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Alterations of tibialis anterior muscle activation
pattern in subjects with type 2 diabetes and

diabetic peripheral neuropathy

Abstract

Diabetic peripheral neuropathy (DPN) is associated with loss of motor units (MUs), which
can cause changes in the activation pattern of muscle fibres. This study investigated the
pattern of muscle activation using high-density surface electromyography (HD-sEMG)
signals from subjects with type 2 diabetes mellitus (T2DM) and DPN. Thirty-five adults
participated in the study: 12 healthy subjects (HV), 12 patients with T2DM without DPN
(No-DPN) and 11 patients with T2DM with DPN (DPN). HD-sEMG signals were recorded in
the tibialis anterior muscle during an isometric contraction of ankle dorsiflexion at 50% of the
maximum voluntary isometric contraction (MVIC) during 30-s. The calculated HD-sEMG
signals parameters were the normalised root mean square (RMS), normalised median
frequency (MDF), coefficient of variation (CoV) and modified entropy (ME). The RMS
increased significantly (p = 0.001) with time only for the DPN group, while the MDF
decreased significantly (p < 0.01) with time for the three groups. Moreover, the ME was
significantly lower (p = 0.005), and CoV was significantly higher (»p = 0.003) for the DPN
group than compared to the HV group. Using HD-sEMG, we have demonstrated a reduction
in the number of MU recruited by individuals with DPN. This study provides proof of
concept for the clinical utility of this technique for identifying neuromuscular impairment

caused by DPN.
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1. Introduction

Diabetic peripheral neuropathy
complication of diabetes mellitus resulting in significant
morbidity and mortality [1-4]. Symptomatic motor
dysfunction occurs only in more advanced stages of DPN
and consists of muscle wasting, gait changes and distal
weakness of the lower limbs [5-8]. Besides motor
dysfunctions, subjects with diabetes and DPN also present a
change in the proportion of fibre type, favouring the presence
of type II fibres over type I fibres muscle [9], which explains
why dysfunctions occur initially in muscles with a higher
proportion of type I fibres, such as the tibialis anterior (TA)
[9,10]. Additionally, the change in the proportion of muscle
fibres may explain premature muscle fatigue and low
tolerance to exercises such as walking, cycling, and ankle
extension in individuals with diabetes [11,12].

(DPN) is a common

Studies using intramuscular electromyography (iEMG)
have demonstrated chronic reinnervation in the TA muscle in
early, subclinical DPN. This evidence includes the reduction
of the muscle fibre conduction velocity, increase of the
instability in the single muscular fibre potential, increase in
the density of the muscular fibre and reduction in the number
and the rate of firing of the motor unit (MU) [13-17]. Hence,
quantifying motor dysfunction with iIEMG could serve as an
early biomarker for DPN and may identify individuals for
early targeted physical therapy intervention to attenuate
further worsening of the disease [13—17]. Nevertheless,
iEMG is an invasive, painful and costly method with poor
reproducibility [18], providing limited information about
activity at the whole-muscle level [19].

As a solution to this problem, studies have evaluated
non-invasive MU recruitment strategies using high-density
surface electromyography (HD-sEMG) techniques [20-22],
since HD-sEMG enables the acquisition of a topographical



representation of the spatial distribution pattern of muscle
activation [23]. Previous studies have shown that the spatial
distribution of muscle activation during isometric
contractions is heterogeneous [21], which may be explained
by the recruitment of different types of muscle fibres [20].
Moreover, studies have used the spatial distribution pattern
of muscle activation to estimate MU recruitment patterns
[24-28]. Thus, by evaluating the homogeneity of the spatial
distribution pattern of muscle activation, it would be possible
to assess alterations in the recruitment of the muscular fibres
in individuals with diabetes and DPN.

Therefore, this work aims to evaluate the homogeneity of
in healthy individuals
compared to individuals with diabetes with and without
DPN, given that the TA muscle is associated with the MU
loss in the initial stages of DPN [13—17]. We hypothesised
that due to the compensatory process characterised by the
continuous loss of the MU coupled with compensatory
reinnervation, the individuals with diabetes and DPN would
present alterations in the MU recruitment pattern, which will
be reflected in alterations in the spatial distribution pattern of
muscle activation.

