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Abstract
Background: Individuals with diabetic peripheral neuropathy (DPN) have deficits in sensory and motor skills leading to
inadequate proprioceptive feedback, impaired postural balance and higher fall risk. Objective: This study investigated
the effect of sensor-based interactive balance training on
postural stability and daily physical activity in older adults
with diabetes. Methods: Thirty-nine older adults with DPN
were enrolled (age 63.7 ± 8.2 years, BMI 30.6 ± 6, 54% females) and randomized to either an intervention (IG) or a
control (CG) group. The IG received sensor-based interactive
exercise training tailored for people with diabetes (twice a
week for 4 weeks). The exercises focused on shifting weight
and crossing virtual obstacles. Body-worn sensors were implemented to acquire kinematic data and provide real-time
joint visual feedback during the training. Outcome measurements included changes in center of mass (CoM) sway, ankle
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and hip joint sway measured during a balance test while the
eyes were open and closed at baseline and after the intervention. Daily physical activities were also measured during
a 48-hour period at baseline and at follow-up. Analysis of
covariance was performed for the post-training outcome
comparison. Results: Compared with the CG, the patients in
the IG showed a significantly reduced CoM sway (58.31%;
p = 0.009), ankle sway (62.7%; p = 0.008) and hip joint sway
(72.4%; p = 0.017) during the balance test with open eyes.
The ankle sway was also significantly reduced in the IG group
(58.8%; p = 0.037) during measurements while the eyes were
closed. The number of steps walked showed a substantial
but nonsignificant increase (+27.68%; p = 0.064) in the IG
following training. Conclusion: The results of this randomized controlled trial demonstrate that people with DPN can
significantly improve their postural balance with diabetesspecific, tailored, sensor-based exercise training. The results
promote the use of wearable technology in exercise training;
however, future studies comparing this technology with
commercially available systems are required to evaluate the
benefit of interactive visual joint movement feedback.
© 2015 S. Karger AG, Basel
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Introduction

Diabetic peripheral neuropathy (DPN), a common
complication of type 2 diabetes mellitus, affects up to 50%
of all people with diabetes [1] and increases the risk of
foot ulceration and amputation [2, 3]. Deficits in sensory
and motor skills lead to inadequate proprioceptive feedback, impaired postural balance and high fall risk [4–7].
The fall-related injury risk is 15 times greater in this population compared to age-matched healthy adults [8]. Interestingly, most people suffering from distal sensorimotor polyneuropathy may not be aware of it [9]; and therefore, living with such conditions can significantly increase
the fall risk in this population.
Benefits of exercise training in patients with diabetes
have previously been demonstrated [10, 11]; however,
conventional training may not always be appropriate for
DPN patients due to their higher fall risk, lost joint perception and reduced joint mobility, which may limit the
accuracy of exercise performance [4, 7]. Further, there is
a risk of excessive plantar loading during exercise which
has been associated with a high risk of foot ulcers [12].
Several factors need to be considered during the development and implementation of exercise for DPN patients
including the compensation of lost joint perception, controlling the intensity of training to avoid overtaxing and
the personalization of exercise to meet DPN patients’
needs. With advancements in technology, exergaming
and virtual reality techniques have been evaluated for the
training of motor control in the elderly [13, 14], with benefits including the concordance of visual and proprioceptive information, salient feedback from joint movement
as well as the activation of motor-related areas in the
brain [15, 16].
The current study evaluated the effectiveness of a tailored sensor-based interactive exercise with real-time
joint feedback from the lower extremities in improving
postural stability and daily physical activities in DPN patients. The exercise training specifically focuses on the
motion range of the ankle joint and the lower extremities.
We hypothesize that exercise training through an interactive interface with real-time visual joint movement during exercise will improve postural stability.

