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ARTICLE INFO ABSTRACT
Keywords: Aims: To investigate the cross-sectional association between deep and superficial diabetic neuropathy, postural
Diabetic foot neuropathy impairment assessed by wearable inertial sensors, and the risk of fall among patients with diabetic foot.
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Methods: Diabetic patients attending a University Podiatric Clinic were evaluated for the presence of deep and
superficial peripheral neuropathy in sensory tests. Postural impairment was assessed using a wearable inertial
sensor, and the evaluation of balance/gait and risk of fall was determined by the Tinetti Scale and Downton
Index, respectively. Glycemic control was measured by glycated haemoglobin concentration and fasting
glycaemia.

The postural parameters measured were the anteroposterior and medio-lateral sway of the center of mass (CoM)
and the sway area (area traveled by the CoM per second). The results were analyzed through a logistic regression
model to assess those posture variables mostly significantly associated with neuropathy and risk of fall scales.

Results: A total of 85 patients were evaluated. Spearman’s rank correlation coefficients showed a strong and
significant relationship (p < 0.05) between deep diabetic neuropathy assessed by Semmes-Weinstein mono-
filament, diapason and biothensiometer and postural alterations, whereas no significant correlations between
superficial (painful sensitivity) neuropathy and the postural parameters. The sway path of the displacement
along the anterior-posterior axis recorded during tests performed with eyes open and feet close together were
significantly (p < 0.05) correlated with a poor glycemic (glycated haemoglobin concentration) control and each
other with all diabetic neuropathy tests, fall risk scales, muscular weakness, ankle joint limitation and history of
ulcers.

Conclusions: The results support the existence of a strong association between alterations of the deep somato-
sensitive pathway (although depending on the tool used to measure peripheral neuropathy), glycemic control
and balance impairments assessed using a wearable sensors. Wearable-based postural analysis might be part of
the clinical assessment that enables the detection of balance impairments and the risk of fall in diabetic patients
with diabetic peripheral neuropathy.

1. Introduction [1-5]. The condition encompasses a heterogeneous group of clinical
syndromes and alterations, with different patterns of neurologic

Diabetic peripheral neuropathy (DPN) is defined as a symmetrical, involvement, course, and underlying mechanisms [1,2].
length-dependent sensorimotor polyneuropathy resulting from meta- Diabetic patients with DPN typically present deep and superficial
bolic and microvascular alterations. It affects between 20 and 40 % of sensory impairments, reduction in ankle tendon reflexes, muscle
individuals with type 2 diabetes, with a considerably variable reported weakness and foot deformity [6]. Among the related chronic compli-
prevalence due to different diagnostic criteria and assessment methods cations, a loss of protective sensation (LOPS) or light touch-pressure
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with a distal-to-proximal symmetrical pattern is a common condition,
caused by small and large nerve fiber dysfunction. LOPS leads to
impaired balance and poor coordination, determining a risk of suffering
from a fall-related injury 15 times greater than in a healthy person
[4-7]. Postural impairments may also play an important role in
contributing to other DPN-related complications, such as foot ulcera-
tions and infections, often leading to amputations and higher mortality
[71.

There is evidence that postural alterations and neuropathy are
associated in patients with diabetes [8]. The analysis of postural alter-
ations in previous studies were performed by analyzing different
postural parameters with different instruments such as platforms e.g.
static posturography in order to evaluate postural control [9-12] or to
measure linear accelerations at the trunk and ankle levels [13] or by
using dual force platform with a touch plate [14] or to evaluate center of
pressure [15]. Dynamometric platform was also used to evaluate sway
and dynamic balance [16]. Postural sway has been measured by using
horizontal translating force platform [17] or by standing on foam rubber
mat [18]. Force platform measurements (such as Kistler force plates)
were used to evaluate the fluctuations of the center of pressure to
identify postural sway [19-23]. Stabilogram diffusion analysis were
done to examine the center of gravity sway using a motion tracker
system based to analyse local and central control balance parameters
[24].

Wearable inertial sensor units benefit greatly from innovative low-
cost, portable, and objective measuring instruments able to quantify
physical fall risk in clinical practice [25-28]. In these devices, the
concomitant use of accelerometers, gyroscopes and magnetometers can
provide very accurate estimates of the postural parameters, as well as
the position, the acceleration, and the speed produced by the move-
ment’s balance among diabetic patients with DPN [28-33].

Despite these issues, the relationship between postural alterations
assessed by wearable inertial sensors and its association with different
tools aimed to evaluate both deep and superficial sensory impairments,
neurological tests aimed to evaluated balance and the risk of falls
(Tinetti scale and Dowton index) and glycaemic control have been little
investigated in diabetic foot patients.

The present study aims to verify if there is an association between
postural impairment recorded by wearable-based postural analysis and
deep and superficial diabetic neuropathy, and the risk of falls among
patients with diabetic foot.

2. Methods
2.1. Sample

A cross-sectional study was conducted on consecutive diabetic foot
patients attending the Academic podiatry clinic at the University of
Bologna (IRCCS Rizzoli Orthopaedic Institute, Bologna).

The study was conducted with the approval of the Ethics Committee
for Human Research (Reference: 659/2021/Sper/IOR - 2021) and all
procedures were undertaken in accordance with the ethical re-
quirements of the Helsinki Declaration.

The inclusion criteria were as follows: patients age >18 years;
diagnosis of type 1 or type 2 diabetes; blood test to measure glycated
haemoglobin and fasting glycaemia were performed within the last 3-4
months. Blood analysis was performed in order to analyse the associa-
tion between posture parameters and glycemic control, by monitoring
glycated hemoglobin concentration (HbAlc) and fasting glycaemia.

The exclusion criteria were as follows: foot or ankle surgery within
the previous year; conditions causing major gait and posture disorders
such as amputation, moderate/severe cognitive impairment or uncon-
trolled psychiatric problems; the presence of active ulcers and retinop-
athy in order to perform postural tests without any known confounding
factor. The minimum sample size for the sample to be representative of
our Clinic was calculated using the population estimation, considering a

Journal of Tissue Viability xxx (xxxx) xxx

prevalence of diabetes neuropathy about 25 % [4,5] and the total
number (N = 109) of the diabetic patients fulfilling the inclusion criteria
attending to the Hospital Clinic in 2021. A sample size of 80 subjects
randomly selected will suffice to estimate with a 95 % confidence and a
precision + 5% units, considering a prevalence of neuropathy in the
sample to be around 25 %.

Demographic characteristics and data about comorbidities were
recorded, and all the patients underwent a comprehensive assessment by
two expert podiatrists and an expert nurse. A clinical assessment in
terms of risk of fall, muscular strength, and ankle joint evaluation was
carried out on each participant, concurrently with a postural and pe-
ripheral neuropathic assessment.

2.2. Risk of fall, muscular strength and ankle joint evaluation

The risk of fall was assessed using the Tinetti Scale and Downton
Index. The Tinetti Scale has 7 items for gait assessment (with a total
score of 12 points) and 9 items for balance evaluation (with a total score
of 16 points). With a possible total of 28 points, a final score <19 in-
dicates a high risk of falls, a score between 19 and 24 indicates a mod-
erate risk, and a score >25 indicates a low risk of falls.

The Downton Index is an instrument with high sensitivity for pre-
dicting risk of falls, and is grouped in five categories related to that risk:
previous falls, medication, sensory deficit, mental state, and ambulation.
A total score of 3 or more is a predisposing factor for falling [34-37].

Muscle strength and ankle range of motion were measured using a
dynamometer and the Weight-bearing Lunge Test (WBLT) respectively
[38,39]. Limited ankle dorsiflexion due to reduced extensibility of the
Achilles tendon leads to increased forefoot pressure and postural im-
pairments, which can be a key factor in instability of posture [40-43]
The muscle strength of both legs was measured by a dynamometer, and
was recorded in Newtons (Lafayette Instrument Company, Kentucky).
WBLT was used on each limb to evaluate the range of motion of the
ankle joint in dorsiflexion. The patients stood in front of the wall and
placed their feet on a measuring tape placed on the floor, starting at a
distance from the wall of 10 cm (Fig. 1). At the point where the patients
could touch the wall with their knee without lifting their heel from the
floor, the distance (cm) between the big toe and the wall was recorded
[43-45].

2.3. Postural assessment

A reliable and validated Inertial Measurement Units (IMUs) wearable
posturographic sensor system (mSway, mHealth Technologies, BO,
Italy) was applied to evaluate postural assessment. This sensor consists
of a tri-axial accelerometer, a tri-axial gyroscope, and a magnetometer
that measure sway during eight sessions lasting 30 s (eyes open/closed,

, i ,
Fig. 1. Inertial measurement unit (IMU) and its location to assess
posture parameters.
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with foam pads and without foam, on feet held together and on opened
feet). The data were collected by placing the sensor in the lumbar area at
L5 level using an elastic band (Fig. 1). The patients held the position
autonomously, and the assessment was always conducted under safe
conditions with the presence of practitioners nearby, especially in the
tests with closed eyes and feet together.

As in previous studies, the assessment procedure included a visual
perturbation (eyes-open or closed) and somatosensory perception dis-
turbances (foam surface of 4-cm thick and 35 kg/m3 dense) as shown in
Fig. 2 [46-51] After this procedure, the inertial sensor mSway sent the
postural parameters collected (Table 1) to a computer via Bluetooth: the
data were stored and finally analyzed.

2.4. Diabetic foot peripheral neuropathy assessment and tests

Superficial (painful sensitivity) and deep sensitivity (light touch-
pressure and vibratory sensitivity) were assessed as illustrated in a
recently published study [52] The procedure in each test was explained
by the practitioners before the assessment, and it was conducted as
described in the literature [53-61]. Various clinical tests evaluating
different nervous functions were performed due to the heterogeneity of
DPN.

- Deep sensitivity was evaluated by examining the vibration percep-
tion threshold (VPT) using two instruments able to assess large-fiber
function: biothesiometer Polyneuro+ (Diabetik Foot Care Pvt
Limited, India) and 128-Hz Rydel-Seiffer diapason (Podoservice,
Spain), and by the assessment of protective sensation light touch by
-pressure 5.07 Semmes-Weinstein monofilament (10 g) [62].
Superficial sensitivity was assessed by a painful sensitivity test
through the Pin-Prick (Neuropen®) tool, able to assess small-fiber
function.

The Pin-Prick test was performed at six points on the plantar surface:
on the big toe, on the first and fifth metatarsal heads, on the medial and
lateral arches, and finally near the ungual edge of the big toe. The sharp
part of the instrument was pressed perpendicularly over the six zones,
and the patient was instructed to indicate verbally or by raising their
hand when they noticed the sharp stimulus [63,64]. An abnormal result
for this test was considered when the sharp stimulus was not detected on
the dorsal side of the big toe [65,66].