TA muscle activation patterns

2. Materials and Methods

2.1. Subjects

Twenty-three individuals with type 2 diabetes (T2DM)
were recruited from the University Hospital of the Federal
University of Santa Catarina, at the Endocrinology and
Metabology Unit, and twelve healthy volunteers (HV) were
recruited elsewhere [3,29]. Anthropometric and clinical data
(DM duration, HbAlc test result, use of medications and
presence of complications) were obtained previously.
Individuals with diabetes were divided into T2DM without
DPN (No-DPN, n=12) and patients with T2DM with DPN
(DPN, n=11) using the Toronto Consensus minimum criteria
definition for DPN [3,29]. The neuropathic symptoms were
assessed using the Neuropathy Total Symptom Score — 6
(NTSS-6) questionnaire [30]. A trained clinician performed a
standardised physical examination and evaluated tactile
sensitivity with a 10 g Semmes-Weinstein monofilament,
vibratory perception with a 128 Hz tuning fork and ankle
reflexes [3,29]. Inclusion criteria were age over 18 but less
than 65 years old and T2DM diagnosis based on the World
Health Organization definition [31]. Exclusion criteria were
minor/major limb amputation or other physical, neurological,
musculoskeletal deficiencies, e.g. stroke, cerebral palsy,
polio, arthritis; sight limiting diabetic retinopathy, severe
nephropathy, chronic kidney disease stage 4-5, lower limb
oedema; active diabetic foot ulceration [10]. All study
procedures followed the principles of the Declaration of
Helsinki.

Table 1. Demographic and clinical data of the participants.

HV No-DPN DPN
n 12 12 11
Age (years) 49.8(5.1)° 60.0(5.7)° 55.7(7.0)
Height (cm) 166 (8.0)  163(9.0) 167 (8.0)
Weight (kg) 78.7(12.6) 83.1(13.2) 843
(11.2)
BMI 28.16 31.50 30.01
MVIC (N) (3.05) (5.97) (2.47)
286.46 228.52 212.68
(66.8)"" (44.5)" (73.6)1
HbAlc (%) ND 7.3(1.4) 8.05(2.7)
HbA1c (mmol/mol) ND 56 (15) 76 (29)
Sex (male/female) 6/6 6/6 5/6
Diabetes mellitus duration ~ ND 8.0 (6.0) 10.0 (5.0)
(years)
PILETR IO T, 6.08(2.5) 7.66(46) 6.72(2.0)

thickness (mm)

Note: Values are presented as mean + SD. Abbreviations: HV,
healthy volunteers; NO-DPN, Individuals with type 2 diabetes
without diabetic peripheral neuropathy; DPN, Individuals with type
2 diabetes with diabetic peripheral neuropathy; BMI, body mass
index; MVIC, maximum voluntary isometric contractions; HbAlc,
glycated haemoglobin; ND, not done. p < 0.05 when comparing
HV to No-DPN. * p < 0.05 when comparing HV to DPN.

2.2. Experimental Protocol

Participants stayed seated with hip and knee flexed at a
90° angle and the ankle in a neutral position at a 90° angle to
the leg. The foot of the dominant leg was fixed on a
custom-made dynamometer (Figure 1). The dynamometer
measured the force wusing a strain-gauge load cell
(traction/compression, 60-kg range), digitised with a 24-bit
A/D converter and a sampling frequency of 80 Hz. The
reliability of this dynamometer has been described elsewhere
[32]. The participants performed three maximum voluntary
isometric contractions (MVIC) of the ankle dorsiflexion with
a 5-s duration. A 2-minute rest interval separated these tests.
To ensure that MVIC was achieved during the trials,
participants were verbally stimulated to produce the
maximum effort. The highest value of the three MVICs was
used as a reference for the submaximal level definition. After
fixation of the HD-sEMG matrix of electrodes in the TA
muscle, the subjects performed a submaximal voluntary
isometric contraction of ankle dorsiflexion in 50% of the
MVIC value. The contraction was maintained for 30-s.
Real-time visual feedback of the force developed was
provided to the participants on a computer screen (Figure 1).
Throughout the experimental procedure, the room was
maintained at a temperature of approximately 23 °C.



Figure 1. Illustration of the experimental protocol to record the
HD-sEMG signals.
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2.3. Data Acquisition

The HD-sEMG signals were recorded from the TA muscle
using a 32-channel electromyography system, unity gain and
digitised with a 24-bit A/D converter at 2 kHz per channel
[33]. We used a two-dimensional array of 64 electrodes
(ELSCH064NM4, OT Bioelettronica, Torino, Italy) for the
acquisition, consisting of thirteen rows and five columns,
with a 1 mm diameter and a distance between electrodes of 4
mm. The signals were detected in a simple longitudinal
differential configuration, using nine rows and four columns
of the array, i.e. 36 electrodes with a bipolar configuration
set up in the hardware, resulting in 32 single differential
EMG signals (Figure 2). Before attaching the matrix, the skin
was cleaned with alcohol and gauze. Then, the electrode
matrix was fixed using fixation adhesive and positioned
according to guidelines from the Surface EMG for
Non-invasive Assessment of Muscles (SENIAM) and the
Atlas of Muscle Innervation Zones [34]. The cavities on the
electrodes, formed due to the adhesive, were filled with
conductive paste (CC1, OT Bioelettronica, Turin, Italy). A
reference electrode was also fixed on the tuberosity of the
tibia.