ance training with real-time visual feedback from the joint motion
of the lower extremities to improve the postural stability and activity level. Randomization was done using a computer-generated
list. Allocation was concealed from the staff using opaque envelopes. Both groups received standard of care. All of the participants
signed a written consent approved by the local Institutional Review Board at the University of Arizona in Tucson, Ariz., USA, and
Hamad Medical Co. in Doha, Qatar.
Study Population
A sample of 54 patients with DPN were screened and 39 (age
51–81 years) were recruited from outpatient clinics in Tucson,
Ariz., USA, and Doha, Qatar (fig. 1). A qualified member of staff
screened the participants according to the following inclusion criteria: the ability to walk independently for 20 m and medically diagnosed type 2 diabetes with peripheral neuropathy. Peripheral
neuropathy was confirmed using the criteria explained in the
American Diabetes Association statement and the insensitivity to
10 g Semmes-Weinstein monofilament [17]. Additionally, the vibration perception threshold (VPT) score was recorded to quantify
the level of neuropathy with a cutoff of 25 V as an indicator of neuropathy at recommended plantar foot sites. Subjects were excluded
if diagnosed with cognitive, vestibular or central neurological dysfunction, musculoskeletal abnormality, active foot ulcers, Charcot’s joints or a history of balance disorder unrelated to DPN. After
randomization, 19 patients were in the IG and 20 in the CG.
Equipment
Using validated body-worn sensor technology (LegSysTM; BioSensics LLC, Cambridge, Mass., USA), joint kinematic data were
collected and processed for the assessment of balance as well as for
balance training [18]. LegSys consists of 5 inertial sensors providing triaxial accelerometer, gyroscope and magnetometer data
along with quaternion parameters, ideal for the estimation of 3-dimensional joint angles and position [19]. The data were acquired
and transmitted at 100 Hz to facilitate real-time visual feedback in
a virtual environment. The sensors were mounted on different
body segments including the shank, thigh and lower back (fig. 2).
Intervention
Balance training exercises were designed to teach participants a
better control of the movement of the center of mass (CoM) and
the coordination of the lower extremities. The training included a
point-to-point ankle-reaching task and a virtual obstacle-crossing
task with appropriate audio-video feedback. LegSys kinematic data
were processed in real-time using MatLab® 2013b and Psychtoolbox version 2.54 and translated through an interactive game-like
virtual reality interface on a 24-inch monitor. The real-time joint
feedback is intended to compensate impaired joint perception and
for an easy visualization of motor errors during exercise [20]. Participants randomized into the IG group came to the outpatient clinic and participated in a 45-min training session (including breaks)
twice a week for 4 weeks. A qualified research member of staff was
present during each session in order to prevent any accidents.

Methods
Study Design
A single-blinded, randomized, controlled trial with two arms,
an intervention group (IG) and a control group (CG), was conducted to evaluate the effectiveness of a 4-week sensor-based bal-
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Ankle-Reaching Task
The aim of the ankle-reaching task was to help patients learn
how to shift weight and coordinate the movements of the proximal
(hip) and distal (ankle) joints, which are imperative for patients
with DPN. This task has been implemented previously [21] and
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Assessed for eligibility (n = 54)
Excluded (n = 15)
• Did not meet the inclusion criteria (n = 8)
• Declined to participate (n = 7)

Enrollment
Randomized (n = 39)

Allocation
Allocated to the CG (n = 20)
• Received standard of care (n = 20)
• Did not receive standard of care (n = 0)

Allocated to the IG (n = 19)
• Received intervention (n = 19)
• Did not receive intervention (n = 0)

Follow-up
Lost to follow-up (n = 4)
Too far from clinic (n = 2)
Time availability (n = 2)
Discontinued intervention (n = 0)

Lost to follow-up (n = 0)
Discontinued intervention (n = 1)
Surgery (n = 1)

Analysis
Analyzed (n = 16)
• Excluded from analysis (n = 4)
No follow-up data (n = 4)

Analyzed (n = 18)
• Excluded from analysis (n = 1)
No follow-up data (n = 1)

Fig. 1. CONSORT flow diagram for the study.

a

Ankle-reaching task
(reaching from the yellow circle
to the green circle)

b

c

d

Visuo-motor adaptation
(compensating for the visual rotation)

Virtual obstacle-crossing task
(step marching to avoid the
approaching obstacles)

Body-worn sensors mounted
on different body parts
using elastic Velcro straps

ankle-reaching task, visuo-motor adaptation and a virtual obstaclecrossing task through an interactive interface. The participants per-

formed exercises in front of a monitor (24 inches) providing realtime joint feedback as a dot in the ankle-reaching task and a lower
extremity stick model during the virtual obstacle-crossing task.