For vibratory sensitivity, both biothesiometer and diapason were
placed on five bone prominences on each foot: the distal area of the big
toe, the first and fifth metatarsal heads, and both malleoli [67-69] In the
case of the diapason, after hitting it, it began to vibrate at an intensity of
8 to 0 and the patient had to indicate the moment when the sensation of
vibration stopped. Vibratory sensitivity was considered reduced when
intensities were not noticed for values < 6 in people under 60 years and

Normal Tandem

il
e

Fig. 2. Flow diagram and graphical representation of the postural assess-
ment procedure.
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Table 1
Definitions of postural parameters collected by inertial sensors.

Name [unit of measurement] Description

Sway Path of the displacement
along the

AP axis [mm]

Sway Path of the displacement
along the ML axis [mm]

Length of the Sway Path traveled from the
Center of Mass (CoM) during the oscillation in
the anterio-posterior axis.

Length of the Sway Path traveled from the
Center of Mass (CoM) during the oscillation in
the medio-lateral axis.

Area traveled by the Center of Mass (CoM) per
second.

Sway Area [mm"2/s]

for values < 4 in people over 60 [57] In contrast, the biothesiometer was
applied on the bone prominences vibrating at an initial intensity of 25 V.
The intensity was increased until the patient was able to notice the
stimulus or up to a maximum of 50 V. If they noticed 25 V, the intensity
was reduced until they no longer noticed the stimulus. Results for
vibratory sensitivity were considered abnormal when intensities above
25 V were not detected in the big toe [57-69].

The Semmes-Weinstein monofilament test was carried out at 10 sites:
the dorsum coinciding with various foot dermatomes: the dorsal inter-
digital area of the first and second toes, the plantar surface of the first,
third and fifth toes, the first, third and fifth metatarsal heads, the medial
and lateral arches and the heel surface. The monofilament was pressed
perpendicularly against the skin on each area until it folded. After
removing it from each area, we waited for a second for the patient to
respond, and if they did not, we registered altered sensitivity in that area
[58]. The test was considered abnormal when four of the ten areas had
altered sensitivity to light touch-pressure [59].

After the superficial and deep sensitivity assessment, and according
to the indications of the International Working Group of the Diabetic
Foot (IWGDF), the presence of sensory peripheral neuropathy was
considered when the protective sensation test and vibratory sensitivity
evaluated by the biothesiometer were altered [70].

2.5. Statistical analysis

Descriptive analysis for quantitative variables was reported as the
mean value, the standard error mean (SEM), and range, whereas the
categorical variables were described as frequencies and proportions.
Data analysis was performed using IBM SPSS® 25.0, and the associa-
tions between the quantitative variables and categorical data were
analyzed using the non-parametric Mann-Whitney U test or the para-
metric Student’s t-test, depending on the distribution of the quantitative
variables in each categorical variable. Chi-square test to compare pro-
portions in two categorical variables. Spearman’s linear correlation
coefficient was used to establish the correlation between the quantita-
tive variables. Logistic regression was performed to try to determine
which variables were related to the presence of neuropathy by making a
predictive model including variables that had been significant in the
bivariate analysis. This technique can be used to simultaneously assess
several factors presumed but necessarily related to the dependent vari-
able, in our case presence or not of neuropathy in different assessment
tools. Thus, we obtained measurements (odds ratios) of the association
between each variable adjusted to all the other variables to detect
possible interactions between them and the effect studied. A confidence
level of 95 % was set, and statistical significance was defined as p < 0.05
for all analyses.

3. Results
3.1. Socio-demographic and clinical characteristics of the study sample
The sample included 85 patients, 46 males and 39 females. A total of

18 patients (21.2 %) had a diagnosis of Type 1 diabetes, and 67 patients
(78.8 %) had a diagnosis of Type 2. Thirty-nine patients (45.9 %) were
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taking insulin, 40 patients (47.1 %) were taking oral anti-diabetic drugs
and 6 patients were not taking any medication. The participants had a
mean age +SEM of 68.1 + 1.3 (range, 20-87). The body-mass index
(BMI) identified that 26 patients (30.6 %) had a normal weight, 39
patients (45.9 %) were overweight, and 20 patients (23.5 %) were obese.
The patients’ mean value of HbA1C (mmol/mol) was 52.9 + 1.3. The
Tinetti scale identified 52.9 % of patients with a low risk of falling; 40 %
had medium risk, and 7.1 % had a high risk of falling. The Downton scale
scores indicated that 45.9 % of patients were at a high risk of falling (>3
points); 54.1 % were at a medium risk (1-2 points) or a low risk (0-1
points).

Altered muscle strength was recorded in 20 of 85 patients (23.5 %)
and altered ankle joint mobility (lunge test <10 cm) was recorded in 62
of 85 patients (73.8 %). Six (7.1 %) patients developed ulcers in one of
the feet during their diabetes, 2 (2.4 %) developed bilateral ulcers, while
77 (90.6 %) had no ulcers. 82 (96.5 %) participants had no history of
amputations, and 3 (3.5 %) had experienced unilateral amputations.

Painful sensitivity assessed with the Pin-Prick test was altered in 11
of 85 patients (12.9 %). Vibratory sensitivity was altered in 33 of 85
patients (38.8 %) when evaluated through the biothesiometer and in 20
of 85 patients (23.8 %) when evaluated with a diapason. Protective

Table 2
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sensation assessed with the monofilament test was altered in 16 of 85
patients (18.8 %).

Data form the evaluation of sensory-motor functions and Tinetti and
Dowton scale were evaluated as a continuous variables and also as
dichotomous variable (normal versus altered) based on the cut-off scores
reported in the literature. The significant value of these group differ-
ences and Spearman’s correlation with postural parameters are reported
in Tables 2 and 3 respectively. In contrast, no significant association was
found between postural tests performed with eyes closed and feet close
together (EC_Tandem) or performed with eyes closed and feet close
together and foam (EC_TF) and neuropathy value. Many patients failed
to perform these types of tests during the study, and we decided to
exclude these tests from the analysis of the results for this reason.

3.2. Analysis of postural parameters and clinical tests

Age was significantly associated with most of the postural parame-
ters except the parameter EO_Foam_SP_AP _axis” and EC_SP_AP_axis that
were not significantly associate with age. The most significant correla-
tions were found for EO_SP ML axis (p = 0.001; rho = 0.35),
EO_Foam_SP_ML _axis (p = 0.003; rho = 0.32), EO_Tandem_SP_AP _axis

Associations between postural parameters and parameters of sensitivity alterations (expressed as categorized variables based on cut-off scores).

