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Abstract 
Background: Diabetic peripheral neuropathy (DPN) changes leg muscle 
coordination during walking and reduces stability. The aim of this study was 
to determine whether rhythmic auditory stimulation (RAS) affected the gait 
performance of patients with DPN. Methods: Forty DPN patients (mean age, 
59.1 ± 9.4 y) were randomly allocated to RAS and control groups in equal 
numbers. The participants in each group underwent 2 weeks of supervised 
rehabilitative treatment (40 min/day) as inpatients. This included walking 
twice a day, during which the RAS group participants walked in time with a 
metronome set at a self-chosen, comfortable rate. We compared gait function, 
lower limb muscle co-contraction, and gait stability before and after the inter-
vention for both groups, calculated the change in score for each parameter, and 
assessed differences between the groups with unpaired t-tests and ANCOVA. 
Results: RAS was associated with significant improvement in all parameters. 
In the control group, there was no improvement in cadence, co-contraction, 
or gait stability (vertical). Compared with the control group, the RAS group 
showed improvement in co-contraction and gait stability. Conclusion: RAS 
may be helpful for improving the lower limb muscle coordination and gait 
function of DPN patients. 
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1. Introduction 

Diabetic peripheral neuropathy (DPN) afflicts more than half of all diabetic pa-
tients and is associated with a particularly high level of morbidity [1]. DPN pa-
tients with diminished plantar sensation have been observed to exhibit increased 
postural sway along with a significant loss of postural control [2]. This difficulty 
in postural control coupled with an altered gait pattern increases their risk of 
falls [3]. 

DPN impairs both the somatosensory and the motor control system, affecting 
the amount and quality of sensory information gained, information that is es-
sential for the complex generation and control of gait. This results in greater in-
stability during gait and static posture [4], which previously was ascribed to 
muscular weakness. Gait in humans is considered to result from coordinated in-
terplay between neural and muscular actions in coordination with the skeletal 
function [5]. Changes in this relationship due to the loss of sensitivity can result 
in important biomechanical alteration to the patient’s gait. These include changes 
in plantar pressure, usually with increased pressure on the forefoot [6], differences 
in kinetic patterns with modified ground reaction forces [7], and altered muscle 
activity [8]. Compared with healthy controls, DPN patients have a lower gait ve-
locity, decreased cadence, shorter stride length, increased stance time, and greater 
step-to-step variability [9]. These gait alterations increase when walking on irregu-
lar surfaces [9]. DPN patients also exhibit lower ankle moment and ankle power 
compared with healthy controls, as well as a different onset and cessation time of 
muscle activity [5]. These patients present more co-contractions of agonist and 
antagonist muscles at the ankle and knee joints during the stance phase. Kwon et 
al. [5] speculated that the co-contraction mechanism may enable these individu-
als to adopt a safer, more stable gait pattern to compensate for their diminished 
sensory information. 

General exercises for gait and balance improvement have previously been re-
ported to be effective for DPN patients. Allet et al. [10] reported a randomized 
controlled trial in which a group that received specific training, which consisted 
of circuit training gait and balance exercises over 12 weeks in a real-life envi-
ronment, showed a significant improvement in gait parameters. These results 
demonstrated that it is possible to improve functional and independent gait, 
even with sensory and motor impairments [11]. Ahn et al. [12] showed a signif-
icant improvement in balance and neuropathic symptoms in a group that re-
ceived a standardized Tai Chi for diabetes program, which comprised a 1-hour 
Tai Chi session twice a week for 12 weeks. However, DPN patients have a dro-
pout rate during interventions. For example, the dropout rate for Ahn et al. [12] 
12-week Tai Chi intervention exceeded 30%. It is therefore necessary to establish 
a way to treat lower limb function and gait in DPN patients that minimizes dro-
pout. 