Sensor-Based Balance Training in
Diabetes
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Fig. 2. An illustration of sensor-based exercise training including an
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encourages sideward leaning and partial weight shifting that has
been associated with improved postural balance [13, 22]. Kinematic data related to the rotation around the ankle joint were acquired
from a shank-mounted sensor and translated into a linear movement on the computer screen. Two circles appeared sequentially on
the screen (start circle in yellow followed by target circle in green;
fig. 2a). After a visual start signal, the participants navigated a large
red cursor from the start circle to the target circle by making a rotation around the ankle joint. The participants stood upright (always
in double stance) and were instructed to move their hips in the
anterior-posterior (AP) direction in order to generate dorsiflexion/
plantarflexion at the ankle without lifting the heel or toes (to move
the cursor forward and backward between the circles). Similarly, a
medial-lateral (ML) hip movement navigated the cursor sideward
(fig. 2b). The exercise was repeated from the target to the start circle
to complete one cycle of an ankle-reaching task. The participants
were expected to move rapidly (<1 s) and accurately (navigate the
cursor in the middle of the circle) from circle to circle. Upon reaching the circle in <1 s, the participants were awarded for the correct
execution of the task with visual (the circle explodes) and audio
(positive sound) feedback. If they were moving too slowly (>1 s),
the participants received visual feedback informing them about the
incorrect execution of the task (the circle changed its color).
Each training session consisted of a total of 6 blocks with 20
cycles each. Training blocks 1 and 2 focused on ankle reaching in
the AP direction (fig. 2a). Blocks 3 and 4 included ankle reaching
in a combined AP-ML direction (fig. 2b). In order to increase the
challenge, the final two blocks (5 and 6) were conducted with visuomotor rotation to help patients learn adaptation techniques
[23], an aspect of particular importance for DPN patients with lost
joint perception. The trajectory of the cursor representing the motion of the ankle joint was rotated to the right by 20° during the
visuomotor task (fig. 2c). The participants were expected to observe this change in trajectory during the reaching task and compensate for it by adjusting the ankle coordination in order to move
the cursor to the target location in a point-to-point straight line.
On average, each training block took <5 min with a 1-min break
between successive blocks in order to avoid fatigue.
Virtual Obstacle-Crossing Task
The virtual obstacle-crossing task was relatively more challenging and indulged the participants in a virtual interface, where they
crossed a series of approaching virtual obstacles on the screen by
step marching (fig. 2d). Kinematic data from the lower extremities
were acquired from all 5 inertial sensors and translated to a simple
stick model of the lower extremities displayed on the screen in real
time. The stick model replicated the movements of the participants, such as lifting the foot to different heights in order to cross
an approaching obstacle [24]. Different obstacle heights were practiced including 5, 10 and 15% of the length of the leg. This approach provided a safe training environment, as there were no real
objects which could have caused tripping. For each obstacle height,
10 obstacles approached, one after the other, and the participants
crossed them alternatively with the left or the right foot. The next
virtual obstacle was released only after the participant had either
crossed or hit the previous obstacle and was now in double-stance
support for at least 2 s (for safety). The speed of the approaching
obstacles was set between 0.25 and 0.5 m/s, which was translated
to pixel speed on screen. Appropriate audio feedback was given
upon crossing or hitting an obstacle.
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Table 1. Baseline characteristics of the participants

Parameters

CG
(n = 16)

IG
(n = 19)

p
value

Age, years
Females, n (%)
BMI
Diabetes, years
Hemoglobin A1c, mmol/mol
Mean VPT score, V
SF-12
Physical component score
Mental component score
FES-I score

64.90 ± 8.50
8 (50)
29.58 ± 4.24
17.40 ± 9.42
65.40 ± 29.91
33.52 ± 6.16

62.58 ± 7.98
11 (57.9)
31.78 ± 7.53
17.17 ± 10.08
65.23 ± 19.65
34.28 ± 8.16

0.386
0.751
0.264
0.942
0.986
0.750

37.50 ± 9.81 37.62 ± 10.36 0.969
49.31 ± 9.65 48.19 ± 8.19 0.700
35.40 ± 11.47 32.32 ± 12.34 0.424

Values are given as means ± SD unless indicated otherwise.

