

Vinik AI, Freeman R, Erbas T. Diabetic
autonomic neuropathy. Semin. Neurol. 23(4),

365-372 (2003).
Richerson SJ, Robinson CJ, Shum J.

A comparative study of reaction times
between type II diabetics and non-diabetics.
Biomed. Eng. Online 4(1), 12 (2005).

Kurosawa K. Effects of various walking
speeds on probe reaction time during
treadmill walking. Percept. Moz. Skills
78(3 Pt 1), 768-770 (1994).
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Advances in balance assessment and balance training for diabetes

Courtemanche R, Teasdale N, Boucher P,
Fleury M, Lajoie Y, Bard C. Gait problems in
diabetic neuropathic patients. Arch. Phys.
Med. Rehabil. 77(9), 849-855 (1996).

Jose VM, Bhansali A, Hota D, Pandhi P.
Randomized double-blind study comparing
the efficacy and safety of lamotrigine and

amitriptyline in painful diabetic neuropathy.

Diaber. Med. 24(4), 377-383 (2007).

Morello CM, Leckband SG, Stoner CP,
Moorhouse DF, Sahagian GA. Randomized
double-blind study comparing the efficacy of
gabapentin with amitriptyline on diabetic
peripheral neuropathy pain. Arch. Intern.
Med. 159(16), 1931-1937 (1999).

Biesbroeck R, Bril V, Hollander P ez al.

A double-blind comparison of topical
capsaicin and oral amitriptyline in painful
diabetic neuropathy. Adv. Ther. 12(2),
111-120 (1995).

Reported somnolence and musculoskeletal
complaints in 46 and 23% of diabetic

peripheral neuropathy patients respectively.

Wernicke JF, Pritchett YL, D’souza DN et al.
A randomized controlled trial of duloxetine
in diabetic peripheral neuropathic pain.

Neurology 67(8), 1411-1420 (2006).

Arezzo JC, Rosenstock J, Lamoreaux L, Pauer
L. Efficacy and safety of pregabalin 600 mg/d
for treating painful diabetic peripheral
neuropathy: a double-blind placebo-
controlled trial. BMC Neurol. 8, 33 (2008).

Najafi B, Horn D, Marclay S, Crews RT, Wu
S, Wrobel JS. Assessing postural control and
postural control strategy in diabetes patients
using innovative and wearable technology.

J. Diabetes Sci. Technol. 4(4), 780-791
(2010).

Proposed an innovative technology based on
body-worn sensors for assessing balance and
postural comensatory strategy in individuals

with diabetes.
Najafi B, Crews RT, Wrobel JS. The

importance of time spent standing for those
at risk of diabetic foot ulceration. Diabetes

Care 33(11), 2448-2450 (2010).

Winter DA. Biomechanics and motor control
of human movement. Wiley, New York, USA
(1990).

Black FO, Wall C 3rd, Rockette HE Jr, Kitch
R. Normal subject postural sway during the
Romberg test. Am. J. Otolaryngol. 3(5),
309-318 (1982).

Mirka A, Black FO. Clinical application of
dynamic posturography for evaluating
sensory integration and vestibular
dysfunction. Neurol. Clin. 8(2), 351-359
(1990).
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Nashner L. Computerized dynamic
posturography. In: Practical Management of
the Dizzy Patient. Goebel ] (Ed.). Lippincott,
Williams & Wilkins, NY, USA, 150-151
(2001).

Woollacott MH, Shumway-Cook A, Nashner
LM. Aging and posture control: changes in
sensory organization and muscular
coordination. /nt. J. Aging Hum. Dev. 23(2),
97-114 (1986).

Horak F, Lamarre Y, Macpherson J, Shupert
C, Henry SM, Macpherson J. Postural control
associated with total body somatosensory loss.

Soc. Neurosci. 22, 1632 (1996).

Barin K. Dynamic posturography: analysis of
error in force plate measurement of postural
sway. Eng. Med. Biol. Magazine IEEE 11(4),
52 (1992).

Kuo AD, Speers RA, Peterka R], Horak FB.
Effect of altered sensory conditions on
multivariate descriptors of human postural
sway. Exp. Brain Res. 122(2), 185-195
(1998).

