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Around the world more than 347 million people suffer from 
diabetes with 90% of them having Type 2 diabetes.1,2 The 
most common factors contributing toward diabetes include 
excessive body weight and poor physical activity. Among 
other countries around the world, Qatar has also been the 
victim of this world pandemic with a high prevalence in 
nearly 23% of its population;3,4 thereby increasing the asso-
ciated health care cost.5 One of common predictors of meta-
bolic syndrome in Qatar was found to be increased body 
mass index,5 which is usually associated with dietary and 

695338 DSTXXX10.1177/1932296817695338Journal of Diabetes Science and TechnologyNajafi et al
research-article2017

1Interdisciplinary Consortium on Advanced Motion Performance 
(iCAMP), Department of Surgery, Baylor College of Medicine, Houston, 
TX, USA
2Southern Arizona Limb Salvage Alliance (SALSA), Department of Surgery, 
University of Arizona, Tucson, AZ, USA
3Diabetic Foot and Wound Clinic, Hamad Medical CO, Doha, Qatar
4University Hospital Wound Care Clinic, Southwestern Medical Center, 
University of Texas, Dallas, TX, USA

Corresponding Author:
Bijan Najafi, PhD, MSc, Baylor College of Medicine, One Baylor Plaza, MS: 
BCM390, Houston, TX 77030-3411, USA. 
Email: najafi.bijan@gmail.com; bijan.najafi@bcm.edu

Using Plantar Electrical Stimulation to 
Improve Postural Balance and Plantar 
Sensation Among Patients With Diabetic 
Peripheral Neuropathy: A Randomized 
Double Blinded Study

Bijan Najafi, PhD, MSc1,2, Talal K. Talal, DPM3,  
Gurtej Singh Grewal, PhD2, Robert Menzies, MSc3,  
David G. Armstrong, DPM, MD, PhD2,  
and Lawrence A. Lavery, DPM, MPH4

Abstract
Objective: People with diabetic peripheral neuropathy (DPN) often exhibit deteriorations in motor-performance mainly 
due to lack of plantar-sensation. The study explored effectiveness of plantar electrical-stimulation therapy to enhance motor-
performance among people with DPN.

Design and methods: Using a double-blinded model, 28 volunteers with DPN (age: 57.8 ± 10.2 years) were recruited 
and randomized to either intervention (IG: n = 17) or control (CG: n = 11) group. Both groups received identical plantar-
stimulation devices for six weeks of daily use at home; however, only the IG devices were set to deliver stimulation. Balance 
(ankle, hip, and center of mass [COM] sway) and gait (stride velocity [SV], stride time [ST], stride length [SL], and cadence) 
were measured using validated wearable sensors. Outcomes were assessed at baseline and at six-week. Clinical assessment 
including vascular as measured by ankle-brachial-index (ABI) and plantar-sensation as quantified by vibratory plantar threshold 
(VPT) were also measured at baseline and six weeks.

Results: No difference were observed between groups for baseline characteristics (P > .050). Posttherapy, ankle and COM 
sway with eyes open were significantly improved (P < .05, Cohen’s effect size d = 0.67-0.76) in the IG with no noticeable 
changes in CG. All gait parameters were significantly improved in the IG with highest effect size observed for cadence  
(d = 1.35, P = .000). Results revealed improvement in VPT (P = .004, d = 1.15) with significant correlation with stride velocity 
improvement (r = .56, P = .037). ABI was improved in the IG in particulate among those with ABI>1.20 (P = .041, d = 0.99)

Conclusion: This study suggests that daily home use of plantar electrical-stimulation may be a practical means to enhance 
motor-performance and plantar-sensation in people with DPN.
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sedentary behavior. Management of diabetes is therefore of 
utmost importance in Qatar to reduce the negative impact of 
complications related to diabetes. One big challenge in 
encouraging people with diabetes and older people in par-
ticular is poor balance control.6-8 This is often the primary 
comorbidity that limits their ability to be engaged in daily 
physical activities and seems to have a significant impact on 
quality of life.9-12