Measurements
The outcome was measured at baseline and after 4 weeks using
validated tests for postural stability and daily physical activities.
Clinical measurements including the falls efficacy scale (FES-I)
and quality of life by the short-form health survey (SF-12) were
also assessed at baseline and at follow-up. Additional baseline
measurements included the VPT score, hemoglobin A1c level
(mmol/mol), years of diabetes and history of fall.
Balance
Postural stability was assessed barefoot in double stance during
30 s with open and closed eyes using a two-link biomechanical
model. The assessment has been previously validated and published in the literature [18, 21]. The CoM was quantified from AP
sway (in cm), ML sway (in cm) and total sway (AP×ML in cm2).
Ankle and hip sway was quantified in units of degree2. The participants stood in the upright position, keeping their feet close together but not touching. A member of the research team was present
during the entire assessment period for patient safety. The test was
stopped when a participant lost their balance during the procedure.
Daily Physical Activities
Physical activity was recorded using a validated T-shirt-embedded body-worn sensor (PAMSysTM; BioSensics LLC) [25] in a
subsample of 25 patients (CG, n = 12; IG, n = 13) at baseline and
after 4 weeks. The system is capable of quantifying several activities
and postural events. The current study was interested in the duration of sitting, standing and walking and the total number of steps
taken. PAMSys was placed in the chest pocket of a custom-made
T-shirt. The shirt was worn for 48 h and then returned via a prepaid mailing envelope or during the next clinical visit.
Sample Size Justification
Our sample size was calculated for a training-related reduction
in CoM sway during balance tests with open eyes based on the results of a previous study on DPN patients [26]. The CoM sway was
reduced from 3.1 ± 2.92 to 1.25 ± 1.32 cm2 after 4 weeks of training.
For an effect size (d) of 0.73, a significance level of 0.05, a power of
80% and a drop-out rate of 10%, a sample size of 38 patients (19
per group) was required to verify a significant effect.

Grewal et al.

Table 2. Effect of an interactive sensor-based exercise training on measured outcome parameters

Parameters

CG (n = 16)
baseline

IG (n = 19)
follow-up

change, %

Assessment with open eyes
2.18 ± 1.49
2.01 ± 1.44
7.80
CoM sway, cm2
CoM AP sway, cm
1.30 ± 0.58
1.23 ± 0.42
5.38
1.51 ± 0.6
1.95
CoM ML sway, cm
1.54 ± 0.49
1.33 ± 1.06
1.20 ± 0.87
9.77
Ankle sway, degree2
Hip sway, degree2
0.70 ± 0.39
0.94 ± 0.78 –34.29
Assessment with closed eyes
4.91 ± 3.97
4.26 ± 4.12 13.24
CoM sway, cm2
AP CoM sway, cm
1.91 ± 0.93
1.89 ± 1.06
1.05
1.92 ± 0.84 17.60
ML CoM sway, cm
2.33 ± 1.21
Ankle sway, degree2
3.43 ± 3.57
2.64 ± 2.33 23.03
1.93 ± 1.73
1.92 ± 2.25
0.52
Hip sway, degree2
SF-12 score
Physical component score 37.50 ± 9.81
40.12 ± 8.40
6.99
47.30 ± 10.11 – 4.08
Mental component score 49.31 ± 9.65
FES-I score
35.40 ± 11.47 32.03 ± 12.22 9.52
Daily physical activities monitored during 48 h1
Time spent sitting, %
45.91 ± 20.22 48.93 ± 17.88 6.58
14.66 ± 7.05 – 0.48
Time spent standing, %
14.73 ± 6.57
7.25 ± 5.40 – 3.72
Time spent walking, %
7.53 ± 5.62
Total steps taken, n
9,785 ± 8,081 9264 ± 7,670 – 5.32

p
value

Effect
size, ηp2

baseline

follow-up change, %

3.67 ± 2.99
1.61 ± 0.98
1.91 ± 0.88
1.85 ± 1.82
2.50 ± 4.65

1.53 ± 1.44
1.19 ± 0.78
1.15 ± 0.52
0.69 ± 0.60
0.69 ± 0.77

58.31
26.09
39.79
62.70
72.40

0.009
0.382
0.008
0.008
0.017

0.193
0.024
0.199
0.201
0.164

8.12 ± 11.23
2.45 ± 1.83
2.54 ± 1.31
3.01 ± 3.72
2.90 ± 4.15

3.03 ± 3.09
1.66 ± 1.03
1.54 ± 0.92
1.24 ± 1.13
1.09 ± 0.95

62.68
32.24
39.37
58.80
62.41

0.178
0.320
0.103
0.037
0.101

0.056
0.031
0.081
0.133
0.084

37.62 ± 10.36
48.19 ± 8.19
32.32 ± 12.34

40.36 ± 10.37 7.28
52.40 ± 6.18 8.74
27.50 ± 9.17 14.91

0.643
0.040
0.305

0.008
0.138
0.036

49.87 ± 15.35
13.74 ± 4.98
6.75 ± 3.40
8,656 ± 4,589

49.85 ± 16.31 –0.04
15.96 ± 5.10 16.16
8.59 ± 3.98 27.26
11,052 ± 5,365 27.68

0.621
0.359
0.076
0.064

0.012
0.040
0.142
0.154

Values are given as means ± SD. Positive change represents improvements.
1 Physical activity was monitored in a subgroup of participants (CG, n = 12; IG, n = 13).

