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Discussion 

Diabetic peripheral neuropathy increases the risk of falling due to 

diminished joint proprioception in the lower extremities.8,10  

Additionally, this altered somatosensory condition increases body 

sway, leading to further impaired balance.10  Falling detrimentally 

affects a patient’s quality of life and creates an economic burden 

for the healthcare system.6  Balance rehabilitation in diabetic 

patients with peripheral neuropathy minimizes the incidence of 

injury, but commonly used balance training protocols do not 

incorporate real-time joint position visual feedback.  With this 

added component, DPN patients can learn to better compensate 

for the loss of proprioception from their lower extremities and 

improve postural control. 

  

The training regimen developed for this study involved a series of 

ankle point-to-point reaching exercises and obstacle crossing 

with virtual positional feedback.  The added virtual reality 

component mimics that of a game, encouraging patients to 

engage in the exercise and enhancing patient motivation.  The 

virtual reality element allows for objective evaluation of patient 

progress and performance over time and manipulation of the 

training environment to customize to patients’ needs. 

  

Balance Training 
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Future Directions 
Based on the initial results of the present study, we hope to 

continue expanding the population sample.  Quantifying sway in 

specific directions, notably anteroposterior versus mediolateral, 

will allow us to improve the training regimen.  Future studies will 

also compare the effect of the balance training between DPN and 

non-DPN groups.  Considering the average age of participants in 

this study was relatively young (56.3 ± 4.9 years), further 

investigations will need to place more emphasis on recruiting 

older participants, who are at a greater risk of falling and 

therefore may substantially benefit from training. 
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Diabetes affects an estimated 347 million people worldwide, 

including approximately 8.3% and 20.2% of U.S. and Qatari 

populations, respectively.1,2,3  Diabetic peripheral neuropathy 

(DPN), which frequently results in a loss of protective sensation 

in the lower extremities, is prevalent in 50% of patients with 

diabetes for 20 years or more.4,5  

 

 Individuals with DPN often experience concomitant impaired 

proprioception and postural instability.6,7,8 

 Diminished peripheral sensory input such as found in diabetic 

peripheral neuropathy has been associated with an increased 

risk of falling in elderly diabetic individuals.7 

 Conventional balance training consisting of Tai Chi, 

physiotherapy, and strength training has demonstrated an 

improvement in effective balance control.10 

 These conditioning regimens, however, do not provide visual 

feedback to help compensate for impaired proprioception in 

individuals with DPN. 
 

We propose an innovative game-based balance training program 

that incorporates real-time lower extremity joint visual feedback 

using body-worn sensor technology in order to improve postural 

stability in diabetics with peripheral neuropathy. 

 

 

Figure 2: Body sensors are attached to calves, thighs, and lower back.  

The patient must negotiate virtual obstacles in an interactive environment 

during balance training exercises. 

In a randomized trial study conducted at Hamad General 

Hospital in Doha, Qatar, the efficacy of the proposed balance 

training model was assessed through direct evaluation of 

changes in body sway before and after the training protocol 

using body-worn sensor technology.  

 

Adults over the age of 18 capable of independently walking 100 

feet were screened for DPN using a 10-g monofilament test or a 

vibration perception threshold test (>25V) at the hallux, third, and 

fifth metatarsal heads.  Patients were excluded from the study if 

medical conditions other than diabetes altered the patient’s 

balance or if the patient previously had received professional 

balance training.  Using these criteria, this study recruited 41 

participants with Type 2 diabetes and confirmed DPN, who were 

then randomized to either intervention or sham groupings.  

 

 Both intervention and sham participants’ baseline gait and 

balance were assessed at the initial visit and again after four 

weeks.   

 Twice weekly, the intervention group participated in a balance 

training exercise program based on virtual simulation. 

Postural sway was assessed before and after the training 

regimen.  