Several studies have used rhythmic auditory stimulation (RAS) to help im-
provement of gait [13] [14] [15] [16]. The influence of rhythmic sensory cues on 
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walking dynamics is of considerable relevance to neurological rehabilitation. In 
this regard, RAS has shown positive effects on various gait characteristics for pa-
tients with Parkinson’s disease [13] and hemiparesis [14]. Passively listening to 
rhythmic stimuli, even in the absence of motor actions or intent, recruits the au-
ditory systems as well as the mid-premotor cortex and the supplementary motor 
area [17]. Through a process known as rhythmic entrainment, people naturally 
move in synchrony to external rhythmic cues [18]. In addition, Ashoori, et al. 
[13] found that auditory stimuli reduced the amount of time required for mus-
cles in healthy human subjects to respond to a given motor command, compared 
to the absence of stimuli; the authors explained this as RAS patterns increasing 
the excitability of spinal motor neurons. Thus, RAS can influence conscious and 
subconscious abilities and thereby improve gait function [15]. Furthermore, this 
improvement has been demonstrated with short interventions lasting a matter of 
several weeks in stroke and Parkinson’s disease patients [16]. 

However, little is known about the effect of RAS on the gait of DPN patients. 
We hypothesized that intervention using RAS would improve their muscle ac-
tivity and gait function over a short period. The purpose of this study was to de-
termine whether intervention using RAS affected the lower limb muscle coordi-
nation and gait performance of patients with DPN. 

2. Methods 
2.1. Participants 

This study was conducted from August 2013 to April 2015. The participants 
were adult patients with type 2 diabetes mellitus with DPN recruited from the 
Endocrinology Department of Iwata City Hospital. Exclusion criteria included 
pregnancy, taking corticosteroids, hormone replacement therapy, osteoporosis, 
chronic renal failure, chronic heart failure, current bilateral foot ulceration, se-
vere retinopathy, neuropathic pain, malignancy, and endocrine disorders other 
than diabetes. The inclusion criteria were the ability to walk independently 
without assistance, hearing capacity sufficient to perceive the auditory cues, and 
the absence of significant cognitive impairment (such as a Mini-Mental Status 
Examination score > 24) (Figure 1). 

Prospective participants were informed that if they participated they would be 
randomly assigned to an intervention group or a control group. Those who 
agreed to join the study were contacted by the study coordinator for an individ-
ual appointment, at which the informed consent document was signed and a 
baseline evaluation performed. The study conformed to the principles of the 
Declaration of Helsinki, and informed consent was obtained from all partici-
pants. The protocol was approved by the Ethics Committee of the International 
University of Health and Welfare. This study was registered as a clinical trial 
(UMIN000026345). 

Forty participants took part in the study (mean ± standard deviation (SD) age, 
59.1 ± 9.4 y; weight, 69.4 ± 20.3 kg; height, 1.61 ± 0.09 m; and body mass index  
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Figure 1. Study design schematic. 

 
(BMI), 26.3 ± 5.7 kg/m2). The participants were divided into two groups: 20 were 
allocated to the RAS intervention group and 20 to the control group. There were 
no significant differences between the two groups in terms of their general cha-
racteristics. 

2.2. The Rehabilitation Protocol 

The participants in each group performed 2 weeks of supervised rehabilitative 
treatment (40 min/day) as inpatients, assisted in their training by a certified 
physical therapist. The typical training session included a set of exercises aimed 
to muscle strength, balance, and physical endurance, as well as specific gait 
training [10]. In particular, 20 min of each session was dedicated to continuous 
level walking, during which the RAS group participants listened to auditory cues 
given by a portable electronic metronome (ME-55, Yamaha, Japan). During the 
2-week period, the RAS group participants were also instructed to perform at 
least two further unsupervised 20-min training sessions each day after meals, in-
cluding gait training with RAS. All participants were provided with a diary in 
which they self-reported the duration and types of activities they performed. The 
diary was reviewed by the physical therapists five times a week. 

The RAS consisted of auditory beats whose frequency (bpm) was personalized 
for each participant at the initial gait assessment performed at the beginning of 
the study, setting a gait speed comfortable for the participant. The pace that re-
flects on imposed gait cadence during the training was set on the basis of the 
difference between the cadences of each participant. The participants were al-
lowed to change the tempo of the metronome beats themselves. 

The control group did the same amount of walking as the RAS group, albeit 
without the metronome. 
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2.3. Sensory Neuropathy Assessment 

The diagnosis of diabetic neuropathy followed the recommendations of the sim-
plified diagnostic criteria proposed by the Diabetic Neuropathy Study Group in 
Japan [19], and was based on the presence of two of the following three factors: 
1) subjective symptoms in the bilateral lower limbs or feet; 2) absent or reduced 
ankle jerk; and 3) decreased vibration perception, assessed using a C128 tuning 
fork and measured bilaterally at the medial malleoli. 