Balance is a fundamental ability for humans, and its impair-
ment dramatically reduces an individual’s ability to perform 
activities essential to daily living (walking, turning, change of 
posture, and so on).13 In particular, diabetic peripheral neuropa-
thy (DPN), which impacts 60-70% of older people with diabe-
tes,14,15 significantly deteriorates postural control system mainly 
due to lack of plantar sensation, which alters both local and cen-
tral postural control systems.8 Furthermore, DPN has also been 
found to be one of the independent risk factors for increased risk 
of falls and fear of falls in older adults with diabetes.16-19 
Furthermore, fall-related injuries in diabetes are often assumed 
to trigger a vicious circle as they have potentially detrimental 

influence on the physical activity levels. This vicious circle of 
low physical activity, functional deficits and high fall risk fur-
ther increases health care and economic costs. Among other fac-
tors sedentary behavior has been reported to be associated with 
the risk of developing type 2 diabetes.20-22 The importance of 
decreasing sedentary time, as well as increasing time spent in 
physical activity, for metabolic health has also been identified.20 
If health continues to deteriorate without appropriate interven-
tions, foot ulcers can develop which are the most common cause 
of hospitalization and can ultimately lead to limb loss.23-26 
Improved postural balance thus could break this viscous cycle 
and reduce the risk of diabetes related complications.

Exercise is probably the best evidence based intervention 
to enhance balance in older adults. But unfortunately exercis-
ing among people with diabetes is limited in particular among 
older people with DPN, who have high concern for falls. 
Thus, an alternative intervention, which may effectively 
address loss of plantar sensation, may assist in enhancing bal-
ance, reducing fear of falling, and encouraging individuals to 
become more active.

Recently, a large body of basic science and clinical work 
has shown conclusively that low-level mechanical or electri-
cal noise presented directly to sensory neurons can signifi-
cantly enhance their ability to detect weak signals, enhance 
skin perfusion, even assist in recovery of damaged nerve 
cells.27-35 This study has been designed to clinical validate 
the effectiveness and feasibility of a daily home use of plan-
tar electrical stimulation to enhance postural balance and 
plantar sensation among people with DPN and loss of protec-
tive sensation.

Methods

Subjects

Twenty-eight subjects with type 2 diabetes and confirmed 
DPN were enrolled. The inclusion and exclusion criteria are 
described in Table 1. DPN was defined as insensitivity of a 
10 gram monofilament at 1-3 sites in any following locations 
in either foot: hallux, 1st, 3rd, and 5th metatarsal heads.36 
Eligibility of subjects were confirmed by a podiatrist or clini-
cal coordinator with relevant training in diabetic foot and 
wound care. Eligible and willing patients signed a local insti-
tutional review board approved informed consent prior to 
screening. All subjects were recruited from the Wound and 
Diabetic Foot outpatient clinic at Hamad General Hospital 
(Doha-Qatar).

Device

For the purpose of this study, we have used an FDA cleared 
wearable electrical stimulation system, named SENSUS® 
(NeuroMetrix Inc, Waltham, MA, USA), which is a transcu-
taneous electrical nerve stimulator (TENS) and has been 
designed for management of painful neuropathy. However, 

Table 1.  Patient Inclusion/Exclusion Criteria.

Inclusion Exclusion

Men or women (non 
pregnant) 18 years old or 
above

Amputation and active ulcers or 
infection

Diagnosed for diabetes 
mellitus (type 2)*

and ADA criteria diabetes52

Cognitive deficits
MMSE score of 24 or lower

Evidence of peripheral 
neuropathy on neurologic 
examination, identified by 
our clinical staff examination 
and based on the criteria 
explained in ADA statement 
(Boulton et al)36

Unable to stand for more than 5 
minutes (including symptomatic 
orthostatic hypotension or 
pain)

Any clinically significant 
orthopedic, muscular, or 
peripheral vascular disorders 
that affect balance

Alcohol or substance abuse 
within 6 months or major 
psychiatric disorder

Agreed to participate in this 
study and comply with 
instruction

Significant vision problem
Less than 20/100 vision after 

correction
Any other neurological or 

medical disorders that may 
significantly affect balance 
based on clinical judgment (eg, 
CVA, asymmetric neuropathy, 
etc)