Type of test Superficial Deep Sensitivity
Sensitivity
Pain Vibration Protective Vibration Osteotendinous Digital Muscular Lunge Presence of
sensitivity sensation sensation sensation reflexes deformities Strength test sensory
(pin-prick) (DP) (monofilament) (BTM) neuropathy
EO_SP_AP_axis NS p (0.021) p (0.006) NS NS NS NS NS p (0.013)
Z = -2.316 Z=-2724 Z=-2.482
EO_SP_ML axis NS p (0.000) p (0.000) p (0.011) NS p (0.038) NS NS p (0.001)
Z = —4.541 Z = -3.659 Z = —-2.532 Z=-2.072 Z = -3.451
EO_Sway_Area NS p (0.004) p (0.007) NS NS NS p (0.005) NS p (0.009)
Z = —2.902 Z = —2.690 Z= Z =-2.610
—2.828
EO_Foam_SP_AP _axis NS p (0.021) p (0.008) NS NS NS NS NS p (0.026)
Z = —-2.305 Z = —2.655 Z=-2225
EO_Foam_SP_ML axis NS p (0.000) p (0.001) p (0.019) NS NS NS NS p (0.003)
Z = -3.796 Z = -3.313 Z = -2.349 Z = -3.019
EO_Foam_Sway_Area NS p (0.044) p (0.027) NS NS NS NS NS NS
Z =-2.018 Z =-2.216
EO_Tandem _SP_AP_axis  p (0.007) p (0.024) p (0.020) p (0.015) p (0.017) p (0.036) p (0.038) p p (0.0035)
(0.014)
Z = —-2.686 Z = -2.253 Z=-2321 7 =—-2.442 Z =-2.386 Z=-2.103 Z= Z= Z=-2.104
-2.077 —2.470
EO_Tandem_SP_ML_axis  p (0.008) p (0.012) p (0.005) p (0.017) NS NS NS NS p (0.017)
Z = —2.659 Z = —2.506 Z = -2.837 Z =—-2.386 Z=-2.39%
EO_Tandem_Sway_Area p (0.007) p (0.035) p (0.011) p (0.015) p (0.036) NS p (0.048) NS p (0.018)
Z=-2713 Z=-2110 Z = —-2.537 Z=-2442 Z=-2102 Z= Z=-2.371
-1.978
EO_TF_SP_AP _axis NS p (0.045) p (0.046) NS NS p (0.021) NS NS NS
Z = —-2.000 Z=-2.027 Z = -2.304
EO_TF_SP_ML _axis NS p (0.022) p (0.007) p (0.025) NS p (0.008) NS p p (0.022)
(0.019)
Z=-2297 Z=-2717 Z =-2.245 Z=-2.643 Z= Z=-2.298
—2.344
EO_TF_Sway_Area p (0.041) NS p (0.036) NS NS p (0.011) p (0.047) NS NS
Z = -2.041 Z =-2.093 Z = —-2.533 Z=
—1.989
EC_SP_AP _axis NS p (0.001) p (0.006) NS NS p (0.041) NS NS p (0.013)
Z = -3.381 Z = -2.759 Z = —2.045 Z = —2.494
EC_SP_ML _axis p (0.021) p (0.000) p (0.000) p (0.001) NS NS NS NS p (0.000)
Z =-2.301 Z = —4.818 Z = —4.098 Z=-3.274 Z =—-3.837
EC_Sway_Area NS p (0.001) NS NS NS NS p (0.024) NS p (0.005)
Z = -3.381 Z= Z=-2.821
—2.251
EC_Foam_SP_AP _axis p (0.026) p (0.000) p (0.002) p (0.028) NS NS NS NS p (0.006)
Z=-2221 Z = —4.499 Z = -3.036 Z =-2203 Z = -2.750
EC_Foam_SP_ML _axis NS p (0.000) p (0.000) p (0.015) NS NS NS NS p (0.001)
Z = —-5.148 Z = -3.521 Z =-2.423 Z=-3.218
EC_Foam_Sway_Area NS p (0.000) p (0.019) NS NS NS NS NS p (0.030)
Z =-3.934 Z=-2.343 Z=-2.166
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Table 3
Correlations between postural parameters and specific somato-sensitive tests (expressed as continuous variables) and Tinnetti and Dowton scales.
Type of test Protective Pain sensitivity Vibration Vibration Muscular Lunge Tinetti Tinetti Dowton Tinetti:
sensation (Pin-prick) sensitivity sensitivity strength test scale: scale: scale total
(monofilament) (diapason) (biothesiometer) posture gait score
EO_SP_AP_axis 70 % p 66,67 % p 40 % p 20 % p (0.030) p (0.007) NS p p P P
(0.002-0.049) (0.12-0.36) (0.023-0.030) rho = 0.24 rho = (0.003) (0.002) (0.002) (0.001)
rho = 0.14-0.33 rho = rho= (-0.24) -0.29 rho = rtho = tho = tho =
0.23-0.27 -(-0.25) -0.32 -0.34 -0.34 -0.37
EO_SP_ML _axis 90 % p 66,67 % p 100 % p 100 % p p (0.003) P p P P P
(0.000-0.034) (0.016-0.045) (0.000-0,001) (0.000-0.001) rho = (0.004)  (0.000) (0.001) (0.000) (0.000)
rho = 0.23-0.41 rho = rho= (-0.37) rho = 0.34-0.42 -0.32 tho = rho = tho = tho = rtho =
0.22-0.26 -(0.49) -0.32 —0.41 -0.35 —0.40 -0.38
EO_Sway_Area 40 % p NS 100 % p 60 % p p (0.001) NS p p p p
(0.005-0.009) (0.002-0.013) (0.015-0.029) rho = (0.000) (0.000) (0.000) (0.001)
rho = 0.29-0.30 rho=(-0.272)  rho =0.240-0.26  —0.36 rho = rho = rho = rho =
-(-0.33) —0.39 —-0.38 —-0.38 -0.35
EO_Foam_SP_AP _axis 50 % p 16,67 % p NS NS NS p p p p p
(0.002-0.021) (0.012) (0.031)  (0.001) (0.002) (0.000) (0.001)
rho = 0.24-0.34  rho = 0.27 rho = rho = rho = rho = rho =
—-0.24 —0.35 —0.33 —0.42 -0.37
EO_Foam_SP_ML _axis 60 % p 66,67 % p 100 % p 100 % p p (0.013) p p p P P
(0.001-0.005) (0.007-0.047) (0.000) (0.000-0.003) rho = (0.002)  (0.001) (0.006) (0.003) (0.000)
rho = 0.31-0.39 rho = rho= (—0.38) rho = 0.32-0.40 —-0.27 tho = rho = rho = rho = rho =
0.22-0.29 - (-0.50) -0.34 -0.37 —0.30 -0.33 -0.38
EO_Foam_Sway_Area 40 % p NS NS NS p (0.022) P p P P P
(0.005-0.031) rho=-0. (0.050)  (0.000) (0.000) (0.000) (0.000)
rho = 0.24-0.30 rho = rho = rho = rho = rho =
-0.22 —-0.48 —0.45 —-0.38 -0.47
EO_Tandem_SP_AP _axis 60 % p 83,33 %p 100 % p 100 % p p (0.001) p P p p P
(0.001-0.047) (0.005-0.0018) (0.000-0.001) (0.002-0.003) rho = (0.005) (0.003) (0.048) (0.002) (0.005)
rho = 0.22-0.37  rho = rho= (—0.35) rho = 0.32-0.34 —-0.35 rho = rho = rho = rho = rho =
0.26-0.30 -(-0.38) —-0.31 -0.32 -0.22 -0.34 -0.31
EO_Tandem _SP_ML axis 60 % p 16,67 % p 100 % p 100 % p p (0.032) NS P NS P P
(0.000-0.015) (0.005) (0.000) (0.000-0.002) rho = (0.001) (0.004) (0.008)
rho = 0.27-0.42  rho = 0.30 rho= (—0.38) rho = 0.34-0.42 —0.24 rho = rho = rho =
-(0.42) —0.36 -0.31 -0.29
EO_Tandem_Sway_Area 70 % p 33,33%p 100 % p 100 % p p (0.006) P p NS P P
(0.000-0.045) (0.005-0.046) (0.001-0.003) (0.000-0.003) rho = (0.038)  (0.001) (0.001) (0.009)
rho = 0.22-0.39  rho = rho= (—0.32) rho = 0.33-0.38 —0.30 rho = rho = rho = rho =
0.22-0.31 -(-0.35) -0.23 —0.37 —-0.36 -0.29
EO_TF_SP_AP_axis 20 % p 33,33%p 80 % p 20 % p (0.049) p (0.015) )4 p p p p
(0.030-0.040) (0.042-0.043) (0.014-0.029) rho = 0.22 rho = (0.004)  (0.017) (0.037) (0.043) (0.019)
rho = 0.23-0.24 rho = 0.22 rho= (—0.24) —0.27 tho = rho = tho = rho = rho =
-(-0.27) -0.31 -0.26 -0.23 -0.22 -0.26
EO_TF_SP_ML _axis 90 % p 16,67 % p 100 % p 100 % p p (0.005) P p P P P
(0.000-0.048) (0.039 (0.001-0.003) (0.004-0.038) rho = (0.001)  (0.006) (0.034) (0.018) (0.006)
rho = 0.39-0.22 rho = 0.23 rho= (-0.32) rho = 0.23-0.31 -0.31 rtho = rho = tho = tho = tho =
-(-0.36) -0.35 -0.30 -0.23 -0.26 —-0.30
EO_TF_Sway_Area 60 % p 33,33%p 80 % p 40 % p p (0.008) p p NS P P
(0.009-0.050) (0.029-0.034) (0.003-0.016) (0.029-0.038) rho = (0.011) (0.007) (0.015) (0.021)
rho = 0.22-0.29 rho = rho= (-0.27) rho = 0.23-0.24 -0.29 rho = rho = rho = rho =
0.23-0.24 -(-0.32) -0.28 —0.30 -0.27 -0.25
EC_SP_AP _axis 60 % p 66,67 % p 60 % p 80%p p (0.046) NS p p p p
(0.004-0.017) (0.003-0.035) (0.011-0.023) (0.008-0.023) rho = (0.004) (0.000) (0.012) (0.000)
rho = 0.26-0.32  rho = rho= (—0.25) rho = 0.25-0.29 —0.22 rho = rho = rho = rho =
0.23-0.32 -(-0.28) —0.31 —0.45 -0.27 -0.39
EC_SP_ML axis 100 % p 100 % p 100 % p 100 % p p (0.010) NS P P p P
(0.000-0.042) (0.000-0.025) (0.000) (0.000-0.000) rho = (0.000) (0.001) (0.008) (0.000)
rho = 0.22-0.46  rho = rho= (—0.45) rho = 0.45-0.49 —0.28 rho = rho = rho = rho =
0.24-0.39 - (-0.51) —-0.39 —0.36 -0.29 -0.38
EC_Sway_Area 60 % p 83,33 % p 100 % p 100 % p p (0.044) P P p P P
(0.000-0.003) (0.000-0.036) (0.000-0.011) (0.001-0.027) rho = (0.048)  (0.002) (0.000) (0.013) (0.001)
rho = 0.33-0.39  rho = rho= (—0.28) rho = 0.24-0.34 —0.22 rho = rho = rho = rho = rho =
0.23-0.38 -(-0.39) —-0.22 —0.33 —-0.41 -0.27 -0.37
EC_Foam_SP_AP_axis 60 % p 83,33 % p 100 % p 100 % p NS NS P P NS P
(0.000-0.007) (0.001-0.018) (0.000-0.009) (0.000-0.006) (0.008) (0.002) (0.004)
rho = 0.29-0.40 rho = rho= (—0.29) rho = 0.30-0.38 rho = rtho = rtho =
0.26-0.35 - (-0.40) -0.29 -0.33 -0.31
EC_Foam_SP_ML axis 70 % p 83,33%p 100 % p 100 % p p (0.036) NS P p p p
(0.000-0.027) (0.002-0.044) (0.000-0.002) (0.000-0.001) rho = (0.001) (0.015) (0.019) (0.005)
rho = 0.25-0.41 rho = rho= (-0.034) rho = 0.36-0.40 -0.23 rho = tho = tho = tho =
0.22-0.33 - (-0.45) -0.35 -0.26 -0.26 -0.31
EC_Foam_Sway_Area 50 % p 33,33%p 100 % p 100 % p NS NS p p p p
(0.006-0.040) (0.009-0.036) (0.002-0.023) (0.016-0.030) (0.014) (0.038) (0.042) (0.032)
rho = 0.23-0.30  rho = rho= (—0.25) rho = 0.24-0.27 rho = rho = rho = rho =
0.23-0.26 -(-0.33) -0.27 -0.23 -0.22 -0.24
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(p = 0.003; rho = 0.32), EO_Tandem_SP_ML _axis (p = 0.004; rho =
0.32), EO_Tandem_Sway_Area (p = 0.005; rho = 0.31), EC_SP_ML _axis
(p = 0.003; rho = 0.32), EC_Sway_Area (p = 0.005; rho = 0.30). These
data were confirmed by the correlations with Tinetti and Dowton scales:
inverse correlation between age and Tinetti balance score (p = 0.001,
rho = — 0.35, the lower the score on the Tinetti test, the higher the risk
of falling) and by the direct correlation with Dowton index (p = 0.005,
rho = 0.30, the higher the score on the Dowton index, the higher the risk
of falling).

Regarding the correlation with BMI, the postural parameters most
significantly correlated were EO_Sway_Area (p = 0.001; rho = 0.35),
EO_Foam_SP_AP _axis (p = 0.004; rho = 0.32), EO_Foam_Sway_Area (p =
0.001; rho = 0.37), EC_SP_AP_axis (p = 0.001; rho = 0.35), EC_S-
way_Area (p = 0.0001; rho = 0.38), EC_Foam_SP_AP_axis (p = 0.005;
rho = 0.31), EC_Foam_Sway_Area (p = 0.001; rho = 0.34). BMI was
correlated with Dowton index (p = 0.23; rho = 0.25) but not Tinnetti
score (p = 0.019; rho = —0.13).

Regarding gender differences, significant differences were observed
for the following postural parameters EO_Sway_Area (p = 0.019; Z =
—2.354), EO_Foam_SP_AP _axis (p = 0.033; Z = —2.130), EO_Tandem_-
SP_AP_axis (p = 0.029; Z = —2.185), EO_Tandem_SP_ML axis (p =
0.028; Z = —2.194), EO_Tandem_Sway_Area (p = 0.036; Z = —2.093).

We evaluated the effect of age, BMI and gender potential contribu-
tors to the presence or not of neuropathy in logistic regression analyses
aimed to determine which postural parameters were related to different
impairments and clinical tests (see Results section 3.5.).

A history of ulcers was significantly associated with all the postural
parameters analyzed (p values < 0.05-0.01) except for sway area
recorded with eyes open with foam, eyes closed with foam and eyes
closed (EO_Foam_Sway_Area, EC_Sway_Area and EC_Foam_Sway_Area).
The validated scales that assessed the risk of falls (Tinetti and Downton)
were significantly (p < 0.05) associated with postural parameters (Sway
area and Sway Path of the displacement along the anteroro-posterior
(AP) and medio-lateral (ML)) recorded during the test performed with
eyes open and eyes open with foam. In particular, the Tinetti score and
the Downton index were significantly (p < 0.05) associated with all
types of postural tests and parameters (Table 3). Although the total
Tinetti score and the Downton index were correlated with each other
and with postural parameters, our results support the validity of wear-
able sensors for measuring balance impairments and risk of falls in DPN
patients.