2.4. Step Count 

For the purposes of this study, “number of steps” refers specifically to the aver-
age daily step count as recorded by a pedometer (PD-635, TANITA, Japan). Par-
ticipants were given a pedometer and were instructed to wear the monitor 
around their waist during all waking hours. The participants were given the 
monitor for at least 14 consecutive days, and the average daily step count was 
calculated. For a day to be included, the monitor had to be worn for at least 10 
hours. During the intervention period, the participants recorded the pedometer 
data in their exercise diaries. 

2.5. Assessment of Gait Parameters 

All of the participants wore their usual shoes, although low-heeled footwear such 
as sandals or slippers were excluded. The participants were asked to walk, at 
their own preferred speed, along a 10-m path in a corridor with a flat floor with 
no inclination. The gait speed was calculated as 10 m divided by the walking 
time in seconds. The step length was calculated from the number of steps taken 
over the 10 m. The cadence was then calculated from the 10-m gait time and 
number of steps. 

2.6. Gait Assessment: EMG 

Electromyographic (EMG) activity was recorded for two muscles, the tibialis an-
terior (TA) and soleus (SOL), in the participant’s right leg using active electrodes 
(BlueSensor M-00-S, Ambu, Denmark) applied to lightly abraded skin over the 
respective muscle belly. Electrode placement was carefully chosen to minimize 
cross-talk from adjacent muscles. The signals were amplified, filtered to 20 - 450 
Hz (Tele Myo G2, EM-601, NORAXON Inc., USA), sampled at 1500 Hz, and 
recorded onto disk. The gait cycle was defined by consecutive foot contacts, as 
determined by signals from a footswitch (EM434, NORAXON Inc., USA). The 
EMG data were rectified and then interpolated to 100 evenly spaced values for 
each instance the foot triggered the footswitch. EMG datum traces were then 
normalized by their largest value for each step. The mean of the linear envelope 
of the EMG signal was obtained 100 ms before and after the initial contacts of 
the first ten strides. All the linear envelope values were normalized to the peak 
activation during the gait [20]. To measure the antagonist co-contraction, we 
calculated the ratio of activation between the shank muscles (TA/SOL). The 
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co-contraction index (CI) was calculated using the following mathematical equ-
ation, adapted from Falconer et al. [21]: 
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where Iant is the area of the total antagonistic activity. where t1 to t2 denotes the 
period during which the TA EMG is less than the SOL EMG and t2 to t3 donates 
the period during which the SOL EMG is less than the TA EMG), Itotal is the 
integral of the sum of TA and SOL EMG. Because we were comparing assess-
ments before and after the intervention, we placed a marker as a substitute for 
the electrodes to ensure we assessed the same muscle activity. 

2.7. Gait Assessment: Triaxial Accelerometer 

A triaxial accelerometer (WAA-001, Wireless Technologies Inc., Japan) was 
clipped tightly onto a band placed securely around the participant’s waist such 
that it was located approximately at the center of the spine at the L3 level, in or-
der to measure the acceleration of the back and waist in the mediolateral (ML), 
vertical (V), and anteroposterior (AP) directions [22]. This position was chosen 
owing to its proximity to the center of mass of the human body when standing. 
The signals were sampled at 200 Hz. After corrections of the signal, the root 
mean square (RMS) values for each direction were calculated using the following 
equations: 
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where X represents the direction of acceleration (ML, V, or AP) and T is the to-
tal. The RMS is a statistical measure of the magnitude of acceleration in each di-
rection. Menz et al. [23] reported that the RMS demonstrated a non-linear rela-
tionship to walking speed. The RMS values were therefore normalized by the 
square of the walking speed. 

2.8. Statistical Analyses 

To evaluate the effects of the interventions, we used paired t-tests to compare 
parameter values before and after each intervention. We calculated the change in 
each parameter (post-training minus pre-training) and compared these between 
the two groups using unpaired t-tests and ANCOVA with the change in score as 
the dependent variable and the treatment group (RAS or control group) as the 
independent variable. Age, sex, BMI, years of DM, and activity during the inter-
vention (steps/day) categories were entered as the covariates. We also calculated 
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the effect size (Cohen’s d) for each statistic by dividing the pre-post change in 
the parameter by its pooled SD [24]. An effect size of d = 0.2 was considered as 
indicating a small effect, 0.5 as medium, and 0.8 or above as large. A p-value < 
0.05 was considered statistically significant. 