Refusing or lacking medical 
decisional capacity to provide 
informed consent

Use of medications that is likely 
to affect cognition or balance 
(based on physician review) 
within 14 days
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the system was modified to provide electrical stimulation (30 
milliapms) to plantar area via two electrodes placed on hind 
and forefoot area instead of leg (Figure 1). The device has a 
60-minute run cycle after which it automatically turns off. 
Placebo units had an electrical stimulation unit programmed 
not to provide any electrical current. However, all the lights 
and programming indicators were functional. SENSUS is 
wearable and fully wireless thus providing the user the free-
dom to be active while they are receiving therapy. SENSUS 
is also FDA cleared for use during sleep, which we found 
that patients may prefer to use the system when going to bed 
and for sleep. The device is activated using a single button 
without the need of any electrical stimulation adjustment 
making it easier for the purpose of home therapy under unsu-
pervised conditions. SENSUS was used with FDA cleared 
TENS electrodes that provide an electrically conductive 
interface between the device and subject’s skin. The elec-
trodes are nonsterile and are designed and intended for single 
use only and to be disposable. For the purpose of this study, 
enough electrodes were provided to each subject and he/she 
was requested to replace the electrode with a new one each 
day. We didn’t control for the exact time of TENS treatment. 
To simplify the protocol for the participants, all subjects 
were asked to use the system at night before sleeping for a 
duration of one hour. They were also asked to log if they 
couldn’t use the device for any reason. The device was pro-
gramed to deliver 1-hour treatment when the start bottom 
was pressed.

Randomization and Removal of Study Blind

This study was designed as a double-blind randomized clini-
cal model. Both patients and the clinical coordinator who 
evaluated and monitored study patients were blinded to elec-
trical stimulation application. The study coordinator site 
(University of Arizona) was the only site aware of assign-
ment (active device or sham device). Each unit was coded 
with a unique identification number, and the coordinating 
site revealed their status, placebo or electric stimulation, 

only at the end of data collection from the last patient. 
Subsequently, the investigators could match the status of the 
identification numbers with the corresponding units to start 
analyzing the data. Patients that receive an activated electri-
cal stimulation unit received a standard dose of 30 milliamps 
as described in the following. Since patients that participated 
in this project had moderate to severe peripheral sensory 
neuropathy, they were entirely unable to “feel” if they were 
receiving electrical stimulation. Furthermore, credibility of 
this was enhanced due to all enrolled patients being thera-
peutically naïve to the sensation of electrical stimulation.

Protocol and Outcomes Measures

The study consisted of a six-week treatment phase of daily 
use of plantar electrical stimulations. There were a total of 
five study visits required for each participant. There was one 
scheduled visit preintervention for baseline evaluation, and 
four additional visits at 2 weeks, 4 weeks, 6 weeks during 
treatment, and 2 weeks post–stopping the treatment. The 
baseline visit involved completion of a standardized intake 
form, which were included pertinent demographics such as 
age, height, weight, education level, occupation, and comor-
bidities of the study patient. Several clinical assessments 
were also performed at baseline and conclusion of interven-
tion including severity of neuropathy as assessed by VPT 
and peripheral vascular status as assessed by the ankle bra-
chial index (ABI). VPT was evaluated at the distal great toe 
and 5th metatarsal head using a Biothesiometer (Bio-Medical 
Instrument Co, Newbury, OH, USA) using the protocol 
described in details in our previous study.37

At baseline, the research coordinator collected participant 
characteristics including age, gender, BMI, cognitive status 
(MMSE), ADL-status (Barthel Index38), comorbidity (num-
ber of diagnoses), medications (number), depressive symp-
toms (Center for Epidemiologic Studies Depression Scale, 
CES-D39), pain (Visual Analogue Scale ranging from 0-10 
cm), frailty status (Fried Frailty Criteria40), concern for fall 
(Falls Efficacy Scale–International, FES-I), and history of 
falls (past year). In addition, health status and clinical history 
such as duration and type of diabetes, previous history of 
foot ulcers, amputation, lower extremity bypass, type of dia-
betes medication, cardiac angioplasty, lower extremity 
angioplasty, coronary artery bypass surgery, arthritis, liver 
disease, osteoporosis, malignancy, bone tumors, number of 
medication used, and any other disease that may impact pos-
tural controls, were collected.

Assessments of depression, frailty, ADL level, and con-
cerns for fall were repeated at 6-weeks including depression, 
frailty, ADL level, and concerns for fall.

The CES-D short-version scale was used for measuring 
self-reported depression symptoms. A cut-off of CES-D 
score of 16 or greater was used to identify subjects with 
depression.41 The Fried Frailty Criteria, including uninten-
tional weight loss, self-reported exhaustion, weakness (grip 

Figure 1.  An illustration of application of the therapeutic device 
on patients.
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strength), slow gait speed (5-meter gait test), and self-
reported low physical activity, were used for assessing pre-
frailty and frailty.40 Subjects with 1 or 2 positive Fried criteria 
were considered prefrail, and those with 3 or more positive 
Fried criteria were considered frail. Subjects with all nega-
tive Fried criteria were considered nonfrail.

