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Abstract

Introduction: Some people with Parkinson’s disease (PD) frequently have an unsteady gait with shuffling, reduced
strength, and increased rigidity. This study has investigated the difference in the neuromuscular strategies of people
with early-stage PD, healthy older adults (HOA) and healthy young adult (HYA) during short-distance walking.

Method: Surface electromyogram (sEMG) was recorded from tibialis anterior (TA) and medial gastrocnemius (MG)
muscles along with the acceleration data from the lower leg from 72 subjects—24 people with early-stage PD, 24
HOA and 24 HYA during short-distance walking on a level surface using wearable sensors.

Results: There was a significant increase in the co-activation, a reduction in the TA modulation and an increase in
the TA-MG lateral asymmetry among the people with PD during a level, straight-line walking. For people with PD, the
gait impairment scale was low with an average postural instability and gait disturbance (PIGD) score =5.29 out of a
maximum score of 20. Investigating the single and double support phases of the gait revealed that while the muscle
activity and co-activation index (Cl) of controls modulated over the gait cycle, this was highly diminished for people
with PD. The biggest difference between Cl of controls and people with PD was during the double support phase of
gait.

Discussion: The study has shown that people with early-stage PD have high asymmetry, reduced modulation, and

using wearable sensors.

higher co-activation. They have reduced muscle activity, ability to inhibit antagonist, and modulate their muscle
activities. This has the potential for diagnosis and regular assessment of people with PD to detect gait impairments
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Background

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder with gait impairment and posture dysfunc-
tion being common symptoms [1]. Reduced production
of dopamine neurotransmitter in the substantia nigra
leads to the excessive inhibition of the basal ganglia
loop which causes loss of habitual patterns associated
with walking [2] and decreased range of limb movement
[3]. Most of the people with PD are high-risk fallers,
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and often have an unsteady gait with shuffling, reduced
strength, and increased rigidity [4]. Often there is a
reduced pre-swing phase which is caused by decreased
plantar forces at the forefoot, resulting in reduced leg
acceleration during swing phase, stride length and gait
speed [5-7]. However, human gait is a result of a num-
ber of non-neurological factors such as skeletal deformi-
ties and it is possible to miss some of the gait impairment
symptoms in the early-stage of the disease.

The cycle of the repeatable movements during the gait
is defined as the gait cycle. The gait interval, also known
as stride interval [8, 9], is the time between subsequent
heel strikes of the same foot. It consists of two main sub-
phases: stance and swing. The stance phase begins with
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the heel strike and ends with toe-off of the same foot [10].
There are two double support, and one single-limb sup-
port parts of the stance phase [11, 12], followed by the
swing phase, when the foot is unsupported after the toe-
off [13].

Surface electromyography (sEMG) of gait has applica-
tions for diagnosis of conditions such as abnormal load-
ing response [14, 15] which in people with PD can lead
to postural instability [16]. It has also been reported that
they have lower gastrocnemius muscle activity during the
stance phase [17], reduced ability to modulate their acti-
vation pattern [18] and their activity is not steady [19].
People with PD also have reduced tibialis anterior (TA)
during the stance phase [17] and reduced TA amplitude
during late swing [20] which reflects the impairment
in motor control with limited control of foot and stride
length [21].

Lang et al. [22] reported that people with PD have
higher co-activation of agonist-antagonist muscles
around the ankle. Co-activation stabilizes the joints [23],
but excessive co-activation produces negative work,
reduced net torque and increased rigidity [24]. Ervilha
et al. [25] reported that the Co-activation Index (CI) is
obtained from the SEMG of the opposing muscles. While
CI increases with age and disease, in older adults it is
associated with an increase in the muscle activation dur-
ing mid-stance [26], but patients with PD have reduction
in the overall muscle activity. There is also a significant
change to CI over the different sub-phases of the gait for
older adults when compared to young [26] but this has
not been studied for people with PD.

People have a natural tendency to use one side of the
body in a voluntary motor task and is called lateral pref-
erence [27]. However, the gait of most people is generally
symmetrical. Patients with PD have higher gait asym-
metry [28, 29], but the associated changes in the muscle
activation strategy of the right and left leg muscles was
not found [30, 31]. One potential error in this could be
that the dominant side could have changed caused by the
onset of the disease [32]. To overcome this, Asymmetry
Index (AI) was introduced, where the ‘higher’ vs ‘lower’
sides were compared and significant gait asymmetry was
observed [19]. However, asymmetry differences between
different phases of the gait cycle has not been reported.

