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Abstract
Aims This study analyzed the gait patterns of diabetic peripheral neuropathy (DPN) patients and changes in the center of 
mass sway to prevent the formation and recurrence of foot ulcers.
Methods Forty-two subjects were divided into the diabetes mellitus (DM), DPN, and diabetic foot ulcer (DFU) groups. 
We measured the range of motion (ROM) of the lower limb joints in the resting position and the center of mass sway in the 
standing position. Joint angles, ROM during walking, and distance factors were evaluated.
Results In the DFU group, ROM limitation during walking was detected at the knee joint, and functional and ROM limi-
tations were found at the ankle joint. The step length ratio and step width in the DFU group were significantly lower and 
higher than those in the DM group, respectively. The sway distances in the DFU group were greater than those in the DM 
and DPN groups.
Conclusions Functional joint limitations and gait changes due to the decreased ability to maintain the center of gravity were 
observed in the DFU group. As DPN progressed, the patients’ gait became small, wide, and shuffled. Thus, supporting joint 
movement during walking may help reduce the incidence and recurrence of foot ulcers.
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Introduction

The global prevalence of diabetic foot ulcers is 1.5–10%, 
and the incidence is 2.2–5.9% [1–3]. Because foot ulcers 
precede 80–85% of diabetes mellitus (DM)-related lower 
extremity amputations [4], preventing and managing them 
is closely related to the quality of life and prognosis of dia-
betic patients [5]. There are two main causes of diabetic foot 
ulcers: peripheral arterial disease and peripheral neuropathy. 

Patients with foot ulcers caused by peripheral neuropathy are 
reportedly more common than those with peripheral arte-
rial disease [6]. Because neuropathic foot ulcers are mainly 
caused by sensory and motor neuropathy, which is difficult 
to treat, it is very important to suppress ulcer development 
and prevent recurrence after healing. Footwear and insoles 
with high decompression performance are reportedly effec-
tive in preventing the occurrence of foot ulcers, but the 
recurrence rate of foot ulcers remains as high as 40% [7].

In addition to plantar dysesthesia caused by sensory neu-
ropathy, patients with DM reportedly suffer from muscle 
atrophy and limited joint range of motion (ROM) due to 
the glycosylation of proteins and lipids along with motor 
neuropathy [8]. Foot ulcers reportedly develop because of 
morphological changes in gait due to the combined effects 
of these factors [9–11]. Although there have been some stud-
ies in which detailed dynamic measurements and analyses 
of speed, pace, stride length, and gait patterns have been 
performed in patients with DM, the mechanism of foot ulcer 
development has not been elucidated [8]. Furthermore, the 
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effect of body mass sway has been less considered in rela-
tion to gait.

This study aimed to examine how diabetic peripheral 
neuropathy (DPN) affects gait changes by analyzing joint 
movement at rest and during walking, and evaluating the 
center of mass sway in patients with DPN. These analyses 
can contribute to the elucidation of foot ulcer pathogenesis 
and the development of preventive strategies.

Subjects, materials and methods

Study participants

Subjects were recruited from among patients diagnosed with 
DM (type 1 and type 2) at Tokushima University Hospital 
between September 2017 and May 2019. All participants 
were classified into three groups: the DM (no DPN or foot 
ulcer history), DPN (with DPN and without foot ulcer his-
tory), and diabetic foot ulcer (DFU; with DPN and foot 
ulcer history) groups. The exclusion criteria were subjects 
who required any assistive apparatus to walk, suffered from 
peripheral arterial disease in which skin perfusion pressure 
was less than 40 mmHg at any one location, and could not 
provide consent for this study. Subjects with two of the fol-
lowing symptoms, loss of Achilles tendon reflex, decreased 
vibration perception, or decreased plantar perception, were 
considered to have DPN. This study was approved by the 
Clinical Research Ethics Review Committee of Tokushima 
University Hospital, and informed consent was obtained 
from all participants before the study. This study was con-
ducted in compliance with the ethical principles of the Dec-
laration of Helsinki.

ROM of the lower leg at resting position (ROM‑Rest)

The ROM of the hip, knee, ankle, and metatarsophalangeal 
(MTP) joint of the first toe was measured in the supine posi-
tion with the patient lying on a bed. The active and pas-
sive ROM for flexion and extension were measured for each 
joint, and the sum was defined as ROM-Rest (Supplemental 
Table).