Fear of falling was assessed using the FES-I question-
naire.42 In this scale, scores are treated as continuous vari-
ables ranging from 16-64, where 16 indicates no concern and 
64 indicates severe concern for falling. Participants in our 
study were further classified as having low concern (score 
between 16-19), moderate concern (score between 20 and 
27), or high concern (score ≥28) for falling according to the 
prior works.19,43

Balance was measured using two wearable sensors 
(BalanSens™, BioSensics, Watertown, MA, USA) attached 
to dominant leg and the lower back. Participants were 
instructed to stand for 30 seconds with feet close together 
(without touching), with eyes open (EO), and eyes closed 
(EC). Anterior-posterior (AP, cm) sway, medial-lateral (ML, 
cm) sway, and total sway area (cm2) of the center of mass 
(CoM) was quantified using validated algorithms.7

Gait performance was measured using wearable sensors 
(Figure 2) attached to both the left and right lower legs 
(LegSys™, BioSensics, Watertown, MA, USA). Participants 
walked ten meters at normal and fast pace. Gait speed and 
variability (coefficient of variation of stride velocity) were 
calculated using validated algorithms.44

At each visit the participants were questioned about 
potential adverse experiences; response were recorded in the 
source documentation. The adverse events defined as any 
sign of burning because of use of electrical stimulation, 
edema, skin breakdown, and any other skin damage due to 
use of eletrical stimulation. In addition, subjects were inter-
viewed about potential problems in using the system at home 
as well as their adherence to use the stimulation on daily 
basis. The SENSUS system was also kept the log each time 
the system was activated.

Statistical Analysis

Continuous variables are expressed as mean ± standard devi-
ation (SD). Unpaired t-tests, Mann-Whitney U-tests, and chi-
square tests were used for baseline comparison according to 
the scale of the investigated variable and the distribution of 
the data. Repeated-measures ANOVA tests were used for 
examining the effect of intervention in each group after 
adjusting by age and BMI. To account for missing data (pre-
vent entire subject data removal due to lack of a data point), 
a linear mixed-effect model was selected instead of univari-
ate general linear model repeated-measures analysis. The 
effect size to discriminate between groups was estimated 
using Cohen’s d effect size and denoted as d in the results 
section. Values ranging from 0.20 to 0.49 indicate small, 
from 0.50 to 0.79 indicate medium, from 0.80 to 1.29 indi-
cate large, and above 1.30 indicate very large effects.45 
Values less than 0.20 are considered as having no noticeable 
effect.45 Spearman correlation of coefficient was used to 
examine association between changes in motor parameters 
and changes in plantar sensation postintervention. All analy-
ses were performed using SPSS statistics (version 24; IBM, 
Armonk, NY, USA), with a significance level of P < .05.

Results

Twenty-eight subjects met the inclusion and exclusion crite-
ria of this study. According to the randomization allocation, 
seventeen (n = 17) subjects were assigned to active and 
eleven (n = 11) subjects were assigned to control group. 
Table 2 summarizes subjects’ demographic and clinical char-
acteristics. All participants had loss of protective plantar sen-
sation as confirmed by VPT test (VPT of 25 volts or greater 
at either foot). The average of VPT

max
 values (maximum 

value between right and left foot) was 41 ± 7 volts and 40 ± 
10 in the intervention and control group, respectively. The 
average of HbA1C was relatively high (9.1 ± 2.0%, range 
from 6.2% to 13.2%) suggesting poor blood glucose control 
in our sample. Symptom of foot pain was reported in 37% of 
participants (VAS score of 4 to 10 on scale of 10), while 
overall pain was reported in 78% of participants. According 
to CES-D criteria, 19% of participants were depressed. 
According to Fried frailly criteria, almost all participants 
(expect one) were prefrail (74%) or frail (22%). According to 

Figure 2.  Patients during assessment of postural balance and gait 
in a clinical setting. Body-worn sensors attached to shank, thigh, 
and lower back for assessment of postural balance.
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Mobility Tiredness Scale, except one, all participants had 
symptom of fatigue during activities of daily living with 
average score of 3.0 ± 2.1 on scale of 6. Peripheral arterial 
disease was reported for 26% of participants. According to 
FES-I, 85% of participants had fall concerns including 63% 
with high concerns for fall (FES-I of 28 or greater). According 
to the Barthel ADL index, only one subject (4%) was scored 
less than 80 and is considered as dependent.