Horak FB, Nutt JG, Nashner LM. Postural
inflexibility in parkinsonian subjects.

J. Neurol. Sci. 111(1), 46-58 (1992).

Gill ], Allum JH]J, Carpenter MG et al. Trunk
sway measures of postural stability during
clinical balance tests: effects of age.

J. Gerontol. Series A-Biol. Sci. Med. Sci. 56(7),
M438-M447 (2001).

Showed that the elderly subjects did not
exhibit greater sway than the younger
subjects in some conditions, which may
suggest that measuring center of pressure
sway may not be an accurate method for

assessing balance instability.

Petrofsky JS, Cuneo M, Lee S, Johnson E,
Lohman E. Correlation between gait and
balance in people with and without Type 2
diabetes in normal and subdued light.
Med. Sci. Monit. 12(7), CR273—CR281
(20006).

Suggests that balance instability is more
pronounced in diabetes under low light
conditions, during which false visual cues

make things worse.

Horak FB. Review article: clinical assessment
of balance disorders. Gait Posture 6(1), 76—84
(1997).

Nardone A, Grasso M, Schieppati M. Balance
control in peripheral neuropathy: are patients
equally unstable under static and dynamic
conditions? Gait Posture 23(3), 364-373
(20006).

Dickstein R, Shupert CL, Horak FB.

Fingertip touch improves postural stability in
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patients with peripheral neuropathy. Gait
Posture 14(3), 238—247 (2001).

Aramaki Y, Nozaki D, Masani K, Sato T,
Nakazawa K, Yano H. Reciprocal angular
acceleration of the ankle and hip joints during
quiet standing in humans. Exp. Brain Res.
136(4), 463—473 (2001).

Aminian K, Najafi B. Capturing human
motion using body-fixed sensors: outdoor

measurement and clinical applications. Comp.

Animat. Virtual Worlds 15(2), 79-94 (2004).

Describes body-worn sensors and their
application for human motion analysis in

free condition.

Zijlstra W, Aminian K. Mobility assessment
in older people: new possibilities and

challenges. Eur. J. Ageing 4, 3—12 (2007).

Describes the advanatges of body-worn

sensors for motion analysis in humans.

Grewal G, Sayeed R, Yescheck S ez al.
Virtualizing the assessment: a novel pragmatic
paradigm to evaluate lower extremity joint
perception in diabetes. Gerontology
doi:10.1159/000338095 (2012) (Epub ahead
of print).

Demonstrates the benfit of virtual reality for
assesing motor function deterioation due to
diabetes.

Adlerton AK, Moritz U, Moe-Nilssen R.
Forceplate and accelerometer measures for
evaluating the effect of muscle fatigue on

postural control during one-legged stance.

Physiother. Res. Int. 8(4), 187-199 (2003).

Allum JH, Adkin AL, Carpenter MG,
Held-Ziolkowska M, Honegger F, Pierchala
K. Trunk sway measures of postural stability
during clinical balance tests: effects of a
unilateral vestibular deficit. Gait Posture
14(3), 227-237 (2001).

Wrobel JS, Edgar S, Cozzetto D, Maskill J,
Peterson P, Najafi B. A proof-of-concept study
for measuring gait speed, steadiness, and
dynamic balance under various footwear
conditions outside of the gait laboratory.

J. Am. Podiatr. Med. Assoc. 100(4), 242-250
(2010).

Allet L, Armand S, De Bie RA ez al. Gait
alterations of diabetic patients while walking
on different surfaces. Gait Posture 29(3),
488-493 (2009).

Explored gait alteration due to diabetes

in an outdoor condition. Their results
suggested that surfaces have an effect on
spatio-temporal parameters of gait in
diabetic subjects.

Allet L, Armand S, De Bie RA ez al.
Reliability of diabetic patients’ gait
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parameters in a challenging environment.

Gait Posture 28(4), 680—686 (2008).

Liu MW, Hsu WC, Lu TW, Chen HL, Liu
HC. Patients with Type II diabetes mellitus
display reduced toe-obstacle clearance with
altered gait patterns during obstacle-crossing.
Gait Posture 31(1), 93 (2010).

Kwon OY, Minor SD, Maluf KS, Mueller M]J.