Muscular strength and the Lunge test were significantly (p < 0.05)
correlated with almost all parameters and types of tests, confirming that
postural balance is highly dependent on muscle strength and the limited
range of motion of the ankle joint. P values for the significant differ-
ences/correlations between postural parameters and clinical tests
described above are shown in Tables 2 and 3.

3.3. Analysis of postural parameters and DPN

In the relationships between postural parameters and superficial
sensitivity measured by Pin-Prick test, only 6 of the 18 parameters
analyzed were significantly associated with reduced pain sensitivity
(EO_Tandem_SP_AP_axis: p = 0.007; EO _Tandem_SP_ML _axis: p = 0.008;
EO _Tandem_Sway Area: p = 0.007; EO _TF_Sway Area: p = 0.041;
EC_SP_ML axis: p = 0.021; EC_Foam_SP_AP_axis: p = 0.026, Mann-
Whitney test). No significant associations were observed for the other
postural parameters (p > 0.05 in all cases).

As for deep sensitivity, light touch-pressure measured by mono-
filament was significantly associated with all postural parameters
(0.000 < p < 0.046) except one, the EC_Sway_Area (p > 0.05). Vibratory
sensitivity was also associated with all postural parameters (0.000 < p <
0.035) except EO_TF_Sway_Area (p > 0.05) when it was measured by a
tuning fork, whereas when it was measured by the biothesiometer, 9 of
the 18 parameters were significantly associated with vibratory sensation
(OASP.ML axis: p = 0.000; OA_Foam_SP ML axis: p = 0.000;
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OA_Tandem_SP_AP _axis: p = 0.024; OA_Tandem_SP_ML _axis: p = 0.012;
OA_Tandem_Sway_Area: p = 0.035; OA_TF_SP_ML axis: p = 0.022;
OC_SP_ ML axis: p = 0.000; OCFoam SP AP axis: p = 0.000;
OC_Foam_SP_ML, axis: p = 0.000, Mann-Whitney test). All postural pa-
rameters were therefore significantly associated with the deep sensi-
tivity pathway, either with altered light touch-pressure, altered
vibratory sensation or both, as occurs in most parameters. However,
altered vibratory sensitivity measured by a biothesiometer was not
significantly associated with as many postural parameters as the tuning
fork test.

The presence of sensory neuropathy (altered monofilament, Pin-
Prick, diapason and biothesiometer tests) was significantly associated
with all postural parameters (0.0001< p < 0.035) except EO_Foam_S-
way_Area, EO_TF_SP_AP _axis, EO_TF_Sway_Area (p > 0.05 in all cases)
(see Tables 2 and 3.

3.4. Analysis of the relationship between postural parameters and
glycated hemoglobin

There were significant and positive correlations between glycosy-
lated hemoglobin and two postural parameters e.g. Sway Path of the
displacement along the AP axis recorded during the test performed with
eyes open and feet close together (rtho = 0.24, p = 0.043, Spearman’s
tests) and during Test performed with eyes open, with feet close together
and foam (rho = 0.25, p = 0.034, Spearman’s tests) (Fig. 3). No signif-
icant correlations were observed between glycaemia and postural pa-
rameters (p > 0.05).

3.5. Variables of posture associated with the presence of neuropathy:
logistic regression analysis

To determine how much the presence of neuropathy (assessed with
different tools used to evaluate deep sensitivity) was influenced by the
variables found to be significantly associated in bivariate analyses to the
presence of neuropathy, a multiple logistic regression model was
applied. Starting with the variables that were significant in the previous
analyses, we analyzed the parameters of posture found reviusly signifi-
cantly associated, age, gender and BMI to explain and predict the
presence of neuropathy. Thus, a backward statistical procedure was
applied, with the initial model taking the multiple logistic regression
model (that included the main effects of all the explanatory variables) as
input and also including presence or not of neuropathy as a response
variable. Eight posture parameters, BMI and gender significantly (p >
0.05) predict the presence of neuropathy based on vibration sensitivity
(measured with the diapason) (Table 4). In contrast the variable
“EO_SP_ML _axis” and gender were the variables that significantly (p >
0.05) predict the presence of neuropathy based on vibration sensitivity
(measured with the biothesiometer). The presence of neuropathy based
on protective sensation assessed with the (monofilament) was signifi-
cantly (p < 0.05) predicted by “EO_Foam_SP_ML axis” and gender. The
presence of neuropathy based on the International Working Group of the
Diabetic Foot (IWGDF) (considering protective sensation test and
vibratory sensitivity evaluated by the biothesiometer) was significantly
(p < 0.05) predicted by the posture parameter “OA_SP_ML axis” and
gender (Table 4).

4. Discussion

Postural impairments may play an important role in DPN compli-
cations, but dedicated screening methods and treatment strategies are
still lacking. There is therefore an urgent need to identify the most ac-
curate early postural biomarker of nerve damage for improved diagnosis
of DPN in the clinical care of patients, and to enable an accurate eval-
uation of future therapies in clinical trials.

DPN and LOPS are the most common manifestations of diabetes, and
affect all sensory modalities of pain and thermal sensation (small
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Fig. 3. (A) Correlation analysis between the HbAlc score and Sway Path of the displacement along the AP axis recorded during tests performed with eyes open and
feet close together; (B) Correlation analysis between the HbA1lc score and Sway Path of the displacement along the AP axis recorded during tests performed with eyes

open, feet close together and foam.

Table 4
Final logistic regression model: variables associated with the presence of
neuropathy.

Presence of neuropathy based on vibration sensitivity (diapason)

Variables p- Exp(B) 95 % C.I. EXP 95 % C.I. EXP(B)
value (B) LL UL
EO_SP_AP_axis 0.009 0.95 0.91 0.99
EO_SP_ML _axis 0.001 1.11 1.04 1.18
EO_Tandem_SP_AP_axis 0.020 1.03 1.01 1.06
EO_Tandem_Sway_Area 0.013 0.95 0.92 0.99
EO_TF_SP_ML _axis 0.048 1.01 1.00 1.02
EC_SP_AP _axis 0.041 1.03 1.00 1.06
EC_Sway_Area 0.009 0.73 0.57 0.92
EC_Foam_Sway_Area 0.016 1.29 1.05 1.58
BMI 0.037 0.64 0.42 0.97
Gender 0.003 392.66 7.42 20783.78
Presence of neuropathy based on vibration sensitivity (biothesiometer)
EO_SP_ML _axis 0.019 1.02 1.004 1.044
Gender 0.041 2.95 1.05 8.31
Presence of neuropathy based on protective sensitivity (monofilament)
EO_Foam_SP_ML _axis 0.002 1.07 1.02 1.11
Gender 0.018 7.89 1.43 43.66

Presence of neuropathy based on the International Working Group of the Diabetic Foot
(IWGDF) (considering protective sensation test and vibratory sensitivity evaluated
by the biothesiometer)

EO_SP_ML axis 0.001 1.05 1.02 1.07
Gender 0.010 10.55 1.75 63.66
Categorized Tinetti scale score (medium/high versus low fall risk)
EC_SP_ML axis 0.002 1.03 1.01 1.04
Categorized Dowton index score (high versus low fall risk)
EO_Foam_SP_AP_axis 0.017 1.01 1.00 1.03
EO_Tandem_Sway Area  0.021 1.01 1.00 1.02

LL: lower limit; UL: upper limit; Exp(B): or the odds ratio, is the predicted change
in odds for a unit increase in the predictor. The “exp” refers to the exponential
value of B. When Exp(B) is less than 1, increasing values of the variable corre-
spond to decreasing odds of the event’s occurrence, when Exp(B) is more than 1
is the opposite.

unmyelinated C fibers and small myelinated AS fibers), vibration, and
touch (large myelinated A fibers).

Diabetic polyneuropathy primarily involves C unmyelinated nerve
fibers, poorly myelinated AS fibers, and myelinated AB fibers. A5 and C
fibers collect thermal and pain information (in particular, AS fibers
convey sensations related to cold and C fibers sensations related to heat),
while Ap are large fibers and convey tactile and vibratory sensitivity [71,
72]. Distal sensory neuropathy is considered a mixed small- and
large-fiber neuropathy and in clinical practice, it is diagnosed by a
symmetrical reduction of distal sensation in both feet. Sensory impair-
ment in small nerve fibers (unmyelinated C- and Ad-fibers) are deter-
mined by pinprick testing, whereas sensory impairment in large nerve
fibers (Ab and Aa-fibers) that convey vibratory and light touch-pressure
sensation is assessed using tuning forks or quantitative vibration meters
such as a biothesiometer [71,72].

Neuropathy progression affects nerve fibers heterogeneously,

meaning that different neurophysiological tests are required to identify
dysfunction in patients with diabetes. Several studies have assessed
postural stability and fall risk in individuals with diabetic neuropathy,
and dynamic postural stability has been shown to be impaired in these
patients. In fact, subjects with diabetic sensory neuropathy show larger
root mean square values for the center of pressure displacement in both
anteroposterior and mediolateral directions [73-76]. In order to deter-
mine which postural parameters are most affected and correlated with
neuropathy, we compared the main diabetic somatosensory screening
tests (for the deep and superficial sensitivity) with a wearable-based
postural analysis.

Impairment of vibration sensation is associated with balance and
walking function, but there is a lack of information regarding the link
between screening tests for DPN and the risk of falling among patients
with diabetic foot [77-84].

Interestingly, although vibration sensation can be clinically assessed
using a tuning fork or, more accurately, by using a biothesiometer to
determine vibration perception thresholds [85,86], in our study, the
alterations observed in vibratory sensitivity measured by a bio-
thesiometer were less significantly associated than tuning fork test with
several postural parameters. A previous study [86] demonstrated that
tuning fork is a useful tool in assessing the specific sensory modality of
vibratory sensitivity, particularly in people over 50 years of age (being
most of the patients involved in the present study aged more than 50
years old), at the hallux and the thumb nail fold because it did not
consistently change with age, as found with the assessment with the
biothesiometer. These differences between the two instruments used to
measure vibratory sensitivity might be explained by the thicker and
variable subcutaneous tissue thickness in the explored foot surfaces in
fact in our study overweight/obesity reduce the evaluation of neurop-
athy only when it was assessed by the diapason (see Table 4).

Regarding the lack of relevant correlations of Pinprik test and
postural parameters, tis could be due this test relies on application of
controlled pressure by the clinician and this can lead to high variability
during measurements thus, in turn, leading to different values compared
to other DPN tests [87]. In addition, many patients are likely to be
missed if they report unimpaired subjective perception of pinprick
sensation [88] or/and that small-fiber neuropathy was too small in our
patients to be detected with this test. This fact support the use of
multimodal testing is recommended in clinically suspected cases to
positively rule out small fiber neuropathy.

We compared the association between some DPN tests and a
wearable-based postural analysis in order to understand which postural
parameters and clinical tests are more predictive for detecting a diabetic
person with postural impairments and risk of falling. As for clinical
variables, a “previous history of foot ulcers” was strongly associated
with all postural parameters recorded, as well as muscular strength and
the Lunge test. Postural investigation using wearable inertial sensors
enables identification of balance abnormalities that may also adversely
affect foot ulceration.