No difference were observed between the groups for 
baseline characteristics or for motor performance including 
postural sway and spatiotemporal parameters of gait (P > 
.050; Table 2 and Table 3). However, the majorities of mea-
surable metrics were improved post-treatment in the inter-
vention group with no significant changes in the control 
group (P > .050; Table 4 and Table 5). The highest effect size 
in balance parameters was observed for ankle sway during 
eyes-open condition, where the sway was reduced on aver-
age by 34.4% (P = .001, d = 0.76; Figure 3, Table 4). The 

highest effect size for gait parameters were observed for 
cadence, where the number of steps per minute was improved 
on average by 37.8% (P = .000, d = 1.35; Table 5). The 
improvement for both gait and balance parameters was 
noticeable from week 2 with little to no further improvement 
from week 2 to week 6 (P > .050). Gait parameters were also 
improved in the CG but the effect sizes were small (d = 0.27-
0.48, Table 5).

Interestingly, results revealed a significant reduction in 
VPT value in the IG on average by 27% (VPT: 41.5 at baseline 
v. 30.3 postintervention, P = .004, 95% CI = [4.9, 17.7] volt) 
with large effect size (d = 1.15) indicating significant improve-
ment in plantar sensation in the intervention group. The 
observed improvement in VPT was correlated with improve-
ment in the stride velocity (r = .56, P = .037). ABI as an indica-
tor of lower extremity vascular health was also reduced on 
average by 6.4% (ABI: 1.10 at baseline vs 1.03 at follow-up). 
However it didn’t achieved statistical significant level in our 

Table 2.  Participant Demographics and Baseline Clinical Characteristics.

Intervention 
group (N = 17)

Control group 
(N = 11) P value

Age, years 56 ± 11 64 ± 10 .096
BMI, kg/m2 28.7 ± 5.9 31.5 ± 8.0 .323
Sex, % male 73 82 .638
VPT

max
, volts 41 ± 7 40 ± 10 .629

ABI_max 1.1 ± 0.2 1.1 ± 0.2 .628
HbA1C 8.8 ± 1.9 9.6 ± 2.2 .398
CES-D 8.3 ± 11.4 7.3 ± 7.5 .832
% with depression 24 25 .612
Foot pain max, cm 2.2 ± 3.0 3.4 ± 4.0 .416
Overall pain, cm 3.9 ± 2.7 4.6 ± 0.8 .187
Barthel ADL 98.2 ± 3.5 96.4 ± 9.4 .486
Mobility Tiredness Scale 3.1 ± 2.0 2.9 ± 2.5 .789
FES-I 33.0 ± 12.1 41.9 ± 14.7 .124

ABI_max, maximum ABI measured from right and left foot; ES, effect size Cohen’s d; EO, eyes open; foot pain max, maximum foot pain reported from 
left and right foot; SD, standard deviation; VPT

max
, maximum value of VPT measured from right and left foot.

Table 3.  Baseline Balance and Gait Data.

Intervention group 
(N = 17)

Control group 
(N = 11) P value

Ankle sway-EO, deg2 1.54 ± 0.71 1.72 ± 1.40 .669
Hip sway, EO, deg2 1.76 ± 0.93 1.94 ± 1.45 .696
COM sway-EO, cm2 3.49 ± 2.36 3.60 ± 2.89 .917
Ankle sway-EC, deg2 2.94 ± 1.94 2.79 ± 1.72 .854
Hip sway, EC, deg2 3.23 ± 2.13 3.17 ± 0.97 .949
COM sway-EC, cm2 6.37 ± 4.60 5.59 ± 5.57 .915
Stride velocity, m/s 0.87 ± 0.22 0.82 ± 0.21 .439
Stride time, s 1.26 ± 0.14 1.35 ± 0.25 .271
Stride length, m 1.05 ± 0.15 1.03 ± 0.19 .623
Cadence 74.1 ± 27.9 72.4 ± 24.3 .872

EC, eyes closed; EO, eyes open.
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sample (P = .385). Interestingly, when participants with ABI 
of 1.20 or greater (n = 7) were selected, the reduction in ABI 
was significant and reached to 16.5% (ABI:1.34 at baseline v. 
1.12 postintervention, P = .041, d = 0.99).