 

Equipment and Training Interface 

The exercise regimen and balance assessments made use of 

body-worn sensors to provide real-time visual feedback based 

on ankle joint motion (BalanSens; BioSensic LLC, Cambridge, 

MA).  The inertial sensors incorporate triaxial accelerometers, 

gyroscopes, and magnetometers in order to provide kinematic 

data of the body part to which they are attached.  Sensors were 

attached to each participant on both calves and thighs, in 

addition to the lower back.  An interactive game-based virtual 

reality interface was designed using MatLab 2007a (The 

MathWorks Inc, Natick, MA) and Psychtoolbox V2.54.  

The innovative gaming exercise consisted of a series of ankle 

point-to-point reaching tasks as well as crossing a series of virtual 

obstacles of varying heights.  During exercise training, the body-

mounted sensors (Figure 1) allowed the program to produce a 

real-time animation of the lower extremity joint position for the 

participant on a computer monitor (Figure 2). 

  

The ankle exercises required the subject – represented in the 

game as a red square on the screen – to move in the 

anteroposterior and/or mediolateral directions to hit a circular 

target by coordinating upper and lower body movements.  Upon 

achieving each task, the game provided patients with audio and 

visual commendation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Illustration of the ankle joint reaching task and sensor 

mounting.  The exercise involved moving the red square game animation 

from the start circle (yellow) to the target circle (green) in a straight line 

using ankle and hip joint coordination. 

  

 

The target and obstacle exercises consisted of 25 tasks, which 

patients performed three times during each training session.  A 

one-minute break was provided after completing each set of 25 

tasks to prevent fatigue. 

 

Assessment  

Balance was assessed two minutes before and after exercise 

training by measuring changes in ankle, hip, and center of mass 

(COM) postural sway using the attached sensors.  Each 

assessment consisted of two 30-second intervals, one with eyes 

open and the other with eyes closed, during which patients 

attempted to maintain a stable standing position.  
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Results 

Of the 41 patients initially enrolled in the study, 15 participants 

completed the four weeks of biweekly training sessions.  This 

patient population, of which 67% are male, has a mean age of 

56.3 ± 4.9 years, BMI of 30 ± 6.3 kg/m2, and average Hb A1C of 

9.6% ± 2.9%. 

 

Preliminary results for these 15 patients indicate improvements 

in postural balance in the intervention group during eyes-open 

and eyes-closed assessments (Table 1).  

 

For eyes open assessments: 

 76% reduction in ankle sway 

 81% reduction in hip sway 

 76% reduction in COM sway (Figure 3)  

 

For eyes closed assessments: 

 50% reduction in ankle sway 

 24% reduction in hip sway 

 45% reduction in COM sway (Figure 3) 

 

 

 

 
Balance 

Parameter 
Eyes Open Condition Eyes Closed Condition 

  Baseline Post-Training Baseline Post-Training 

Ankle Sway 2.82 ± 2.8° 0.66 ± 0.47° 2.12 ± 0.8° 1.05 ± 0.3° 

Hip Sway 7.96 ± 9° 1.48 ± 1.2° 2.19 ± 0.4° 1.65 ± 0.4° 

COM Sway 0.69 ± 0.7° 0.16 ± 0.11° 0.39 ± 0.2° 0.21 ± 0.15° 

Table 1. Reductions Observed in Measured Parameters between the 

Baseline and Post-Training Assessments of Balance 
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Figure 3. Changes in center of mass (COM) postural sway during eyes 

open and eyes closed balance assessments. 

Conclusions 

This research implemented a novel diabetic peripheral 

neuropathy balance rehabilitation strategy based on virtual reality 

technology that helps compensate for impaired joint 

proprioception.  The method employed body sensors to generate 

an interactive user interface for real-time visual feedback based 

on ankle-joint motion, similar to a video game environment. 

  

This study provides evidence that visual illustration of extremity 

position in an interactive gaming environment coupled with motor 

control tasks may be an effective postural instability rehabilitation 

method in patients with diabetic peripheral neuropathy.  
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