During walking and maintained posture, there is a
cyclic variation of the muscle activity of TA and MG
muscles in healthy people having high sSEMG modula-
tion index (MI) [33]. This conserves energy and provides
stability [19, 33]. A greater MI indicates a larger number
of motor units recruited and de-recruited and has a big-
ger range of activity [34]. People with PD have reduced
modulation while maintaining balance [22] but their MI
during gait has not been reported.
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The decline of Postural Instability and Gait Distur-
bance (PIGD), a sub score of the UPDRS-III is one of the
important parameters for monitoring the progression
of the disease. The aim of this experimental study was
to identify the neuromuscular differences between peo-
ple with PD with early-stage PIGD and controls during
walking using wearable sensors and suitable for a typical
clinic. We hypothesized that PD would exhibit asymmet-
rical muscle activity, reduced modulation, and increased
concurrent activation of muscles during regular walking.
This study has the potential for monitoring people with
PD for early detection of gait impairment before kine-
matic and clinical changes in gait are detectable.

Materials and methods

Participants

The study based on a statistical power of 80%, recruited
72 participants: 24 people with early-stage PD, 24 healthy
older adults (HOA) and 24 healthy young adult (HYA).
All people with PD were from the outpatient clinic at
Dandenong Neurology, Melbourne, Australia;, HOA
approximately matched the age and gender of the peo-
ple with PD and were from independent living aged-care
facilities and HYA were from RMIT University in the age
18-30 years. Patients with PD were in stage 1 of the dis-
ease. All participants reported themselves to be lower-
limb right side dominant through the questionnaire. The
demographic details are provided in Table 1.

The exclusion criteria for people with PD were clini-
cally observed or self-reported skeletal injuries, neuro-
logical or muscular-skeletal diseases other than PD, and
Movement Disorder Society Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) >50. People with PD were
of mixed phenotypes, and all were in their ON phase of
the medication cycle. HOA and HYA groups were chosen
such that the gender ratio (male: female) was like that of
the PD group.

Participant’s demographic data, medical history, psy-
chiatric history, current medication, and PD history
(duration, symptoms, previous medication time, progres-
sion) were collected. The severity of the motor symp-
toms of PD were assessed according to the guidelines
of the motor examination section of the MDS-UPDRS,
Hoehn and Yahr (H & Y) scale by the examiners who
were trained and supervised by Movement Disorder spe-
cialist. UPDRS III PIGD is the sum of sub-score com-
prising of arising from a chair (Item 3.9), posture (Item
3.13), gait (Item 3.10), postural stability (Item 3.12) and
bradykinesia (Item 3.14) [35]. The experiments were
conducted in accordance with the Helsinki declaration
on human experiments (revised 2006), and the protocol
was approved by RMIT University Human Research Eth-
ics Committee (BSEHAPP 22-15). The experiment was
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Table 1 The demographic details in mean (% SD) of three group—PD, HOA, HYA participants

PD HOA HYA p-value
Demographic variables PD and HOA
Age (Years) 7191+ 864 67.25+3.77 279141243 0.09
Gender (male/female) 17/7 17/7 18/6 1
Height (cm) 169.26 +8.89 166.544+8.20 161.334+4.26 0.13
Weight (kg) 81.25+£15.86 735841246 60.29+£8.07 0.09
Body mass index (BMI) (kg/m2) 28.47+£5.85 26.64£5.06 23.16+£3.06 0.25

Differences in age, height, weight and BMI were compared across the PD and HOA groups using Mann-Whitney U tests. Gender difference between PD and HOA was

performed using chi-squared test

Table 2 The clinical characteristics in mean (£SD) of people
with PD participants

Clinical variables PD

Disease duration (years) 4274315
Time since last medication (hours) 3.674+1.68
UPDRS Il 2569+£10.95
UPDRS PIGD subscore 529+£3.07
H &Y scale 2274094
Levodopa dosage mg/day 456.72+148.23
Range of H &Y scale 1-3

Tremor at rest (lower limb) 0.125+£0.33
UPDRS rigidity (Item 3.3) 1.16+0.83
UPDRS leg agility (Item 3.8) 1.27£0.19
UPDRS gait (Item 3.10) 1.08+£0.77
UPDRS postural stability (Item 3.12) 1414071
UPDRS body bradykinesia (Item 3.14) 1.04+£0.75

explained to the participants and their written informed
consent was obtained before the experiment. Table 1
shows the demographic details and Table 2 shows the
clinical details of the three groups. The average PIGD of
people with PD was 5.29 and H & Y of 2.27, which indi-
cates that these patients were in their early-stage of dis-
ease, without balance impairment.