Gait analysis

Nine reference points were set up on the floor at every 
1 m in length and 0.5 m in width on a rectangular floor 
of 2 m in length and 1 m in width. Five points were set 
up vertically every 0.28 m in height from each reference 
point. Thus, 45 points were placed in the measuring area. 
The subjects, wearing sneakers, walked on a 2 m walking 
path with a 2 m approaching path at their own comfort-
able speed for gait analysis. The movements were recorded 

using a video camera (EX-100F CASIO, Japan) at 120 
frames per second (fps) from the front and side direc-
tions. The captured video images were analyzed offline 
using Frame-DIAS 6 2D version (DKH, Q’sfix, Japan). 
The gait process was separated into seven phases and ana-
lyzed in the loading response, mid-stance, terminal stance, 
pre-swing, initial swing, mid-swing, and terminal swing 
phases [12].

Reflective markers were placed on the anterior superior 
iliac spine, greater trochanter, lateral epicondyle of the 
femur, lateral malleolus, lateral heel, lateral fifth toe MTP 
joint, and second toe phalanges. The angles of the hip, knee, 
ankle, and toe MTP joints were measured by analyzing the 
lateral-image gait movies. The hip joint angle was measured 
by connecting the three points of the anterior superior iliac 
spine, greater trochanter, and lateral epicondyle of the femur. 
Similarly, the knee, ankle, and toe angles of the MTP joints 
were measured.

The joint angles measured in the middle of each walking 
phase were compared among the three groups. The differ-
ence between each joint angle’s maximum and minimum 
points in a walking cycle was defined as the ROM during 
walking (ROM-Walk; Supplemental Figure, Supplemental 
Table).

The distance between the bilateral heel markers in a 
walking cycle was measured from the lateral video and was 
defined as the step length. The distance between the bilateral 
heel markers in a walking cycle was measured from the fron-
tal video and was defined as the step width. Because there 
was a significant height difference between the groups, the 
measurements of distant factors were divided by height. The 
step length and width ratios for each height were calculated 
(Supplemental Table).

Center of mass sway on standing

The center of mass movement was recorded while the sub-
jects stood on a measuring device (Wii Fit, Nintendo, Japan). 
Measurements were performed with eyes open and closed at 
two foot widths of 0 and 10 cm, respectively. The distance 
between the center of the device and the recorded center of 
mass of the subject was continuously measured for 30 s. The 
average sway distance was then calculated (Supplemental 
Table).

Statistical analysis

IBM SPSS Statistics 25.0 (2017, Stats Guild Inc. Japan) was 
used to perform the statistical tests. The Kruskal–Wallis test, 
with a significance level of 0.05, was performed on all mean 
values to reveal any differences among the three groups.
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Results

Study participants

Forty-two subjects (men/women: 25/7, mean age ± stand-
ard deviation [SD]: 58.9 ± 14.8 years) participated in the 
study (Table 1). There were no significant inter-group dif-
ferences in age, weight, and body mass index according 
to the Kruskal–Wallis test. The average height in the DFU 
group was significantly higher than that in the DM group 
as all participants in the former group were men. All par-
ticipants in the DFU group had type 2 diabetes and two 
participants in the DPN group had type 1 diabetes.

ROM‑Rest

As the DPN progressed, a decrease in the ROM-Rest of 
each joint was observed among the three groups (Fig. 1). 

There was no significant difference in the ROM-Rest 
for both the hip and knee joints. In the ankle joint, how-
ever, the active and passive ROM-Rest in the DFU group 
were significantly smaller than those in the DM group 
(p < 0.01). In the MTP joint, both the active and passive 
ROM-Rest of the DFU group were significantly smaller 
than those of the DM (p < 0.01) and DPN (p < 0.05) 
groups.

Gait analysis

Joint angle in each frame during walking

On comparing the joint angles during each walking phase 
among the three groups (Fig. 2), we found that the hip joint 
angles in the DM group were smaller than those in the DPN 
and DFU groups during almost all walking phases, with the 
hip joint angle in the DPN group being significantly larger 
than that in the DM group during the initial swing phase. 
Concerning the knee joint, the decrease in the joint angle 
in the DFU group was characteristic of the swing phase. 
Limitations of the ankle joint angle were observed in the 
DFU group during the stance and swing phases, although no 
significant difference was observed. Significant limitations 
of the MTP joint angle were observed in the DPN and DFU 
groups during the stance phase. The hip joint’s angle in the 
DPN group was greater than that in the DM group, and the 
joint angle of the knee joint was greater than that in the DFU 
group in the initial swing phase; however, the MTP joint’s 
angle was significantly lower than that in the DM group in 
the pre-swing phase.

ROM‑Walk

There was no significant inter-group difference between the 
ROM-Walk angles of the hip joint (Fig. 3). The ROM-Walk 
angles in the DFU group were significantly smaller than 
those in the DM group in the knee, ankle, and MTP joints, 
while those in the MTP joint in the DPN group were signifi-
cantly smaller than in the DM group.