Statistical Analysis
All statistical analyses were performed using IBM® SPSS version 21 (IBM, Armonk, N.Y., USA). Baseline group differences
were compared by an independent t test (p < 0.05 was considered
significant). The effect of training was evaluated using analysis of
covariance comparing the groups’ follow-up measurements adjusted to their baseline measurements (p < 0.05 was considered
significant). The effect sizes were obtained from analysis of covariance as partial eta2 (ηp2) with values between 0.01 and 0.06 indicating small, those between 0.06 and 0.25 indicating medium
and those >0.25 indicating large effects [27]. Associations between baseline parameters and baseline CoM sway as well as preto post-training changes in CoM were evaluated by Pearson’s
correlation.

Results

Thirty-nine DPN patients were enrolled (age 63.7 ± 8.2
years, BMI 30.6 ± 6, 54% females). Five patients dropped
out of the study: 1 patient in the IG had surgery (having
completed 6 training sessions) and 4 patients in the CG
dropped out because of reasons related to work (time or
distance), so we could not make follow-up measureSensor-Based Balance Training in
Diabetes

ments. No adverse events related to our balance training
were reported.
The average duration of diabetes was 17.3 ± 9.6 years,
with an average VPT score of 33.8 ± 7.1 V and a hemoglobin A1c level of 65.3 ± 24.6 mmol/mol. On average, the
participants had a high fear of fall score (using FES-I) of
33.9 ± 11.8, with 19 participants reporting ≥1 falls in the
past year. The IG and CG did not differ in any of the baseline variables (table 1). An analysis of the baseline data of
all recruited participants revealed that the duration of diabetes had a moderate but significant correlation with the
history of multiple falls (r = 0.506, p = 0.006). A similar
association was found between the years of DPN and the
severity of neuropathy quantified by the average VPT
score (r = 0.407, p = 0.046). We also observed a moderate
correlation between the CoM sway and the physical component score of the SF-12 (r = 0.515, p = 0.004).
Effect of Balance Training on Outcome Measurements
Postural Stability
Table 2 lists the baseline and follow-up values for both
groups. On average, the CoM sway area for the IG was
Gerontology 2015;61:567–574
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component score (p = 0.643) and FES-I score (p = 0.305)
did not change significantly (table 2). Furthermore, the
balance performance at baseline was significantly associated with the level of improvement in the primary study
endpoint (baseline–post-training CoM sway area; r =
0.888, p < 0.001; fig. 3). No other baseline parameter was
associated with pre- and post-training changes in the
CoM sway. There was a moderate but significant correlation (r = 0.550, p = 0.015) between the baseline CoM sway
and fear of fall in the IG.

Pre-to post-training change in CoM sway area (cm2)

8
7
6
5
4
3
2
1

Discussion

0
–1
–2

0

2

4
6
8
Baseline CoM sway area (cm2)

10

Fig. 3. Improvements in the CoM sway area were significantly associated with poor postural stability at baseline, highlighting that
participants with a high risk of fall benefit more from balance
training exercises.