Figure 2. Sampling in a differential configuration column-wise.
There are four columns (C) and nine rows (R) resulting in 32
signals [C x (R—1) ].

ELSCHO64NM4

()

1
2
3
4
5
6
7
8
Ground = Isolated dual
electrode _I_f power supply

2.4. Signal Processing

The participants followed a step pattern of force.
The signals from the first 2.0 seconds, in which participants
used to reach the force level, and the last 3.0 seconds that
participants released the contraction were excluded from the
analysis, resulting in a signal with a 25-s duration. The
acquired signals were digitally filtered in the MATLAB
R2018 software (MathWorks, MA, USA) by an eighth order
Butterworth bandpass filter from 10 to 400 Hz. A
second-order 60 Hz notch filter and its subsequent five
harmonics were applied to the signals to reduce power line
interference. Noisy signals were visually inspected and
reconstructed based on the interpolation of the signals from
the two neighbouring channels [35].

The following variables were extracted from the 32
bipolar signals: root means square (RMS) and median
frequency (MDF) [36]. The 32 RMS and MDF values were
normalised by the mean value of the first second of
contraction. To quantify the heterogeneity of spatial
distribution of muscle activation (represented as
topographical maps), we used the coefficient of variation
(CoV) and the modified entropy (ME), which were the
primary study outcome measures. The CoV was defined as
the standard deviation of the 32 absolute RMS values,
divided by the mean of the 32 absolute RMS values obtained
in each topographic map [27]. The ME was calculated for 32
absolute RMS values according to the method published by
Farina et al. (2008). It indicates the degree of homogeneity of
muscle activation, with higher values corresponding to a
more uniform distribution of the RMS values over the
electrode matrix [20]. It is important to notice that a decrease
in the ME and an increase in CoV, respectively, represents an



increase in the heterogeneity of the spatial distribution of the
electrical potentials recorded by the electrode matrix [27].

Muscle activation level was assessed using the 32 absolute
RMS values (i.e. referent to each channel) and categorised
into three levels of activation by the peak percentage of RMS
value, low (RMS peak < 33%), middle (33.3% > RMS peak
< 66.6%) and high (RMS peak > 66.6%), following the
methodology published by Watanabe et al. (2012b) [37]. All
variables (normalised RMS, normalised MDF, CoV, ME and
level of muscle activation) were calculated over time using
0.5-s rectangular windows without overlap. Mean values
were obtained for 0 — 5s, 5.5 — 10s, 10.5 — 15s, 15.5 — 20s
and 20.5 — 25s of the contraction time.

The graphical representation of the spatial distribution for
the absolute RMS value of the signal of the HD-sEMG was
shown as a colour map (i.e. topographical map). For a
sharper picture, the absolute RMS colour maps were
interpolated by a factor of 8. However, only the 32 original
values (referent to each channel) were used for calculating all
the variables (normalised RMS, normalised MDEF, CoV, ME,
level of muscle activation).

2.5. Statistical Analysis

Statistical analyses were performed using R (R Core
Team, 2018) [38]. All data are provided as the mean and
standard deviation. The normality distribution of the data
was tested with the Shapiro-Wilk test. Subgroup comparisons
of normally distributed data were performed using a one-way
ANOVA followed by a Tukey post hoc test. For non-normal
data, we performed a Kruskal-Wallis test followed by
Dunn-Bonferroni post hoc. Statistical differences in
normalised RMS, normalised MDF, ME, CoV and number of
channels representing the muscle activation level were
analysed using two-way analysis of variance (ANOVA) with
repeated measures. The within-subjects factor was the time;
the between-subjects factor was the group (ie., HV,
No-DPN, DPN). Tukey pairwise comparisons followed
significance revealed by ANOVA. Residuals were analysed
graphically to assess the normality assumption. The
significance level adopted was 0.05.