Distance factors

The step length ratio in the DFU group was significantly 
smaller than that in the DM and DPN groups (Fig. 4). The 
step width ratio in the DFU group was significantly larger 
than that in the DM group.

Center of mass sway

The average sway distances in the DFU group were larger 
than those in the DM and DPN groups (Fig. 5). Significant 
differences were observed between the measurements in the 

Table 1  Clinical characteristics of the study groups

Values are shown as mean ± SD. BMI body mass index

Group DM DPN DFU p-value

n (men/women) 20 (8/12) 15 (10/5) 11 (7/0)
Age (years) 59.2 ± 13.9 57.8 ± 17.3 60.3 ± 13.8 0.943
Body weight (kg) 63.2 ± 16.4 65.1 ± 10.7 77.5 ± 18.2 0.058
Height (cm) 158.3 ± 8.9 163.1 ± 8.6 172.8 ± 9.2 0.007
BMI (kg/m2) 25.1 ± 5.0 24.4 ± 2.7 25.7 ± 4.2 0.690

Fig. 1  Active and passive range of motions at resting position (ROM-
Rest) of 4 joints. DM diabetes mellitus, DPN diabetic peripheral neu-
ropathy, and DFU diabetic foot ulcer. *p < 0.05, **p < 0.01
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condition of foot width 10 cm with eyes closed, and in the 
condition of foot width 0 cm with eyes open and closed.

Discussion

This study measured the ROMs of the four leg joints in 
two ways: ROM-Rest and ROM-Walk. Decrease in ROM-
Rest and ROM-Walk showed joint function limitation at 

rest and joint ROM limitation while walking, respectively. 
The ROM-Rest and ROM-Walk angles in both the ankle 
and MTP joints tended to decrease as the severity of DPN 
progressed. The limitations of these ROMs were found to 
be more advanced at the MTP joint than at the ankle joint 
among the three groups. This finding is consistent with distal 

Fig. 2  A Joint angles recorded in a walking cycle of 3 groups. 
*p < 0.05 LR loading response phase, MSt mid-stance phase, TSt ter-
minal stance phase, PSw pre-swing phase, ISw initial swing phase, 
MSw mid-swing phase, TSw terminal swing phase. DM diabetes 
mellitus, DPN diabetic peripheral neuropathy, and DFU diabetic 
foot ulcer. B Joint angles recorded in a walking cycle of 3 groups. 

LR loading response phase, MSt mid-stance phase, TSt terminal 
stance phase, PSw pre-swing phase, ISw initial swing phase, MSw 
mid-swing phase, TSw terminal swing phase. DM diabetes mellitus, 
DPN diabetic peripheral neuropathy, and DFU diabetic foot ulcer. 
*p < 0.05, **p < 0.01

Fig. 3  Results of ROM-walk in each joint. DM diabetes mellitus, 
DPN diabetic peripheral neuropathy, and DFU diabetic foot ulcer. 
*p < 0.05, **p < 0.01

Fig. 4  Distance factors in each group. DM diabetes mellitus, 
DPN diabetic peripheral neuropathy, and DFU diabetic foot ulcer. 
*p < 0.05, **p < 0.01
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axonal degeneration in which DPN emerges from the periph-
ery [13]. On the other hand, no significant between-group 
difference was detected in the ROM-Rest of the hip and knee 
joints. However, we found a significant difference in knee 
joint ROM-Walk in the DFU group.

These results revealed that DFU patients do not show 
functional limitations of the knee joint in the resting posi-
tion but do show limitations in the ROM of the knee joint in 
their walking behavior. Interestingly, no significant limita-
tions in ankle joint ROM were found in any walking phase, 
although a significant difference was observed in ROM-Rest 
and ROM-Walk between the DM and DFU groups. Previ-
ous studies on clinical populations have yielded conflicting 
results, particularly for ankle joint motion [14–16]. This 
study, however, found both joint function and ROM limita-
tion in the ankle joint of patients with DFU.

The joint angle data in each phase (Fig. 2) revealed the 
gait characteristics of each group. The joint angles at the 
ankle and MTP joints in the DM group tended to be greater 
than those in the DPN and DFU groups; however, hip joint 
flexion in the swing phase of the DM group was less than 
that of the DPN group, especially during the initial swing 
phase. However, the effect of diabetic neuropathy on hip 
motion remains unclear. Two studies found a decrease in 
hip flexion range in DPN patients compared to that in non-
diabetic participants [5, 15]. However, Gomes et al. found 
an increase in hip flexion in patients with DPN, which they 
believed was due to a compensatory effect for the loss of 
motion at the distal joints [17]. Our results support the com-
plementary motion of the hip joint observed in the DPN 
group.