While foot pain was reduced in the intervention group, the 
reduction was not meaningful (average pain reduction less 
than 1 cm on scale of 10 cm) nor statistically significant (P = 
.504). However, when overall pain was assessed, the reduc-
tion was on average 2.9 cm on scale of 10 cm and achieved 
statistical significance (P = .043, 95% CI = [0.11, 4.8], d = 
1.19). The improvement in other measured health related 
parameters including CES-D, FES-I, Barthel ADL, and 
mobility tiredness scale, was not statistically significant  
(P > .050).

Discussion

This randomized controlled study demonstrated that daily 
use of plantar electrical stimulation is practical, feasible and 
improves motor performance in people with DPN. No 
adverse events were reported due to daily use of electrical 
stimulation and only two subjects from control group were 

dropped out from the study. While, the participant perception 
of benefit and acceptability were not controlled in this study, 
no complain was reported from the daily home use of electri-
cal stimulation or its burden.

While many studies suggested that electrical stimulation 
is effective to enhance balance,34,35 to our knowledge this is 
the first randomized control trial that examined therapeutic 
effectiveness of daily home use of plantar electrical stimula-
tion in enhancement of motor performance, vascular health, 
and plantar sensation in patients suffering from DPN and 
poor plantar sensation.

This study confirmed that daily basis electrical stimula-
tion therapy could be effective to enhance plantar sensation 
as quantified by significant reduction in VPT values on aver-
age by 27% in the intervention group. This is aligned with 
previous animal models in which it has been revealed that 
neurological stimulation could improve the performance of 
mechanoreceptor cells that provide protective sensation in 
the feet.46,35 Previous clinical studies have also demonstrated 
significant reduction in vibration perception threshold and an 
increase in monofilament detection after electrical stimula-
tion treatment in people with DPN.37,47

Table 4.  Effect of Intervention for Active and Control Group for Balance Parameters.

Parameter Active group P value Effect size* Control group P value Effect size*

Eyes open Ankle sway, deg2 Baseline 1.54 ± 0.71 .001 0.76 1.72 ± 1.40 .637 0.11
Week 6 1.01 ± 0.69 1.57 ± 1.11

Hip sway, deg2 Baseline 1.76 ± 0.93 .298 0.30 1.95 ± 1.45 .638 0.12
Week 6 1.54 ± 1.01 1.78 ± 1.30

COM sway, cm2 Baseline 3.49 ± 2.36 .038 0.67 3.60 ± 2.89 .716 0.08
Week 6 2.42 ± 1.18 3.36 ± 2.25

Eyes closed Ankle sway, deg2 Baseline 2.94 ± 1.94 .047 0.55 2.79 ± 1.72 .264 0.41
Week 6 2.09 ± 1.00 4.18 ± 4.42

Hip sway, deg2 Baseline 3.23 ± 2.13 .307 0.25 3.17 ± 0.67 .197 1.96
Week 6 2.77 ± 1.41 5.53 ± 1.96

COM sway, cm2 Baseline 6.37 ± 4.60 .255 0.32 6.59 ± 5.57 .453 0.25
Week 6 5.23 ± 2.04 8.00 ± 5.58

Results have been adjusted by age and BMI.
*Effect size Cohen’s d.

Table 5.  Between-Group Comparisons for Gait Parameters Postintervention.

Parameters Active group P value Effect size* Control group P value Effect size*

Stride velocity, m/s Baseline 0.87 ± 0.26 .001 0.41 0.82 ± 0.21 .129 0.38
Week 6 0.97 ± 0.23 0.90 ± 0.21

Stride time, s Baseline 1.26 ± 0.14 .001 0.64 1.35 ± 0.25 .024 0.420
Week 6 1.18 ± 0.11 1.26 ± 0.21

Stride length, m Baseline 1.05 ± 0.15 .000 0.49 1.03 ± 0.19 .064 0.269
Week 6 1.14 ± 0.21 1.14 ± 0.21