3. Results

There was no significant difference between the groups
when analysing gender distribution, height, weight, BMI, and
subcutaneous tissue thickness (Table 1). There were also no
statistically significant differences in the duration of diabetes
and glycated haemoglobin (HbAlc) between the diabetes
subgroups. Subjects with No-DPN were, however, older
compared to HV (p = 0.01).

Figure 3 shows a representation of the RMS spatial
distribution of the HD-sEMG as a colour map (ie.

topographical map), at selected intervals, during submaximal
isometric ankle dorsiflexion of an individual from each study
group. In the DPN subjects, there is a large area with low
RMS values. This is also shown in the graph with the number
of channels categorised into low, middle, and high muscle
activation levels in Figure 4. At low activation levels, the
post hoc analysis revealed that the number of channels was
significantly higher for the DPN group compared to the HV
group (p = 0.03). At middle activation levels, the post hoc
analysis revealed that the number of channels was
significantly lower for the DPN group compared to the HV
group (p = 0.02). At high activation levels, there was no
significant difference between the groups. In addition, there
was no significant difference in time for any groups at low,
middle, and high activation levels. Hence, the three
activation levels for each channel were illustrated only at the
0-5s time point in Figure 4.

Figure 3. Illustration of the spatial distribution of root mean square
(RMS) of  high-density electromyography
(HD-sEMG) shown as a colour map at selected periods during

values surface
sustained contraction of a healthy individual (HV), an individual
with type 2 diabetes (T2DM) without diabetic peripheral
neuropathy (No-DPN) and an individual with T2DM with diabetic
peripheral neuropathy (DPN).

SINY

SN

SIWY

0-3) (55-10)  (10.5-15)

Time (s)

(155-20)  (20.5-25)

Figure 4. The number of channels for three root mean square (RMS)
levels of high-density surface electromyography (HD-sEMG) signal
amplitude, at 0-5s. * p < 0.05 significant difference between the
groups.
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For the ME, there was a significant effect of time (p =
0.02) and group (p = 0.006) and no significant group-by-time
interaction (p = 0.99) (Figure 5(a)). The post hoc analysis
revealed that the ME in the DPN group was significantly (p =
0.005) lower than in the HV group. As for the effect of time,
there was a decrease in the ME value in the fourth period (p
= 0.02). For the CoV, there was a significant effect of group
(p = 0.003) and time (p = 0.03). The post hoc analysis
revealed that the CoV in the DPN group was significantly
higher than in the HV group (p = 0.002) (Figure 5(b)). As for
the effect of time, there was an increase in the CoV value in
the fourth period. There were no significant differences
between the No-DPN and the DPN groups for the variables
ME (p = 0.072) and CoV (p = 0.086).

For the normalised RMS, there was a significant
group-by-time interaction (p = 0.001), resulting in an
increase of the RMS magnitude with time in the DPN group
(Figure 5(c)). For the other two groups (HV and No-DPN),
the effect of time was not significant. For the normalised
MDF values, there was a significant decrease in the
magnitude with time for the three groups (p < 0.01) and no
significant difference between the groups (Figure 5(d)).

Figure 5. Graphics of the parameters analysed of high-density
surface electromyography (HD-sEMG) signals, at selected periods,
during sustained contraction of the groups: healthy volunteers (HV),
individual with type 2 diabetes (T2DM) without diabetic peripheral
neuropathy group (No-DPN) and individual with T2DM with
diabetic peripheral neuropathy (DPN). (a) Modified entropy (ME).
(b) Coefficient of variation (CoV). (c) Normalised root means
square (RMS). (d) Normalised median frequency (MDF). + p <0.01
group-by-time significant interaction. # p < 0.01 significant
difference in time compared with 0-5-s period. * p < 0.05

significant difference between the groups.
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For the MVIC, there was a significant effect on the group
(» = 0,018). The post hoc analysis revealed that the groups
No-DPN and DPN had significantly lower force compared to
HV (p = 0.04 and p = 0.02, respectively) (Figure 6).

Figure 6. Maximum voluntary isometric contractions of the groups'
healthy volunteers (HV), subjects with type 2 diabetes (T2DM)
without diabetic peripheral neuropathy (No-DPN) and individuals
with T2DMwith diabetic peripheral neuropathy (DPN). * p < 0.05
significant difference between the groups.
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4. Discussion

This study aimed to evaluate the spatial distribution of the
HD-sEMG signals in the TA muscle in healthy volunteers
compared with diabetic individuals with and without DPN.
To the best of our knowledge, this is the first study to
evaluate alterations in the topographic maps of the TA
muscle of individuals with DPN. Watanabe et al. [37] have
previously evaluated changes in the topographical maps in
subjects with T2DM in the wvastus lateralis muscle.
Nevertheless, the degree of DPN was not assessed. In
addition, it is essential to emphasize that the vastus lateralis
muscle has a greater proportion of type II fibres, which are



more resistant to changes caused by DPN [10]. On the other
hand, the TA muscle has a higher proportion of type I muscle
fibres, which are more sensitive to changes caused by
diabetes and DPN [9].