Although several studies previously agreed that people with diabetes
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present higher levels of postural sway than people without diabetes, to
our knowledge, the present study is the first to apply wearable inertial
sensors to investigate at the same time DPN with several DPN tests,
muscle weakness, risk of fall scales, foot deformities, Achilles tendon
extensibility, osteotendinous reflexes and postural impairments [83].

We selected nine postural parameters and eight tests performed
under different conditions: eyes open (EO) and eyes closed (EC) with or
without somatosensory perception disturbances (foam) and with or
without feet close together, for a duration of at least 30 s which gave a
detailed analysis of postural paramaters.

Inertial Measurement Units (IMUs) are increasingly being used in
posturography, but wearable sensors have not yet become a standard in
posturography in terms of the gold standard of the force platform. Force
platforms are expensive and heavy to transport, making them imprac-
tical in clinical settings, unlike wearable sensors that provide a cheap
and accessible means to efficiently collect and process large amounts of
balance data in an unconstrained environment. IMUs systems have good
reliability and repeatibility compared to gold standard (optoelectronic
measurement system). A study found that the repetead measurements
with the accelerometer located on the lower back to acquire medio-
lateral (M-L) and anterior-posterior (A-P) accelerations display an
intraclass correlation coefficients from good to excellent (with values
ranging from .736 to .972 for trial-to-trial and from 0.760 to 0.954 for
block-to- block) [89] and good during measurements of static and dy-
namic postural adjustment of the body [90]. In people with diabetes,
Najafi et al. observed a good correlation (r = 0.92) between center of
mass (COM) measured using a wearable inertial sensor and center of
pressure (COP) measured using the pressure platform [30]. In addition,
these devices provide a cheap and accessible means to efficiently collect
large amounts of human balance data in clinical environment compared
to force platform, electromyography and motion capture systems that
require costly equipment and trained engineers only available in a
movement analysis research laboratories [91]. It is important to
acknowledge that the use of wearable sensors to assess postural balance
is an area of research that is still developing, despite the large number of
papers focusing on this topic.

Deep diabetic neuropathy tests were more closely related to balance
measures than superficial diabetic sensitivity tests, suggesting that not
all DPN tests can be considered reliable for detecting patients with a risk
of falling. No correlation was found between DPN and postural tests
performed with eyes closed with feet closed together or performed with
eyes closed and feet together and foam. This result was probably due to
the difficulty in performing this test reported by many patients during
the study. Deep sensitivity pathway impairment seems to have a sig-
nificant implication in balance alterations, as evidenced by the fact that
the score on the Tinetti scale and Downton index was significantly
associated with the wearable-based postural analysis. This result sug-
gests that the data collected are useful, as they show how a sensorized
analysis of posture in diabetic patients can correlate with validated
scales when investigating the risk of falling.

Most postural parameters detected by wearable inertial sensors were
significantly associated with the deep sensitivity measurements either
with altered light touch-pressure, altered vibratory sensation or both,
suggesting they can be useful for detecting patients with balance im-
pairments and risk of fall in bivariate analyses. Multivariate analyses
revealed that some of the posture parameters can predict the presence of
peripheral neuropathy with some differences depending on the methods
used to measure neuropathy. The best parameter that appear predicting
the presence of neuropathy is the sway path of the displacement along
the ML axis as it predicted the presence of neuropathy in all tests used to
analyse neuropathy in deep sensitivity pathway e.g. vibration sensitivity
(with either diapason and biothesiometer), protective sensation
(monofilament) and presence of neuropathy based on the International
Working Group of the Diabetic Foot. The same posture variable associ-
ated with neuropathy in the deep sensitivity tests had also a significant
effect upon Tinetti score dichotomizing individuals with medium/high
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risk versus low risk of falls, whereas with the dichotomized Dowton
index score, the parameters sway area and antero-posterior sway
pathway are the strongest significant association. Assessment of postural
control during upright stance has shown that patients with diabetes and
peripheral neuropathy may sway more than those without peripheral
neuropathy [19,22,75,92,93]. We have found that men had higher odds
to have neuropathy compared to women confirming previous results on
gender differences [92,93]. These gender differences may also be
attributed the onset of diabetic neuropathy, with males developing
earlier than females [94,95] to proposed gender differences in lifestyle
with men’s lifestyles being more hazardous (stressful jobs, smoking
habits, alcohol and drug use, lower compliance with treatment) than
women’s [96]. The finding of a larger sway in men than in women is
consistent with previous reports showing that men may exhibit more
spontaneous sway than women, and this difference may increase when
there is no visual input [97,98].

Diabetic patients with a poor glycemic control, muscular weakness, a
reduced range of motion of ankle, history of ulcers, impaired peripheral
sensory neuropathy and risk of falling can be expected to magnify in
particular, the sway path of the displacement along the AP axis recorded
during the test performed with eyes open and feet close together.
Further clarification of the relationship between this postural parameter
and these important risk factors for people with diabetes is obviously
needed, but if these relationships and interacting mechanisms are
confirmed, some postural parameters recorded with a wearable sensor
will play a key role in the diagnosis, prognosis and clinical management
of DPN. It is important to note that our study had some limitations.
Firstly, the relatively small sample size of our sample that was repre-
sentative for the diabetic foot patients attending during one year the
Academic podiatry clinic at the University of Bologna (IRCCS Rizzoli
Orthopaedic Institute, Bologna) so our findings may not represent the
population of individuals with diabetes”. Second due to reduced number
of diabetes type I the comparison with type II diabetes in the outcomes of
the study can be underestimated. In addition, the use of neurological
tests with different specificity and sensitivity can influence the strength
of significant results, that why the need of more objective quantitative
data such as those obtained with the sensors. Using different neurolog-
ical tests such as Tinetti and Dowton scale can reduce the pitfall in
detecting significant differences, especially when sensitivity or speci-
ficity of neurological test are moderate (50-70 %). Probably a set of
quantitative measures (composite score) including data from sensor
analysis, neurological tests and clinical data could be useful mainly for
older adults in order to avoid ceiling and floor effects that are commonly
encountered.

Studies with a larger sample are required to clarify the course of
nerve fiber impairment in DPN and to increase knowledge of the influ-
ence of this damage on posture. All the results suggested the feasibility
and the importance of using wearable platforms to quantify balance
performance during diabetic foot screening practices, but consensus on
the assessment protocols and parameters is still lacking, and future
research should focus on standardizing the measurement setup and
selecting the most informative postural parameters and types of tests.
The results provided in this study can be used to gain a thorough un-
derstanding of the existing wearable sensor technologies, and to
improve future wearable devices developed for fall risk assessment in
people with DPN.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Credit authorship contribution statement

Conceptualization: LB; MSB; AM; EA; 1IJR; OC Methodology: LB; MSB
Software: MS-B; OC Validation: LB Formal analysis: LB; MS-B; AM; EA;



L. Brognara et al.

1J-R; OC Investigation: LB; MSB Resources: LB; MS-B; AM; EA; 1J-R; OC
Data curation: LB; MS-B; AM; EA; 1J-R; OC Writing: Original Draft: LB
Writing: Review and Editing: LB; MS-B; AM; EA; 1J-R; OC Visualization:
LB; MS-B; AM; EA; 1J-R; OC Supervision: OC Project administration: OC;
IJR Funding acquisition: N/A.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The study was done within the University of Valencia International
mobility program “Erasmus program for PhD students” (PhD Mar
Sempere-Bigorra) (reference UV-R1-MID-1536455, in 2021).

References

[1] Pop-Busui R, Boulton AJ, Feldman EL, Bril V, Freeman R, Malik RA, Sosenko JM,

Ziegler D. Diabetic neuropathy: a position statement by the American Diabetes

Association. Diabetes Care 2017;40(1):136-54. https://doi.org/10.2337/dc16-

2042.

Andreassen CS, Jakobsen J, Andersen H. Muscle weakness: a progressive late

complication in diabetic distal symmetric polyneuropathy. Diabetes 2006;55(3):

806-12. https://doi.org/10.2337/diabetes.55.03.06.db05-1237.

Sloan G, Selvarajah D, Tesfaye S. Pathogenesis, diagnosis and clinical management

of diabetic sensorimotor peripheral neuropathy. Nat Rev Endocrinol 2021;17(7):

400-20. https://doi.org/10.1038/541574-021-00496-z.

Pourhamidi K, Dahlin LB, Englund E, Rolandsson O. Evaluation of clinical tools and

their diagnostic use in distal symmetric polyneuropathy. Prim Care Diabetes 2014;

8(1):77-84. https://doi.org/10.1016/j.pcd.2013.04.004.

Cabezas-Cerrato J. The prevalence of clinical diabetic polyneuropathy in Spain: a

study in primary care and hospital clinic groups. Neuropathy Spanish Study Group

of the Spanish Diabetes Society (SDS). Diabetologia 1998;41(11):1263-9. https://
doi.org/10.1007/5001250051063.

Sempere-Bigorra M, Julian-Rochina I, Cauli O. Differences and similarities in

neuropathy in type 1 and 2 diabetes: a systematic review. J Personalized Med

2021;11(3):230. https://doi.org/10.3390/jpm11030230.

Katoulis EC, Ebdon-Parry M, Hollis S, Harrison AJ, Vileikyte L, Kulkarni J,

Boulton AJ. Postural instability in diabetic neuropathic patients at risk of foot

ulceration. Diabet Med 1997;14(4):296-300. https://doi.org/10.1002/(SICI)1096-

9136(199704)14:4<296::AID-DIA344>3.0.CO;2-5.

Mustapa A, Justine M, Mustafah NM, Jamil N, Manaf H. Postural control and gait

performance in the diabetic peripheral neuropathy: a systematic review. BioMed

Res Int 2016;2016:9305025. https://doi.org/10.1155/2016/9305025.

[9] Dixit S, Maiya A, Shasthry B, Kumaran D, Guddattu V. Postural sway in diabetic
peripheral neuropathy among Indian elderly. Indian J Med Res 2015;142(6):
713-20. https://doi.org/10.4103/0971-5916.174562.

[10] Dixit S, Maiya A, Shastry BA, Guddattu V. Analysis of postural control during quiet
standing in a population with diabetic peripheral neuropathy undergoing moderate
intensity aerobic exercise training: a single blind, randomized controlled trial. Am
J Phys Med Rehabil 2016;95(7):516-24. https://doi.org/10.1097/
PHM.0000000000000426.

[11] Giacomini PG, Bruno E, Monticone G, et al. Postural rearrangement in IDDM
patients with peripheral neuropathy. Diabetes Care 1996;19(4):372-4. https://doi.
org/10.2337/diacare.19.4.372.

[12] Yamamoto R, Kinoshita T, Momoki T, et al. Postural sway and diabetic peripheral
neuropathy. Diabetes Res Clin Pract 2001;52(3):213-21. https://doi.org/10.1016/
50168-8227(01)00236-4.