3. Results 

Table 1 summarizes the characteristics of the participants. The mean and stan-
dard deviation of age was 59 ± 9 years. Body mass index was 26.32 ± 5.69 kg/m2. 
The average of Vibration perception was relatively low (7.86 ± 3.04 sec) sug-
gesting poor sensory function in our sample. Subjective symptoms were reported 
in 15% of participants, while absent or reduced ankle jerk was reported in 73%  

 
Table 1. Descriptive characteristics of the participants. 

 
RAS (n = 20) Control (n = 20) 

Age (years) 59 ± 6 59 ± 11 

Sex (male) 10 (50%) 13 (65%) 

Height (cm) 161.94 ± 9.41 161.29 ± 7.78 

Weight (kg) 69.46 ± 25.61 69.41 ± 13.90 

BMI (kg/m2) 26.09 ± 6.98 26.55 ± 4.20 

Duration of DM (years) 5.8 ± 8.1 6.9 ± 8.5 

Vibration perception (s) 7.42 ± 3.03 8.29 ± 3.05 

Subjective symptoms (n) 3 (15%) 3 (15%) 

Absent or reduced ankle jerk (n) 15 (75%) 14 (70%) 

Hypertension (n) 10 (50%) 11 (55%) 

Hyperlipidemia (n) 14 (70%) 15 (75%) 

Drinking history (n) 12 (60%) 10 (50%) 

Smoking history (n) 8 (40%) 11 (55%) 

Diabetic renal disease (>stage III) 2 (10%) 4 (20%) 

Diabetic retinopathy (>PPDR) 1 (5%) 0 (0%) 

Insulin treatment 3 (15%) 1 (5%) 

HbA1c (%) 11.52 ± 2.15 10.89 ± 2.02 

Plasma glucose (mg/dl) 317.65 ± 117.5 277.65 ± 124.74 

LDL-C (mg/dl) 129.00 ± 31.40 121.10 ± 42.97 

ALT (IU/L) 36.9 ± 25.10 44.25 ± 35.11 

γ-GPT (IU/L) 105.80 ± 250.22 55.50 ± 44.87 

TG (mg/dl) 200.16 ± 190.32 177.95 ± 136.13 

Steps during intervention (steps/day) 7506.01 ± 2090.92 6524.96 ± 1933.91 

Values are mean ± standard deviation or number (%). RAS, rhythmic auditory stimulation group; BMI, 
body mass index; DM, diabetes mellitus; PPDR, preproliferative diabetic retinopathy; LDL-C, low-density 
lipoprotein cholesterol; ALT, alanine aminotransferase; γ-GPT, gamma-glutamyl transpeptidase; TG, trig-
lyceride. p < 0.05 (unpaired t test, χ2 test) RAS vs Control groups. 
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of participants. Almost all participants were hypertension (53%) or Hyperlipi-
demia (73%). Diabetic renal disease (>stage III) was reported for 15% of partici-
pants. Few were current diabetic retinopathy (>PPDR). The average of HbA1c 
was relatively high (11.21% ± 2.07%). There were no significant differences be-
tween the two groups for any of these parameters. 

Table 2 presents a comparison of the gait parameters and RMS waist accelera-
tion values before and after the intervention in the two groups. After the inter-
vention, the RAS group showed significant increases in gait speed, step length, 
and cadence, and decreases in CI, RMSML, RMSV, RMSAP, and RMST (p < 0.05). 
The control group showed significant increases in gait speed and step length, 
and decreases in RMSML, RMSAP, RMST (p < 0.05); however, no statistically sig-
nificant changes were observed for cadence (p = 0.29), CI (p = 0.42), or RMSV (p 
= 0.19). 

Table 3 compares the changes in gait and RMS parameters between the RAS 
and control groups. The reduction in CI was significantly greater in the RAS 
group than in the control group (p < 0.05). Similarly, the RAS group showed 
significantly greater reductions than the control group in RMSML and RMST (p < 
0.05). No significant differences between the groups were observed for the 
changes in gait speed (p = 0.20), step length (p = 0.81), cadence (p = 0.15), RMSV 
(p = 0.13), or RMSAP (p = 0.16). 