Our analysis of distance factors revealed decreased step 
length and increased step width in the DFU group. The 
significant difference in the distance factors and joint ROM 
limitation observed between the DM and DFU groups in 
this study suggests that these changes manifest after the 

appearance of foot ulcers. However, similar changes have 
been reported even in DM patients without neuropathy 
compared to the participants without DM [15]. Few stud-
ies have simultaneously measured these distance factors 
among patient groups with or without DM and with or 
without neuropathy. Further research is needed to deter-
mine how advanced diabetes progresses to step length and 
width abnormalities.

Our four sway distance measurements showed sig-
nificantly increased instability in the DFU group. DPM-
associated damage to vestibular, autonomic, and somatic 
nerves reportedly affects gait stability [18, 19], and ves-
tibular neuropathy often precedes the loss of sensation 
in the feet [20]. The group II afferent fibers, which are 
sensory nerves from muscle spindles, play an important 
role in feedback control under static and dynamic condi-
tions, including the stance phase of walking. It is assumed 
that the conduction velocity of group II fibers is reduced 
in patients with DM peripheral neuropathy [21, 22]. The 
increase in the sway distance found in this study is thought 
to be related to peripheral neuropathy and associated with 
an increased step width ratio.

There is currently no validated, dedicated system that can 
accurately quantify center of gravity, a critical component of 
standing balance, that is inexpensive, portable, and widely 
available. Clark et al. reported that the minimum detect-
able change values for the standing balance test performed 
with Wii fit exceeded the minimum detectable change values 
for the Laboratory-level force platform in three of the four 
tests [23]. These results suggest that the Wii Fit is a valid 
tool for assessing standing balance, and since the Wii Fit 
is portable, widely available, and a fraction of the cost of a 
force platform, it may provide a suitable standing balance 
assessment tool.

We believe dynamic balance control during gait is 
impaired with the progression of DM peripheral neuropa-
thy and that compensating for the instability by increasing 
the step width prevents falls during gait [24]. The primary 
measurements in previous articles were gait speed and step 
length, but the importance of step width has often been 
underestimated [25]. Furthermore, mass sway has been 
studied in relation to fall risk, but its association with 
gait style has been less frequently reported. We believe 
that body mass sway affects gait, especially step width. 
After combining the results of the distance factors, joint 
ROM limitations, and joint function limitations, it can be 
assumed that as DPN progresses, the gait becomes “shuffle 
walking” with a small step length, wide step width, and 
little movement below the knee joint. This study suggests 
that in the DFU group, there was a mixture of functional 
limitations of the joints and gait changes due to decreased 
ability to maintain the center of gravity. Although shuffle 
walking and an enlarged step width lead to a stable gait 

Fig. 5  Average sway distances in each group. DM diabetes mellitus, 
DPN diabetic peripheral neuropathy, and DFU diabetic foot ulcer. 
*p < 0.05, **p < 0.01
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to avoid falling, the increase in pressure and shear force 
in the plantar region may induce callosities formation and 
lead to foot ulceration.

One limitation of this study was that no measurement 
of plantar pressure, which is affected by gait changes, was 
performed. Future studies should examine the relation-
ship between gait change and plantar pressure. Another 
limitation was the significant height difference observed 
between the DFU and DM groups. Only the distance fac-
tors, which were thought to be most affected by height, 
were corrected, but the remaining data were considered 
to be unaffected by height differences.

In the present study, joint restrictions, distance factor, 
and mass sway abnormalities were not significantly dif-
ferent between the DPN and DM groups but were signifi-
cantly more pronounced in the DFU group. It is thought 
to be important to detect DPN in the early stage of DM 
and delay or stop the transition to DFU by controlling 
blood glucose and using walking aids, such as insoles or 
orthopedic shoes.

The pathogenesis of diabetic foot ulcers is quite differ-
ent between peripheral neuropathy and peripheral arterial 
disease. The mechanisms of muscle atrophy and limitation 
of joint range of motion may also be different between 
peripheral neuropathy and peripheral arterial disease. It 
is clinically useful to investigate any different effect of the 
support of joint movement during walking to reduce the 
incidence of foot ulcers between the two main causes. In 
the present study, we examined gait change only in patients 
with peripheral neuropathy, but in the future, we would 
like to examine the effect of peripheral arterial disease on 
gait change. Moreover, the present cross-sectional study 
does not prove that joint support prevents the development 
and recurrence of foot ulcers. In order to draw more reli-
able conclusions, additional studies are needed, such as 
preparing groups with and without joint support to exam-
ine the development of foot ulcers.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13340- 023- 00647-9.
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