Comparison of muscle activity during
walking in subjects with and without diabetic
neuropathy. Gait Posture 18(1), 105-113
(2003).

Andreassen CS, Jakobsen J, Andersen H.
Muscle weakness: a progressive late
complication in diabetic distal symmetric
polyneuropathy. Diabetes 55(3), 806—812
(20006).

Busse ME, Wiles CM, Van Deursen RW.
Community walking activity in neurological
disorders with leg weakness. /. Neurol.
Neurosurg. Psychiatr. 77(3), 359-362 (2006).

Richardson JK, Thies SB, Demott TK,
Ashton-Miller JA. Gait analysis in a
challenging environment differentiates
between fallers and nonfallers among older
patients with peripheral neuropathy.

Arch. Phys. Med. Rehabil. 86(8), 1539-1544
(2005).

Daniel L, Charry E, Begg R. A prototype
wireless inertial-sensing device for measuring
toe clearance. Conf. Proc. IEEE Eng. Med.
Biol. Soc. 2008, 4899-4902 (2008).
Morrison S, Colberg SR, Mariano M, Parson
HK, Vinik Al Balance training reduces falls

risk in older individuals with Type 2 diabetes.
Diabetes Care 33, 748-750 (2010).

Examined the effect of balance training on
reduction of fall risk in Type 2 diabetic

individuals.
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Allet L, Armand S, De Bie RA, Golay A.
The gait and balance of patients with diabetes
can be improved: a randomized controlled

trial. Diabetolgia 53, 458—466 (2010).

This randomized control trial showed that
gait speed and balance can be improved by
exercise training in individuals with

diabetes.

Knerl C, Schuler PB, Taylor LW, Cosio-Lima
LM, Caillouet KA. The effect of six weeks of
balance and strength training on measures of
dynamic balance of older adults. California J.
Health Promot. 7(2), 111-122 (2009).

Woo J, Hong A, Lau E, Lynn H.

A randomised controlled trial of Tai Chi and
resistance exercise on bone health, muscle
strength and balance in community-living
elderly people. Age Ageing 36(3), 262-268
(2007).

Cepeda NJ, Pashler H, Vul E, Wixted JT,
Rohrer D. Distributed practice in verbal recall
tasks: a review and quantitative synthesis.

Psychol. Bull. 132(3), 354-380 (2006).

Demonstrated the effect of

inter-training spacing in improving
retention after stopping the training.
Sing GC, Najafi B, Adewuyi A, Smith M.
A novel mechanism for the spacing effect:
competitive inhibition between adaptive
processes can explain the increase in motor
skill retention associated with prolonged
inter-trial spacing. Proceedings of Annual

Symposium. In: Advances in Computational
Motor Control, IL, USA (2009).

Hillary FG, Schultheis MT, Challis BH ez al.
Spacing of repetitions improves learning and
memory after moderate and severe TBL

J. Clin. Exp. Neuropsychol. 25(1), 49-58
(2003).
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Cepeda NJ, Vul E, Rohrer D, Wixted JT,
Pashler H. Spacing effects in learning:
a temporal ridgeline of optimal retention.

Psychol. Sci. 19(11), 1095-1102 (2008).

Jaffe DL, Brown DA, Pierson-Carey CD,
Buckley EL, Lew HL. Stepping over
obstacles to improve walking in individuals
with poststroke hemiplegia. /. Rehabil. Res.
Dev. 41(3A), 283-292 (2004).

Kim JH, Jang SH, Kim CS, Jung JH, You
JH. Use of virtual reality to enhance balance
and ambulation in chronic stroke: a
double-blind, randomized controlled study.
Am. J. Phys. Med. Rehabil. 88(9), 693701
(2009).

Deutsch JE, Mirelman A. Virtual reality-
based approaches to enable walking for
people poststroke. Top Stroke Rehabil. 14(6),
45-53 (2007).

Websites

National Diabetes Information Clearing
house. National Diabetes Statistics.
http://diabetes.niddk.nih.gov/dm/pubs/

statistics

Center for Disease Control, National
Diabetes Fact Sheet, 2007.
www.cdc.gov/diabetes/pubs/pdf/ndfs_2007.
pdf

Neurocom: EquiTest force platform.
www.onbalance.com

Swaystar.
www.b2i.info/web/index.htm
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