Table 4 presents a comparison between the RAS and control groups of the 
changes in parameters adjusted for the covariates. ANCOVA analysis showed 
that CI and RMST were reduced to a significantly greater extent in the RAS 
group than in the control group, but that changes in other gait parameters did 
not differ significantly between the groups. 

 
Table 2. The measured gait parameters and RMS waist acceleration values before and af-
ter the intervention in the rhythmic auditory stimulation (RAS) and control groups. 

 

RAS Control 

Before 
intervention 

After 
intervention 

Cohen’s 
d 

Before 
intervention 

After 
intervention 

Cohen’s 
d 

Gait speed (m/s) 1.29 ± 0.19 1.50 ± 0.19* 1.10 1.25 ± 0.19 1.38 ± 0.22* 0.65 

Step length (m) 0.62 ± 0.07 0.67 ± 0.06* 0.81 0.60 ± 0.09 0.64 ± 0.08* 0.51 

Cadence 
(step/min) 

124.25 ± 11.16 131.07 ± 9.06* 0.67 122.93 ± 7.43 125.26 ± 10.74 0.25 

CI (%) 49.31 ± 11.82 42.70 ± 11.55* 0.57 48.31 ± 11.43 47.09 ± 10.05 0.11 

RMSML (m/s2) 0.53 ±0.16 0.41 ± 0.11* 0.93 0.58 ± 0.31 0.53 ± 0.31* 0.63 

RMSV (m/s2) 1.42 ± 0.28 1.28 ± 0.25* 0.52 1.43 ± 0.23 1.37 ± 0.23 0.25 

RMSAP (m/s2) 0.83 ± 0.19 0.69 ± 0.13* 0.85 0.85 ± 0.17 0.78 ± 0.13* 0.47 

RMST (m/s2) 2.78 ± 0.50 2.38 ± 0.40* 0.87 2.86 ± 0.52 2.68 ± 0.52* 0.37 

Values are mean ± standard deviation. CI, co-contraction index; RMS, root mean square (ML, mediolateral; 
V, vertical; AP, anteroposterior; T, total). *p < 0.05 (paired t test), before intervention vs after intervention. 
Effect size, Cohen’s d: <0.20, no effect; 0.21 - 0.50, a small effect; 0.51 - 0.80, a medium effect; and >0.80, a 
large effect. 
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Table 3. Comparison of changes (Δ) in gait parameters and RMS waist acceleration val-
ues between the rhythmic auditory stimulation (RAS) and control groups. 

 RAS Control Cohen’s d 

ΔGait speed (m/s) 0.21 ± 0.17 0.13 ± 0.16 0.79 

ΔStep length (m) 0.05 ± 0.07 0.04 ± 0.05 0.08 

ΔCadence (step/min) 6.81 ± 9.77 2.33 ± 9.6 0.46 

ΔCI (%) −6.61 ± 7.81* −0.89 ± 6.70 0.44 

ΔRMSML (m/s2) −0.12 ± 0.09* −0.05 ± 0.11 0.69 

ΔRMSV (m/s2) −0.14 ± 0.15 −0.05 ± 0.18 0.50 

ΔRMSAP (m/s2) −0.14 ± 0.14 −0.07 ± 0.14 0.45 

ΔRMST (m/s2) −0.40 ± 0.31* −0.18 ± 0.37 0.65 

Values are mean ± standard deviation. CI, co-contraction index; RMS, root mean square (ML, mediolateral; 
V, vertical; AP, anteroposterior; T, total). *p < 0.05 (unpaired t test) ΔRAS vs ΔControl. Effect size, Cohen’s 
d: <0.20, no effect; 0.21 - 0.50, a small effect; 0.51 - 0.80, a medium effect; and >0.80, a large effect. 

 
Table 4. Comparison of the adjusted changes (Δ) in gait parameters and RMS waist acce-
leration values between the rhythmic auditory stimulation (RAS) and control groups. 