[13] Turcot K, Allet L, Golay A, Hoffmeyer P, Armand S. Investigation of standing
balance in diabetic patients with and without peripheral neuropathy using
accelerometers. Clin BioMech 2009;24(9):716-21. https://doi.org/10.1016/j.
clinbiomech.2009.07.003.

[14] Dickstein R, Peterka RJ, Horak FB. Effects of light fingertip touch on postural
responses in subjects with diabetic neuropathy. J Neurol Neurosurg Psychiatr
2003;74(5):620-6. https://doi.org/10.1136/jnnp.74.5.620.

[15] Palma FH, Antigual DU, Martinez SF, Monrroy MA, Gajardo RE. Static balance in
patients presenting diabetes mellitus type 2 with and without diabetic
polyneuropathy. Arq Bras Endocrinol Metabol 2013;57(9):722-6. https://doi.org/
10.1590/50004-27302013000900008.

[16] Nardone A, Grasso M, Schieppati M. Balance control in peripheral neuropathy: are
patients equally unstable under static and dynamic conditions? Gait Posture 2006;
23(3):364-73. https://doi.org/10.1016/j.gaitpost.2005.04.002.

[17] Fulk GD, Robinson CJ, Mondal S, Storey CM, Hollister AM. The effects of diabetes
and/or peripheral neuropathy in detecting short postural perturbations in mature
adults. J NeuroEng Rehabil 2010;7:44. https://doi.org/10.1186/1743-0003-7-44.

[2

—

[3

=

[4

=

[5

—

[6

—

[7

—

[8

—

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Journal of Tissue Viability xxx (xxxx) xxx

Menz HB, Lord SR, St George R, Fitzpatrick RC. Walking stability and sensorimotor
function in older people with diabetic peripheral neuropathy. Arch Phys Med
Rehabil 2004;85(2):245-52. https://doi.org/10.1016/j.apmr.2003.06.015.
Boucher P, Teasdale N, Courtemanche R, Bard C, Fleury M. Postural stability in
diabetic polyneuropathy. Diabetes Care 1995;18(5):638-45. https://doi.org/
10.2337/diacare.18.5.638.

Corriveau H, Prince F, Hébert R, Raiche M, Tessier D, Maheux P, Ardilouze JL.
Evaluation of postural stability in elderly with diabetic neuropathy. Diabetes Care
2000;23(8):1187-91. https://doi.org/10.2337 /diacare.23.8.1187.

Salsabili H, Bahrpeyma F, Esteki A, Karimzadeh M, Ghomashchi H. Spectral
characteristics of postural sway in diabetic neuropathy patients participating in
balance training. J Diabetes Metab Disord 2013;12:29. https://doi.org/10.1186/
2251-6581-12-29.

Simoneau GG, Ulbrecht JS, Derr JA, Becker MB, Cavanagh PR. Postural instability
in patients with diabetic sensory neuropathy. Diabetes Care 1994;17(12):1411-21.
https://doi.org/10.2337 /diacare.17.12.1411.

Kim BBJ, Kim S. Adaptation of perturbation to postural control in individuals with
diabetic peripheral neuropathy. Int J Occup Saf Ergon 2020;26(3):589-94. https://
doi.org/10.1080/10803548.2018.1494771.

Toosizadeh N, Mohler J, Armstrong DG, Talal TK, Najafi B. The influence of
diabetic peripheral neuropathy on local postural muscle and central sensory
feedback balance control. PLoS One 2015;10(8):e0135255. https://doi.org/
10.1371/journal.pone.0135255.

Najafi B, Armstrong DG, Mohler J. Novel wearable technology for assessing
spontaneous daily physical activity and risk of falling in older adults with diabetes.
J Diabetes Sci Technol 2013;7(5):1147-60. https://doi.org/10.1177/
193229681300700507.

Kang GE, Najafi B. Sensor-based daily physical activity: towards prediction of the
level of concern about falling in peripheral neuropathy. Sensors 2020;20(2):505.
https://doi.org/10.3390/520020505.

Brognara L, Mazzotti A, Di Martino A, Faldini C, Cauli O. Wearable sensor for
assessing gait and postural alterations in patients with diabetes: a scoping review.
Medicina 2021;57(11):1145. https://doi.org/10.3390/medicina57111145.
Ghislieri M, Gastaldi L, Pastorelli S, Tadano S, Agostini V. Wearable inertial sensors
to assess standing balance: a systematic review. Sensors 2019;19(19):4075.
https://doi.org/10.3390/s19194075.

Subramaniam S, Faisal Al, Deen MJ. Wearable sensor systems for fall risk
assessment: a review. Front. Digit Health 2022;4:921506. https://doi.org/
10.3389/fdgth.2022.921506.

Najafi B, Horn D, Marclay S, Crews RT, Wu S, Wrobel JS. Assessing postural control
and postural control strategy in diabetes patients using innovative and wearable
technology. J Diabetes Sci Technol 2010;4(4):780-91. https://doi.org/10.1177/
193229681000400403.

Biju K, Oh E, Rosenberg P, Xue QL, Dash P, Burhanullah MH, Agrawal Y. Vestibular
function predicts balance and fall risk in patients with Alzheimer’s disease.

J. Alzheimers Dis. 2022;86(3):1159-68. https://doi.org/10.3233/JAD-215366.
Patel M, Pavic A, Goodwin VA. Wearable inertial sensors to measure gait and
posture characteristic differences in older adult fallers and non-fallers: a scoping
review. Gait Posture 2020;76:110-21. https://doi.org/10.1016/j.
gaitpost.2019.10.039.

Patel M, Pavic A, Goodwin VA. Wearable inertial sensors to measure gait and
posture characteristic differences in older adult fallers and non-fallers: a scoping
review. Gait Posture 2020;76:110-21. https://doi.org/10.1016/j.
gaitpost.2019.10.039.

Tinetti ME. Performance-oriented assessment of mobility problems in elderly
patients. J Am Geriatr Soc 1986;34(2):119-26. https://doi.org/10.1111/j.1532-
5415.1986.tb05480.x.

Yanardag M, Simsek TT, Yanardag F. Exploring the relationship of pain, balance,
gait function, and quality of life in older adults with hip and knee pain. Pain Manag
Nurs 2021;22(4):503-8. https://doi.org/10.1016/j.pmn.2020.12.011.
Bueno-Garcia MJ, Roldan-Chicano MT, Rodriguez-Tello J, Merono-Rivera MD,
Davila-Martinez R, Berenguer-Garcia N. Caracteristicas de la escala Downton en la
valoracion del riesgo de caidas en pacientes hospitalizados. Enferm Clin. 2017;27
(4):227-34. https://doi.org/10.1016/j.enfcli.2017.02.008.

Rosendahl E, Lundin-Olsson L, Kallin K, Jensen J, Gustafson Y, Nyberg L.
Prediction of falls among older people in residential care facilities by the Downton
Index. Aging Clin Exp Res 2003;15(2):142-7. https://doi.org/10.1007/
BF03324492.

Menz HB, Lord SR, St George R, Fitzpatrick RC. Walking stability and sensorimotor
function in older people with diabetic peripheral neuropathy. Arch Phys Med
Rehabil 2004;85(2):245-52. https://doi.org/10.1016/j.apmr.2003.06.015.

Kwon O-Y, Minor SD, Maluf KS, Mueller MJ. Comparison of muscle activity during
walking in subjects with and without diabetic neuropathy. Gait Posture 2003;18:
105-13. https://doi.org/10.1016/50966-6362(02)00166-2.

Yavuzer G, Yetkin I, Toruner FB, Koca N, Bolukbasi N. Gait deviations of patients
with diabetes mellitus: looking beyond peripheral neuropathy. Eur Med (Edicion
Espanola) 2006;42(2):127-33.

Sacco IC, Hamamoto AN, Tonicelli LM, Watari R, Ortega NR, Sartor C.
Abnormalities of plantar pressure distribution in early, intermediate, and late
stages of diabetic neuropathy. Gait Posture 2014;40:570-4. https://doi.org/
10.1016/j.gaitpost.2014.06.018.

Searle Mosteo A, Spink MJ, Chuter VH. Validation of a weight bearing ankle
equinus value in older adults with diabetes. J Foot Ankle Res 2018;11(1):62.
https://doi.org/10.1186/513047-018-0306-x.

Bennell K, Talbot R, Wajswelner H, Techovanich W, Kelly D. Intra-rater and inter-
rater reliability of a weight-bearing lunge measure of ankle dorsiflexion. Aust J


https://doi.org/10.2337/dc16-2042
https://doi.org/10.2337/dc16-2042
https://doi.org/10.2337/diabetes.55.03.06.db05-1237
https://doi.org/10.1038/s41574-021-00496-z
https://doi.org/10.1016/j.pcd.2013.04.004
https://doi.org/10.1007/s001250051063
https://doi.org/10.1007/s001250051063
https://doi.org/10.3390/jpm11030230
https://doi.org/10.1002/(SICI)1096-9136(199704)14:4<296::AID-DIA344>3.0.CO;2-5
https://doi.org/10.1002/(SICI)1096-9136(199704)14:4<296::AID-DIA344>3.0.CO;2-5
https://doi.org/10.1155/2016/9305025
https://doi.org/10.4103/0971-5916.174562
https://doi.org/10.1097/PHM.0000000000000426
https://doi.org/10.1097/PHM.0000000000000426
https://doi.org/10.2337/diacare.19.4.372
https://doi.org/10.2337/diacare.19.4.372
https://doi.org/10.1016/s0168-8227(01)00236-4
https://doi.org/10.1016/s0168-8227(01)00236-4
https://doi.org/10.1016/j.clinbiomech.2009.07.003
https://doi.org/10.1016/j.clinbiomech.2009.07.003
https://doi.org/10.1136/jnnp.74.5.620
https://doi.org/10.1590/s0004-27302013000900008
https://doi.org/10.1590/s0004-27302013000900008
https://doi.org/10.1016/j.gaitpost.2005.04.002
https://doi.org/10.1186/1743-0003-7-44
https://doi.org/10.1016/j.apmr.2003.06.015
https://doi.org/10.2337/diacare.18.5.638
https://doi.org/10.2337/diacare.18.5.638
https://doi.org/10.2337/diacare.23.8.1187
https://doi.org/10.1186/2251-6581-12-29
https://doi.org/10.1186/2251-6581-12-29
https://doi.org/10.2337/diacare.17.12.1411
https://doi.org/10.1080/10803548.2018.1494771
https://doi.org/10.1080/10803548.2018.1494771
https://doi.org/10.1371/journal.pone.0135255
https://doi.org/10.1371/journal.pone.0135255
https://doi.org/10.1177/193229681300700507
https://doi.org/10.1177/193229681300700507
https://doi.org/10.3390/s20020505
https://doi.org/10.3390/medicina57111145
https://doi.org/10.3390/s19194075
https://doi.org/10.3389/fdgth.2022.921506
https://doi.org/10.3389/fdgth.2022.921506
https://doi.org/10.1177/193229681000400403
https://doi.org/10.1177/193229681000400403
https://doi.org/10.3233/JAD-215366
https://doi.org/10.1016/j.gaitpost.2019.10.039
https://doi.org/10.1016/j.gaitpost.2019.10.039
https://doi.org/10.1016/j.gaitpost.2019.10.039
https://doi.org/10.1016/j.gaitpost.2019.10.039
https://doi.org/10.1111/j.1532-5415.1986.tb05480.x
https://doi.org/10.1111/j.1532-5415.1986.tb05480.x
https://doi.org/10.1016/j.pmn.2020.12.011
https://doi.org/10.1016/j.enfcli.2017.02.008
https://doi.org/10.1007/BF03324492
https://doi.org/10.1007/BF03324492
https://doi.org/10.1016/j.apmr.2003.06.015
https://doi.org/10.1016/S0966-6362(02)00166-2
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref40
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref40
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref40
https://doi.org/10.1016/j.gaitpost.2014.06.018
https://doi.org/10.1016/j.gaitpost.2014.06.018
https://doi.org/10.1186/s13047-018-0306-x

L. Brognara et al.

[44]

[45]

[46]

[471

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671

Physiother 1998;44(3):175-80. https://doi.org/10.1016/50004-9514(14)60377-
9.