reduced significantly by 58.31% compared to a reduction
of 7.8% in the CG. The IG showed a significant reduction
in the ML CoM sway; however, the reduction in their AP
CoM sway was nonsignificant. Similarly, significant reductions (p = 0.017–0.008) were observed for the hip and
ankle sway in the IG compared to the CG. The effect size
was maximum for the ankle sway (ηp2 = 0.201). During
balance assessment with closed eyes, the IG achieved a
reduction in CoM sway of 62.68%; however, none of the
sway components (AP, ML or CoM area) reached significance (p = 0.103–0.32; table 2). The ankle sway was reduced by 58.8% in the IG compared to 23.03% in the CG.
The hip sway reduction in the IG did not reach significance.
Physical Activity and Quality of Life
Our follow-up measurements revealed a trend for improvement in physical activity in the IG (table 2). On average, the amount of time spent walking increased by
27.26%, and the number of steps taken in 48 h increased
by 27.68%. Neither value reached significance. The SF-12
revealed a significant improvement in the mental score
component in the IG compared to the CG. The physical
572
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The findings of the current study reveal that training
in a virtual environment with real-time joint feedback can
reduce postural sway in DPN patients. We observed a significant reduction in the total CoM sway of 58.3% in the
IG after 4 weeks of training during balance assessments
with open eyes. Our results are in line with recent findings
demonstrating improvements in balance and functional
tasks from exercise training [10, 28]. We believe that the
dynamic movements of leaning forward and the postural
coordination during ankle-reaching training contributed
toward these reductions/improvements. Furthermore,
the ML CoM sway, which has been more associated with
repetitive falls than the AP CoM sway [29], was reduced
significantly by about 40% in the IG. The practice from
leaning and shifting weight during the virtual obstaclecrossing task, intended to better control ML body movements, reflects these improvements [30]. Similar benefits
of weight-shifting exercises on the postural sway have
been reported in the literature [28]. The current study,
however, took a step forward and implemented a tailored
exercise regime that was specifically intended for patients
with impaired joint perception and strength. Given the
impaired sense of the joint position, reduced ankle muscle strength [4, 7] and fall risk in DPN patients, the exercise training with crossing virtual obstacles, which practices shifting weight, may reduce the number of future
falls in people with diabetes. It is also speculative whether
visual feedback from joint motion during motor learning
enhanced the integration of somatosensory feedback
from visual and auditory senses [31, 32].
The secondary outcome (daily physical activities)
demonstrated a trend of improvement. Both the time
spent walking and the number of steps in 48 h increased
in the IG. Even though nonsignificant improvements
were observed, we speculate that improvements in the
postural coordination and joint mobility after the trainGrewal et al.

ing contributed to an increased confidence toward a
higher level of everyday activities. Previous studies have
reported similar effects of exercise on improvements in
physical activity [33, 34]. Besides the postural improvements, it appears that the training had an antidepressant
effect on patients based on the changes in their mental
component scores of the SF-12.
Our findings are supported by the literature, reporting improvements in balance from virtual-reality interactions [21, 28] and auxiliary sensory cues [35]. However, the benefits of visual feedback from joint motion
during exercise training on postural control need further
exploration. Exergaming approaches have been demonstrated to be feasible and beneficial for older adults [13,
36, 37]; however, there is still room for improvement.
Commercially available platform-based (e.g. Nintendo
Wii Balance Board) or camera-based systems (Microsoft
Kinect) used for exercise training are limited to either
narrow force platforms, which are not ideal for individuals with diabetes due to their increased body weight and
limited joint mobility, or require a continuous unobstructed line of sight [13, 36, 38]. Additionally, some of
the commercial exergaming devices detect only the
movement of the controller and do not necessarily require participants to exert whole-body movements,
which might not be ideal adaptive approaches for rehabilitation [14, 22]. Furthermore, the options available to
tailor the game for specific population groups or individuals are limited, as visual feedback is intended for
game or fun purposes only [39, 40] rather than accuracy
of performance or feedback on motor errors that enhances learning. Biomechanical validation studies have
also reported limited accuracies of such systems [41]. A
tailored exercise paradigm specifically for people with
DPN has been implemented in the current study, where,
besides visual feedback from joint motion, the level of
difficulty can be altered over time in order to meet the
capabilities of patients and maintain a higher level of motivation and indulgence.
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Limitations and Future Research
We recognize that our sample size is small, and we had
relatively few weeks of training. However, the significant
improvement in the clinical outcome of balance highlights the effectiveness of this innovative training. Second, the CG did not participate in any form of exercise
and did not visit the clinics twice a week, which may have
slightly affected the findings. Finally, we did not explore
the long-term effect of exercise on improvements in postural balance. Subsequent research with a follow-up at
3–6 months could help to establish whether balance
training-induced improvements are retained. Future randomized controlled trials implementing sensor-based exercise in diabetes are warranted with a larger pool of patients and with longer training periods of 8–12 weeks to
evaluate its effectiveness for other clinical outcomes including falls, gait and daily physical activities.

Conclusions

The results of this study suggest that exercise training
through an interactive virtual interface with real-time visual feedback from the lower extremity joints can significantly improve postural balance in people with DPN
which, in turn, may reduce the risk of fall. Home-based
training and its long-term effects should be explored in
future research studies.
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