Data recording

The effectiveness of using inertial movement sensors for
detecting gait events has been shown [36] and were used
to detect the sub-phases of the gait. A wireless Trigno
(Delsys, Boston, USA) system has one channel each for
acceleration, rotation and magnetic field and one channel
active electrode for surface electromyogram (sEMG) with
an inter-electrode distance of 20 mm, and bandwidth of
20-450 Hz. The maximum wireless operating range of
the sensor is 20 m. The sampling rate of the SEMG sig-
nals is 2000 samples/second, of the accelerometer and
gyroscope signals is 148 samples/second and of the mag-
netometer signals is 74 samples/second.

The electrodes were placed on the medial gastrocnemii
muscle (MG) and TA muscles of the left and right legs,
and the positioning was based on the SENIAM recom-
mendation. The accelerometer that was embedded in the
sensor placed in the TA muscle was used to compute the
gait intervals and studying the gait events which has been
described in our earlier work [37].

Experiment protocol

The protocol required the participants to walk along
a path marked on a level floor with white markers in a
clinic. To reduce confounding factors due to turning, only
the last segment with straight-line walking was consid-
ered in this study. The length of the straight-line walking
segments was greater than 2 m and all participants had
not less than 2 full bipedal gait cycles. The participants
walked at their own convenient pace. Assessments were
also video recorded for reference and second opinion. A
detailed description of the experiment protocol has been
reported in our earlier paper [38] in which the accelera-
tion data was analyzed to study the gait parameters for
different type of walking.

Pre-processing of the signal

Two full gait cycles were studied for each participant.
The recordings were pre-processed to remove noise. The
sEMG was filtered using 20-450 Hz, sixth-order But-
terworth band-pass filter. The envelope was obtained
using a root mean square (RMS) moving average with a
100 ms window and an overlapping of 10 ms. The noise
in the accelerometer and gyrometer was reduced using
a second-order bandpass Butterworth filter with cut-off
frequency 0.01-20 Hz.

Gait cycle identification

The gait cycle of each participant was calculated from the
acceleration and angular velocity curve obtained from
the sensor. The heel strike of the leg was identified as the
highest peak in the acceleration curve. The difference
between the two-consecutive heel strikes of the same leg
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was taken as a gait cycle. A detailed description of the
method has been reported in our earlier paper [38].

Normalization of SEMG features

sEMG amplitude, frequency and duration are affected
by many factors such as electrode placements, subcuta-
neous fat thickness, muscle fibre type and speed of the
actions. To reduce the inter-subject and inter-experiment
differences, amplitude normalization was done based on
the peak root-mean-square (RMS) during the gait cycle
for each individual and each muscle separately [39]. The
data was then normalized in the time domain such that
the complete gait-cycle corresponded to 100 data points
[39].

Gait and sEMG feature extraction

The computation of the gait sub-phase parameters has
been explained in detail [38]. Three sEMG features
were calculated—CI, MI and Al, and these have been
described below.

Co-activation index (Cl)
Cl is the measure of co-activation, and in this study, com-
puted from the normalized sEMG of both TA and MG
muscle. A larger value of CI denotes the simultaneous
activation of TA-MG muscles around the joint, which
can result in altered mechanical properties of the limb
[40]. A smaller value of CI corresponds to alternate acti-
vation of TA and MG muscle and is referred to as recip-
rocal inhibition [41].

The TA-MG CI was calculated by dividing the area of
TA-MG overlap by the total area of TA-MG muscle as
given in expression (1) [42].

__ Overlapping area of TA and MG muscle

Cl=
Area of TA muscle + area of MG muscle

CI was calculated for total gait cycle (0-100%), and the
sub-phases—1DS, SS, 2DS and SW.

Modulation index (Ml)
MI is the measure of the range of muscle activation and
was calculated from expression (2)

i — EMGomax — EMG i
EMG ax

%100 @)

where EMG,,,, is the maximum and EMG,,, is the
minimum RMS of SEMG activity. Linear envelope was
obtained using a root mean square (RMS) moving aver-
age with a 100 ms window and an overlapping of 10 ms.
A larger value of MI denotes that the muscles produce a
phasic burst of activity followed by relaxation and has a
bigger range of activity during the movement. Smaller MI
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indicates that muscle activity did not vary significantly
over the cycle [34].