Searle A, Spink MJ, Chuter VH. Weight bearing versus non-weight bearing ankle
dorsiflexion measurement in people with diabetes: a cross sectional study. BMC
Muscoskel Disord 2018;19(1):183. https://doi.org/10.1186/512891-018-2113-8.
Sadler SG, Lanting SM, Searle AT, Spink MJ, Chuter VH. Does a weight bearing
equinus affect plantar pressure differently in older people with and without
diabetes? A case control study. Clin Biomech. 202;84:105324. https://doi.org/10
.1016/j.clinbiomech.2021.105324.

Patel M, Fransson PA, Lush D, Gomez S. The effect of foam surface properties on
postural stability assessment while standing. Gait Posture 2008;28(4):649-56.
https://doi.org/10.1016/j.gaitpost.2008.04.018.

Wu G, Chiang J-H. The effects of surface compliance on foot pressure in stance.
Gait Posture 1996;4(2):122-9. https://doi.org/10.1016/0966-6362(95)01041-6.
Adkin AL, Bloem BR, Allum JH. Trunk sway measurements during stance and gait
tasks in Parkinson’s disease. Gait Posture 2005;22(3):240-9. https://doi.org/
10.1016/j.gaitpost.2004.09.009.

Blackburn JT. Kinematic analysis of the hip and trunk during bilateral stance on
firm, foam, and multiaxial support surfaces. Clin Biomech 2003;18(7):655-61.
https://doi.org/10.1016/50268-0033(03)00091-3.

Paulus W, Straube A, Brandt T. Visual postural performance after loss of
somatosensory and vestibular function. J Neurol Neurosurg Psychiatry 1987;50
(11):1542-5. https://doi.org/10.1136/jnnp.50.11.1542.

Rosengren KS, Rajendran K, Contakos J, Chuang L, Peterson M, Doyle R,
McAuley E. Changing control strategies during standard assessment using
computerized dynamic posturography with older women. Gait Posture 2007;25(2):
215-21. https://doi.org/10.1016/].gaitpost.2006.03.009.

Sempere-Bigorra M, Brognara L, Julian-Rochina I, Mazzotti A, Cauli O.
Relationship between deep and superficial sensitivity assessments and gait analysis
in diabetic foot patients. Int Wound J 2023. https://doi.org/10.1111/iwj.14178.
Schaper NC, van Netten JJ, Apelqvist J, Bus SA, Hinchliffe RJ, Lipsky BA. Practical
guidelines on the prevention and management of diabetic foot disease (IWGDF
2019 Update). Diabetes Metab. Res. Rev. 2020;36(S1). https://doi.org/10.1002/
dmrr.3266.

Lanting SM, Spink MJ, Tehan PE, Vickers S, Casey SL, Chuter VH. Non-invasive
assessment of vibration perception and protective sensation in people with diabetes
mellitus: inter- and intra-rater reliability. J Foot Ankle Res 2020;13(1). https://doi.
org/10.1186/513047-020-0371-9.

Paisley AN, Abbott CA, van Schie CHM, Boulton AJM. A comparison of the
Neuropen against standard quantitative sensory-threshold measures for assessing
peripheral nerve function. Diabet Med 2002;19(5):400-5. https://doi.org/
10.1046/j.1464-5491.2002.00706.x.

Bajwa H, Khalili Y. Physiology, vibratory sense. StatPearls 2022.

Chicharro-Luna E, Pomares-Gomez FJ, Ortega-[\vila AB, Cohena-Jiménez M, Gijon-
Nogueron G. Variability in the clinical diagnosis of diabetic peripheral neuropathy.
Prim Care Diabetes 2020;14(1):53-60. https://doi.org/10.1016/j.
pcd.2019.05.008.

Nather A, Lin WK, Aziz Z, Ong CHJ, Feng BMC, Lin CB. Assessment of sensory
neuropathy in patients with diabetic foot problems. Diabet Foot Ankle 2011;2:1-5.
https://doi.org/10.3402/dfa.v2i0.6367.

Costa T, Coelho L, Silva MF. Automatic segmentation of monofilament testing sites
in plantar images for diabetic foot management. Bioengineering 2022;9(3).
https://doi.org/10.3390/bioengineering9030086.

Paisley AN, Abbott CA, van Schie CHM, Boulton AJM. A comparison of the
Neuropen against standard quantitative sensory-threshold measures for assessing
peripheral nerve function. Diabet Med 2002;19(5):400-5. https://doi.org/
10.1046/j.1464-5491.2002.00706.x.

Boulton AJM, Armstrong DG, Albert SF, Frykberg RG, Hellman R, Sue Kirkman M,
Lavery LA, LeMaster JW, Mills JL, Mueller MJ, Sheehan P, Wukich DK.
Comprehensive foot examination and risk assessment: a report of the task force of
the foot care interest group of the American diabetes association, with
endorsement by the American association of clinical endocrinologists. Diabetes
Care 2008;31(8):1679-85. https://doi.org/10.2337/dc08-9021.

Yang H, Sloan G, Ye Y, Wang S, Duan B, Tesfaye S, Gao L. New perspective in
diabetic neuropathy: from thepPeriphery to thebBrain, a call for early detection,
and precision medicine. Front Endocrinol 2020;10:929. https://doi.org/10.3389/
fendo.2019.00929.

Nather A, Lin WK, Aziz Z, Ong CHJ, Feng BMC, Lin CB. Assessment of sensory
neuropathy in patients with diabetic foot problems. Diabet Foot Ankle 2011;2:1-5.
https://doi.org/10.3402/dfa.v2i0.6367.

Pourhamidi K, Dahlin LB, Englund E, Rolandsson O. Evaluation of clinical tools and
their diagnostic use in distal symmetric polyneuropathy. Primary Care Diabetes
2014;8(1):77-84. https://doi.org/10.1016/j.pcd.2013.04.004.

Boulton AJM, Armstrong DG, Albert SF, Frykberg RG, Hellman R, Sue Kirkman M,
Lavery LA, LeMaster JW, Mills JL, Mueller MJ, Sheehan P, Wukich DK.
Comprehensive foot examination and risk assessment: a report of the task force of
the foot care interest group of the American diabetes association, with
endorsement by the American association of clinical endocrinologists. Diabetes
Care 2008;31(8):1679. https://doi.org/10.2337/DC08-9021.

Chicharro-Luna E, Pomares-Gémez FJ, Ortega-Avila AB, Cohena-Jiménez M, Gijon-
Nogueron G. Variability in the clinical diagnosis of diabetic peripheral neuropathy.
Prim Care Diabetes 2020;14(1):53-60. https://doi.org/10.1016/j.
pcd.2019.05.008.

Nather A, Lin WK, Aziz Z, Ong CHJ, Feng BMC, Lin CB. Assessment of sensory
neuropathy in patients with diabetic foot problems. Diabet Foot Ankle 2011;2:1-5.

10

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Journal of Tissue Viability xxx (xxxx) xxx

Pourhamidi K, Dahlin LB, Englund E, Rolandsson O. Evaluation of clinical tools and
their diagnostic use in distal symmetric polyneuropathy. Primary Care Diabetes
2014;8(1):77-84.

O’Neill J, McCann SM, Lagan KM. Tuning fork (128 Hz) versus Neurothesiometer:
a comparison of methods of assessing vibration sensation in patients with diabetes
mellitus. Int J Clin Pract 2006;60(2):174-8. https://doi.org/10.1111/].1742-
1241.2005.00650.x.

Schaper NC, Van Netten JJ, Apelqvist J, Lipsky BA, Bakker K. International
working group on the diabetic foot. Prevention and management of foot problems
in diabetes: a summary guidance for daily practice 2015, based on the INGDF
guidance documents. Diabetes Metab. Res. Rev. 2016;32(Suppl 1):7-15. https://
doi.org/10.1002/dmrr.2695.

Sasaki H, Kishimoto S. Diagnostic strategy for diabetic polyneuropathy: focus on
nerve fiber type and magnetic resonance neurography. J. Diabetes Investig. 2021;
12(2):140-2. https://doi.org/10.1111/jdi.13364.

Lafond D, Corriveau H, Prince F. Postural control mechanisms during quiet
standing in patients with diabetic sensory neuropathy. Diabetes Care 2004;27(1):
173-8. https://doi.org/10.2337/diacare.27.1.173.

Ghanavati T, Yazdi MJ, Goharpey S, Arastoo AA. Functional balance in elderly with
diabetic neuropathy. Diabetes Res Clin Pract 2011;11:24-8. https://doi.org/
10.1016/j.diabres.2011.10.041.

Fahmy IM, Ramzy GM, Salem NA, Ahmed GM, Mohammed AA. Balance
disturbance in patients with diabetic sensory polyneuropathy. Egypt J. Neurol.
Psychiatr. Neurosurg. 2014;51:21-9.

Uccioli L, Giacomini PG, Monticone G, Magrini A, Durola L, Bruno E, Parisi L,
Girolamo SD, Menzinger G. Body sway in diabetic neuropathy. Diabetes Care 1995;
18:339-44. https://doi.org/10.2337/diacare.18.3.339.

Martina IS, van Koningsveld R, Schmitz PI, van der Meche FG, van Doorn PA.
Measuring vibration threshold with a graduated tuning fork in normal aging and in
patients with polyneuropathy.European Inflammatory Neuropathy Cause and
Treatment (INCAT) group. J Neurol Neurosurg Psychiatry 1998;65(5):743-7.
https://doi.org/10.1136/jnnp.65.5.743.