Cadence Baseline 74 ± 28 .000 1.35 72 ± 24 .012 0.482
Week 6 102 ± 9 97 ± 14

Results have been adjusted by age and BMI.
*Effect size Cohen’s d.
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The recovery of plantar sensation could be explained by 
improvement in plantar skin perfusion in response to daily 
use of plantar electrical stimulation. Diminished local blood 
flow can initiate oxidative stress and the release of factors 
that impede the normal passage of neurological signals as 
described by Malik and colleagues.48 A recent systematic 
review35 by assessing 21 randomized clinical trials that used 
electrical stimulation for wound healing confirmed that elec-
trical stimulation increases cutaneous perfusion possibly 
through a release of vasoendothelial growth factor 
(VEGF).46,49 The increase in VEGF may counter the path-
ways to DPN through stimulation of angiogenesis for 
increase perfusion of endoneurial microvessels.37 In addi-
tion, VEGF has been shown to induce Schwann cell prolif-
eration, stimulate axonal outgrowth and promote survival of 
neurons and Schwann cells in cultured animal cells.50

Poor postural balance is a major concerns in people with 
DPN and leads to increasing risk of falling, reduced mobility, 
and increased fall concerns. This study suggests that daily 
use of plantar electrical stimulation, could enhance balance 
and gait, thus may reduce risk of falling and enhance motili-
ties. Interestingly, the magnitude of improvement in balance 
after six weeks of daily use of electrical stimulation is com-
parable with magnitude of improvement in balance post–
balance exercise therapy program among people with DPN.51 
However, usually adherence to regular exercise therapy is 
not high among people with diabetes and in addition, such 
balance training programs are often expensive and required 
regular clinical visits, which may not affordable for all peo-
ple with diabetes. In these cases, plantar electrical stimula-
tion seems to be an alternative therapy to enhance balance. 

However, another study is required to confirm the results in 
larger study. In addition another study merits to explore long 
term lasting of effectiveness of plantar electrical stimulation 
to improve balance.

The improvement in center of mass sway, as surrogate of 
postural control,13 in response to plantar electrical stimula-
tion seems to be due to enhancement in ankle stability. While 
hip stability has been also improved in response to plantar 
stimulation, the improvement compared to ankle stability 
was negligible. The enhancement in ankle stability could be 
due to recovery of somatosensory feedback as described 
above and confirmed by enhancement in vibratory percep-
tion threshold test. The magnitude of improvement in bal-
ance was however small during eyes-closed condition 
probably due to the fact that postural control in people with 
DPN are highly dependent on visual feedback as well as cen-
tral sensory feedback.8 This study was however unable to 
show any significant improvement in fear of falling, depres-
sion, and activities of daily living survey in response to inter-
vention though. This could be explained by the fact that 
perceived psychosocial changes take longer than 6 weeks to 
demonstrate that an intervention has resulted in and main-
tained behavior change. Another study merits to examine 
long term benefit of plantar electrical stimulation in per-
ceived psychosocial factors.

This study has few limitations. The sample size is under-
powered to detect changes in vascular health, activity param-
eters, and psychosocial parameters. In addition, we had an 
unbalance distribution of sample size between two groups, 
which is due to the fact that randomization was done based 
on an anticipated list of 50 subjects. However, no between-
group differences were observed at baseline for the parame-
ters of interest, suggesting successful randomization of 
participants. Further studies with larger sample size and bet-
ter randomization protocol are required to confirm these 
results and address potential long term retention of planar 
electrical stimulation intervention. According to participants’ 
log report, they had 100% adherence in daily use of the sys-
tem during treatment phase. The log of the SENSU system 
also confirmed the system was activated on daily basis. 
However, we couldn’t objectively control, whether the sys-
tem has been worn during the entire electrical-stimulation 
treatment. In addition, our method in assessing skin perfu-
sion may not be accurate in particular among those with 
peripheral vascular diseases. In addition, other studies are 
warranted to examine long term benefit of plantar electrical 
stimulation to reduce consequences of DPN such as prospec-
tive falls and prevention of plantar ulcers.

Conclusions
This study suggests opportunities for better patient care, enhance-
ment of plantar sensation, and improvement of motor performance 
among people suffering from diabetic peripheral neuropathy using a 
simple, inexpensive approach that has no obvious adverse effects and 

Figure 3.  Body sway changes over 6 weeks treatment compared 
to baseline in the intervention group (IG) and in the control 
group (CG). The improvement is significant for ankle sway and 
center of mass (COM) sway in the IG with no noticeable changes 
in the CG.
*p<0.050.
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is practical for daily use. In a setting where no therapeutic agents or 
interventions effectively address loss of protective sensation and 
where affected individuals life with a heightened risk of developing a 
debilitating foot ulcer and quite possibly a disabling amputation, the 
effects seen with the plantar electrical stimulation system may offer 
the potential for significant clinical benefit, with very low risk.
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