The main results were: (1) higher CoV and lowered ME in
DPN subjects, (2) increase in the normalised RMS value with
time in subjects with DPN and decreased normalised mean
MDF over time in all groups and (3) lower MVIC force in
patients with diabetes compared to HV (Table 1). These
results confirm the hypothesis that there is increased
heterogeneity in the spatial distribution pattern of muscle
activation in individuals with diabetes with and without
DPN. Watanabe et al. 2012b also found changes in the
homogeneity of the spatial distribution of topographic maps
in the vastus lateralis muscle in T2DM individuals but did
not account for the presence of DPN [37].

The heterogeneity in the spatial distribution of HD-sEMG
potentials observed in DPN subjects can be explained by a
greater number of electrodes with low (RMS peak < 33%)
than high RMS values (RMS peak > 66.6%). In contrast,
considering the HV group, the RMS values were closer to the
mean value (33.3% > RMS peak < 66.6%). The
heterogeneity in the spatial distribution of HD-sEMG
potentials can be explained by spatial inhomogeneity in the
location of different types of muscle fibres and a clustering
of muscle fibre innervated by one MU in a limited territory
[21]. Therefore, as the spatial distribution may reflect the
recruitment of MU, we could assume that patients with DPN
are recruiting a limited number of MUs. These findings agree
with Allen et al. (2013a), who found that subjects with DPN
recruited fewer MUs during submaximal isometric
contractions [13].

The heterogeneity of the HD-sEMG potential distribution
can also result from early muscle fatigue [20,21]. Although
all participants maintained the level of force during 30-s,
subjects with DPN demonstrated early indications of
myoelectric manifestation of muscle fatigue (e, a
significant increase in RMS and decreased MDF over time)
[39,40]. Allen et al. (2015) also showed that individuals with
DPN have premature muscular fatigue during isometric
contractions of ankle dorsiflexion [41]. Furthermore,
Oberbach et al. 2006 showed that patients with T2DM have a
relatively higher proportion of fast-twitch muscle fibres (type
II) and a decrease in slow-twitch muscle fibres (type I,
responsible for muscle endurance) [9]. Thus, a combination
of altered muscle fibre composition and MU loss may
explain premature muscular fatigue in DPN subjects. Further
research is needed to establish the relative contribution of
muscle fatigue and MU loss on the changes in the spatial
distribution pattern of muscle activation.

We also found that subjects with diabetes (with and
without DPN) had significantly lower MVIC force than HV

subjects. This agrees with previous studies that have also
reported that muscle weakness affects patients in the early
stages of the disease [42]. Longer duration of diabetes and
chronic complications such as DPN resulted in more
significant loss of muscle force due to loss of MUs. The
reduction in the ankle dorsiflexion force is also associated
with plantar ulcers in DPN [43—46] and an increased risk of
falls [47-50].

Although there are significant differences in the force and
spatial distribution pattern of the topographic maps between
DPN and HV, there was no significant difference between
No-DPN and DPN subgroups. However, post hoc analysis
indicated suggestive evidence of a difference between
No-DPN and DPN groups since p values were close to 0.05
for the ME (»p = 0.072) and the CoV (p = 0.086).
Furthermore, since this study had a significant effect size
(0.4), the sample size estimate demonstrates that with an
increase of approximately five individuals in each group,
these parameters will probably also present statistical
differences for No-DPN and DPN.

The age difference between the groups could have
influenced these assessments; however, no significant
statistical differences were found within the groups when
considering age as a covariate. Thus, a more extensive study
with a matched sample of subjects is needed to confirm the
findings of this study.

5. Conclusions

This study showed that individuals with DPN recruit a
limited number of MUs, resulting in a reduction in the
isometric force of ankle dorsiflexion and myoelectric
manifestations of muscle fatigue. Also, we demonstrated that
the evaluation of changes in the spatial distribution of
HD-sEMG signals is a promising technique for identifying
neuromuscular alterations caused by DPN. These results
point to further research investigating the relationship
between abnormalities in HD-sEMG signals and clinical
assessments of DPN patients. Future studies could also
evaluate whether early targeted physical therapy intervention
guided by HD-sEMG could improve clinical outcomes.
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