Kurokawa K, Mimori Y, Tanaka E, Kohriyama T, Nakamura S. Age-related change
in peripheral nerve conduction: compound muscle action potential duration and
dispersion. Gerontology 1999;45:168-73. https://doi.org/10.1159/000022081.
Buchman AS, Wilson RS, Leurgans S, Bennett DA. Vibratory thresholds and
mobility in older persons. Muscle Nerve 2009;39:754-60. https://doi.org/
10.1002/mus.21263.

Yamamoto R, Kinoshita T, Momoki T, Arai T, Okamura A, Hirao K, Sekihara H.
Postural sway and diabetic peripheral neuropathy. Pain 2011;52:213-21. https://
doi.org/10.1016/50168-8227(01)00236-4.

Brown SJ, Handsaker JC, Bowling FL, Boulton AJ, Reeves ND. Diabetic peripheral
neuropathy compromises balance during daily activities. Diabetes Care 2015;38:
1116-22. https://doi.org/10.2337/dc14-1982.

Timar B, Timar R, Gaita L, Oancea C, Levai C, Lungeanu D. The impact of diabetic
neuropathy on balance and on the risk of falls in patients with type 2 diabetes
mellitus: a cross-sectional study. PLoS One 2016;11:e0154654. https://doi.org/
10.1371/journal.pone.0154654.

Vaz MM, Costa GC, Reis JG, Junior WM, Albuquerque de, Paula FJ, Abreu DC.
Postural control and functional strength in patients with type 2 diabetes mellitus
with and without peripheral neuropathy. Arch Phys Med Rehabil 2013;94:
2465-70. https://doi.org/10.1016/j.apmr.2013.06.007.

Corriveau H, Prince F, Hebert R, Raiche M, Tessier D, Maheux P, Ardilouze JL.
Evaluation of postural stability in elderly with diabetic neuropathy. Diabetes Care
2000;23:1187-91. https://doi.org/10.2337/diacare.23.8.1187.

Bonnet C, Carello C, Turvey MT. Diabetes and postural stability: review and
hypotheses. J Mot Behav 2009;41(2):172-90. https://doi.org/10.3200/
JMBR.41.2.172-192.

Temlett JA. An assessment of vibration threshold using a biothesiometer compared
to a C128-Hz tuning fork. J Clin Neurosci 2009;16(11):1435-8. https://doi.org/
10.1016/j.jocn.2009.03.010.

Patel M, Magnusson M, Kristinsdottir E, Fransson PA. The contribution of
mechanoreceptive sensation on stability and adaptation in the young and elderly.
Eur J Appl Physiol 2009;105(2):167-73. https://doi.org/10.1007/500421-008-
0886-4.

Mclllhatton A, Lanting S, Lambkin D, Leigh L, Casey S, Chuter V. Reliability of
recommended non-invasive chairside screening tests for diabetes-related
peripheral neuropathy: a systematic review with meta-analyses. BMJ Open
Diabetes Res. Care 2021;9(2):e002528. https://doi.org/10.1136/bmjdrc-2021-
002528.

Blackmore D, Siddiqi ZA. Pinprick testing in small fiber neuropathy: accuracy and
pitfalls. J Clin Neuromuscul Dis 2016;17(4):181-6. https://doi.org/10.1097/
CND.0000000000000116.

Saunders NW, Koutakis P, Kloos AD, Kegelmeyer DA, Dicke JD, Devor ST.
Reliability and validity of a wireless accelerometer for the assessment of postural
sway. J Appl Biomech 2015;31(3):159-63. https://doi.org/10.1123/jab.2014-
0232.

Duarte MB, da Costa Moraes AA, Ferreira EV, da Silva Almeida GC, da Rocha
Santos EG, Pinto GHL, de Oliveira PR, Amorim CF, Dos Santos Cabral A, Saunier G,
Costa E Silva AA, Belgamo A, Souza GDS, Callegari B. Validity and reliability of a
smartphone-based assessment for anticipatory and compensatory postural
adjustments during predictable perturbations. Gait Posture 2022;96:9-17. https://
doi.org/10.1016/j.gaitpost.2022.05.002.

Al-Amri M, Nicholas K, Button K, Sparkes V, Sheeran L, Davies JL. Inertial
measurement units for clinical movement analysis: reliability and concurrent
validity. Sensors 2018;18(3):719. https://doi.org/10.3390/5s18030719.


https://doi.org/10.1016/S0004-9514(14)60377-9
https://doi.org/10.1016/S0004-9514(14)60377-9
https://doi.org/10.1186/s12891-018-2113-8
https://doi.org/10.1016/j.clinbiomech.2021.105324
https://doi.org/10.1016/j.clinbiomech.2021.105324
https://doi.org/10.1016/j.gaitpost.2008.04.018
https://doi.org/10.1016/0966-6362(95)01041-6
https://doi.org/10.1016/j.gaitpost.2004.09.009
https://doi.org/10.1016/j.gaitpost.2004.09.009
https://doi.org/10.1016/S0268-0033(03)00091-3
https://doi.org/10.1136/jnnp.50.11.1542
https://doi.org/10.1016/j.gaitpost.2006.03.009
https://doi.org/10.1111/iwj.14178
https://doi.org/10.1002/dmrr.3266
https://doi.org/10.1002/dmrr.3266
https://doi.org/10.1186/s13047-020-0371-9
https://doi.org/10.1186/s13047-020-0371-9
https://doi.org/10.1046/j.1464-5491.2002.00706.x
https://doi.org/10.1046/j.1464-5491.2002.00706.x
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref56
https://doi.org/10.1016/j.pcd.2019.05.008
https://doi.org/10.1016/j.pcd.2019.05.008
https://doi.org/10.3402/dfa.v2i0.6367
https://doi.org/10.3390/bioengineering9030086
https://doi.org/10.1046/j.1464-5491.2002.00706.x
https://doi.org/10.1046/j.1464-5491.2002.00706.x
https://doi.org/10.2337/dc08-9021
https://doi.org/10.3389/fendo.2019.00929
https://doi.org/10.3389/fendo.2019.00929
https://doi.org/10.3402/dfa.v2i0.6367
https://doi.org/10.1016/j.pcd.2013.04.004
https://doi.org/10.2337/DC08-9021
https://doi.org/10.1016/j.pcd.2019.05.008
https://doi.org/10.1016/j.pcd.2019.05.008
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref67
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref67
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref68
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref68
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref68
https://doi.org/10.1111/j.1742-1241.2005.00650.x
https://doi.org/10.1111/j.1742-1241.2005.00650.x
https://doi.org/10.1002/dmrr.2695
https://doi.org/10.1002/dmrr.2695
https://doi.org/10.1111/jdi.13364
https://doi.org/10.2337/diacare.27.1.173
https://doi.org/10.1016/j.diabres.2011.10.041
https://doi.org/10.1016/j.diabres.2011.10.041
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref74
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref74
http://refhub.elsevier.com/S0965-206X(23)00105-5/sref74
https://doi.org/10.2337/diacare.18.3.339
https://doi.org/10.1136/jnnp.65.5.743
https://doi.org/10.1159/000022081
https://doi.org/10.1002/mus.21263
https://doi.org/10.1002/mus.21263
https://doi.org/10.1016/S0168-8227(01)00236-4
https://doi.org/10.1016/S0168-8227(01)00236-4
https://doi.org/10.2337/dc14-1982
https://doi.org/10.1371/journal.pone.0154654
https://doi.org/10.1371/journal.pone.0154654
https://doi.org/10.1016/j.apmr.2013.06.007
https://doi.org/10.2337/diacare.23.8.1187
https://doi.org/10.3200/JMBR.41.2.172-192
https://doi.org/10.3200/JMBR.41.2.172-192
https://doi.org/10.1016/j.jocn.2009.03.010
https://doi.org/10.1016/j.jocn.2009.03.010
https://doi.org/10.1007/s00421-008-0886-4
https://doi.org/10.1007/s00421-008-0886-4
https://doi.org/10.1136/bmjdrc-2021-002528
https://doi.org/10.1136/bmjdrc-2021-002528
https://doi.org/10.1097/CND.0000000000000116
https://doi.org/10.1097/CND.0000000000000116
https://doi.org/10.1123/jab.2014-0232
https://doi.org/10.1123/jab.2014-0232
https://doi.org/10.1016/j.gaitpost.2022.05.002
https://doi.org/10.1016/j.gaitpost.2022.05.002
https://doi.org/10.3390/s18030719

L. Brognara et al.

[92] Herrera-Rangel A, Aranda-Moreno C, Mantilla-Ochoa T, Zainos-Saucedo L,
Jéauregui-Renaud K. The influence of peripheral neuropathy, gender, and obesity
on the postural stability of patients with type 2 diabetes mellitus. J Diabetes Res
2014;2014:787202. https://doi.org/10.1155/2014/787202.

Villasenor-Moreno JC, Aranda-Moreno C, Figueroa-Padilla I, Giraldez-

Fernandez ME, Gresty MA, Jauregui-Renaud K. Individual cofactors and
multisensory contributions to the postural sway of adults with diabetes. Brain Sci
2022;12(11):1489. https://doi.org/10.3390/brainscil2111489.

Kamenov ZA, Parapunova RA, Georgieva RT. Earlier development of diabetic
neuropathy in men than in women with type 2 diabetes mellitus. Gend Med 2010;7
(6):600-15. https://doi.org/10.1016/j.genm.2010.11.001.

Aaberg ML, Burch DM, Hud ZR, Zacharias MP. Gender differences in the onset of
diabetic neuropathy. J Diabet Complicat 2008;22(2):83-7. https://doi.org/
10.1016/j.jdiacomp.2007.06.009.

Bansal D, Gudala K, Muthyala H, Esam HP, Nayakallu R, Bhansali A. Prevalence
and risk factors of development of peripheral diabetic neuropathy in type 2
diabetes mellitus in a tertiary care setting. J. Diabetes Investig. 2014;5(6):714-21.
https://doi.org/10.1111/jdi.12223.

Kollegger H, Baumgartner C, Wober C, Oder W, Deecke L. Spontaneous body sway
as a function of sex, age, and vision: posturographic study in 30 healthy adults. Eur
Neurol 1992;32(5):253-9. https://doi.org/10.1159/000116836.

[93]

[94]

[95]

[96]

[971

11

Journal of Tissue Viability xxx (xxxx) xxx

[98] Cruz-Gémez NS, Plascencia G, Villanueva-Padrén LA, Jauregui-Renaud K.
Influence of obesity and gender on the postural stability during upright stance.
Obes Facts 2011;4(3):212-7. https://doi.org/10.1159/000329408.

Abbreviations

EO =: Test performed with eyes open

EO Foam =: Test performed with eyes open and foam

EO Tandem =: Test performed with eyes open and feet close together
EO TF =: Test performed with eyes open, feet close together and foam
EC =: Test performed with eyes closed

EC Foam =: Test performed with eyes closed and foam

*foam =: foam surface of 4-cm thick and 35 kg/m3 dense

SP_AP_axis =: Sway Path of the displacement along the AP axis (mm)
SP_ML_axis =: Sway Path of the displacement along the ML axis (mm)
Sway Area =: Sway Area (mm x 2)
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