 RAS Control 

ΔGait speed (m/s) 0.19 ± 0.04 0.15 ± 0.04 

ΔStep length (m) 0.05 ± 0.01 0.04 ± 0.01 

ΔCadence (step/min) 6.35 ± 2.31 2.79 ± 2.31 

ΔCI (%) −6.91 ± 1.75* −0.58 ± 1.75 

ΔRMSML (m/s2) −0.12 ± 0.02 −0.06 ± 0.02 

ΔRMSV (m/s2) −0.15 ± 0.04 −0.04 ± 0.04 

ΔRMSAP (m/s2) −0.15 ± 0.03 −0.06 ± 0.03 

ΔRMST (m/s2) −0.42 ± 0.08* −0.16 ± 0.08 

Values are mean ± standard error. CI, co-contraction index; RMS, root mean square (ML, mediolateral; V, 
vertical; AP, anteroposterior; T, total). *p < 0.05 (ANCOVA) ΔRAS vs ΔControl. The covariates were age, 
sex, body mass index, duration of diabetes (y), and activity during the intervention (steps per day) categories. 

4. Discussion 

The main aim of the present study was to assess the effectiveness of 2 weeks of 
treatment that included gait training assisted by RAS. All of the participants 
completed the program. Our results showed that RAS intervention improved the 
muscle activity and stability of DPN patients during walking. We found that the 
gait parameters (i.e. gait speed, step length, cadence) of the DPN patients in-
creased after the intervention with RAS. Furthermore, the intervention with RAS 
led to a moderate decrease in shank muscle co-contraction (measured as CI). 
Acceleration of the waist also decreased significantly with the RAS intervention 
with significant improvements observed in all directions except vertical. In con-
trast, the control group showed mild to moderate improvements in walking 
speed, step length, and RMS waist acceleration (mediolateral, anteroposterior, 
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and total), and there was no significant change in cadence, CI, or vertical waist 
acceleration. The improvements in CI and RMS waist acceleration (mediolateral 
and total) were significantly greater in the RAS group than in the control group. 
This remained the case for CI and total acceleration (but not mediolateral acce-
leration) even adjustment for the covariates. 

It has been observed that when participants walk while listening to repetitive 
auditory stimuli, their gait becomes entrained to the rhythmic signals, resulting 
in motor unit recruitment patterns with greater consistency. Rhythmic audio 
patterns increase the excitability of spinal motor neurons via the reticulospinal 
pathway, reducing the amount of time required for muscles to respond to a giv-
en motor command [25]. Muscle activity with the correct timing improves gait 
stability, as was shown by a previous study using RAS [26]. However, these pre-
vious studies did not verify improvements in muscle activity during gait. Our 
results indicated that RAS intervention resulted in alternation of the rhythmic 
contractions of the agonist and antagonist muscles. 

Our results demonstrated that the addition of walking exercise using RAS im-
proved the gait function of DPN patients when compared to their usual exercise. 
Previous studies using RAS showed increased gait speed and step length [27], 
and improved gait rhythm [28], but these studies focused on patients with he-
miplegia and Parkinson’s disease. To the best of our knowledge, the present 
study is the first to show the effect of RAS on the gait function of DPN patients. 
Moreover, we showed this effect with a short-term intervention lasting only two 
weeks. Previous studies have required a longer period of intervention for effects 
to become apparent. For example, one program involved resistance exercise and 
moderate aerobic exercise three times a week for 10 weeks [29], and another in-
volved balanced exercise twice a week for 8 weeks [30]. Fast effectiveness will 
help in the treatment of patients with deteriorating DPN. 

There were a few limitations to this study. The sample size is underpowered to 
detect changes in gait parameters. In addition, we did not standardize the tempo 
of the RAS, so exercise intensity may have differed between individuals. Fur-
thermore, we did not standardize the type of footwear; however, because our in-
tention was to measure gait changes in real-world scenarios, we decided to allow 
the participants to wear prescribed or habitual footwear. In future studies, exer-
cise intensity and gait evaluation circumstances should be standardized. 

5. Conclusion 

The results of this study indicated that the RAS intervention improved gait pa-
rameters, co-contraction of the shank muscles, and gait stability in patients with 
DPN. The improvements in the co-contraction of shank muscles and gait stabil-
ity were significantly better compared to those with conventional exercise, with 
this result remaining almost unchanged even after adjustment for covariates. 
Moreover, the RAS intervention resulted in significantly improved gait function 
of the DPN patients after only two weeks. Such a rapid effect could be effective 
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for and the prevention of falls in patients with DPN. 
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