Asymmetry index (Al)

Early-stage people with PD exhibit bilateral asymmetry
during walking. The tendency of the person to use one
side of the body in a voluntary motor task is called lat-
eral preference [27]. Bilateral muscle asymmetry was cal-
culated using Al as the absolute value from expression
(3) and as described by Bailey et al. [19]. After comput-
ing the EMG-RMS of TA and MG muscles for both legs,
the AI was calculated using expression (3), where leg 1
corresponds to the higher value of SEMG RMS and leg
2 corresponds to the lower value of SEMG RMS for each
sub-phases of gait.

legl

Al = 100 — | —== % 100
<leg2 i > ®)

Statistical analysis

The Shapiro—Wilk Test was performed for the demo-
graphic variables—age, height, and weight and data was
not found to be normally distributed (p<0.02). Chi-
squared test was performed for finding the gender differ-
ence between PD and HOA. Differences in age, height,
and weight were compared across the PD and HOA
groups, and height and weight between HOA and HYA
using Mann—Whitney U tests after testing the normal
distribution using Shapiro Wilk Test. No statistically sig-
nificant differences were found for either of the 2 tests.
Kruskal-Wallis test without Type I correction was used
to check for the difference between PD, HOA, and HYA
based on CI, Al and MI obtained from sEMG [43]. Bon-
ferroni post-hoc test was then performed to identify the
difference between the three groups. Spearman correla-
tion was performed to study the relation between sEMG
features and clinical parameters. The patients were
grouped into two groups based on the H & Y stages: PD
1 with H & Y between 1 to 2 and PD2 being patients with
H & Y in the range between 2.5 and 3. Out of 24 patients
with PD, 15 were classified as PD1 and 9 as PD2. The cri-
teria for correlation used were—weak (values of 0.25—
0.50), moderate (values of 0.50—0.75), and strong (values
of 0.75 and above) [44].

Results

There was no statistically significant difference for each
demographic variable: age (U=169, p=0.09), height
(U=176, p=0.13), weight (U=162, p=0.09) tested
using Mann—Whitney U test. There was a small, and
insignificant difference of age and weight between HOA
and people with PD. Being statistically not significant,
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Fig. 1 Plot showing the average sEMG profiles with the standard deviation bars of TA muscle between a PD and HOA subjects, b PD and HYA
subjects, ¢ HOA and HYA subjects for sub-phases of gait cycle (first double support (1DS), single support (SS), second double support phase (2DS)
and swing (SW) phase)

these differences were within the acceptable range for the
experiments.

Figure 1 shows the sSEMG profile of TA muscle for peo-
ple with PD, HOA and HYA groups. Visual observation

showed that TA muscle is more active in people with
PD during the SW phase of gait when compared to age
matched controls. TA was also found to be more active
among the HYA for all phases except the SS phase of gait.
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Figure 2 shows the SEMG profile of MG muscle for PD,
HOA and HYA groups. It was visually observed that for
people with PD, the MG muscle is less active compared
to the other groups during all phase of gait.

Co-activation of TA and MG muscle

The statistical test showed that there was no significant
difference between the two legs and hence the results
from only one side have been reported. From Fig. 3a and
b, it is seen that the average CI was higher for PD when
compared to the control group (HOA and HYA) for a
total percentage of gait and during different gait phases—
1DS, SS, 2DS and SW. Non-parametric Kruskal-Wallis
test shows that there is a statistically significant differ-
ence between the three groups—PD, HOA and HYA for
total CI (x*(2)=12.217, p=0.001), 1DS (x*(2) =13.698,
p=0000), SS (xA2)=6383, p=0047), 2DS
(x*(2) =8.201, p=0.021), SW (x*(2)=8.030, p=0.025).
Bonferroni post-hoc test was carried out between PD
and HOA and PD and HYA as shown in Table 3, with a
significance of p<0.05. Figure 3c shows that the average
CI was higher for different levels of severity—PD1, PD2
when compared to the age-matched control (HOA).

EMG modulation of TA and MG muscle

Total gait cycle average MI for TA muscle (Fig. 4a) was
66.19+12.3, 72.81+10.21, and 80.45+8.91 for peo-
ple with PD, HOA, and HYA participants respectively,
while for MG muscle (Fig. 4b), this was 71.13+14.3,
83.20+9.81, and 88.37 +7.64. Figures 4c and d show the
average MI of both TA and MG for the 4 sub-phases of
gait. Non-parametric Kruskal-Wallis test shows that
there is a statistically significant difference between the
three groups-PD, HOA and HYA for total MI-TA muscle
(x*(2) =6.654, p=0.046), 1DS (x*(2)=7.187, p=0.038),
SS  (xX*(2)=7.012, p=0.039), 2DS (x}(2)=7.458,
p=0.031), SW (x}(2) =7.569, p=0.029), for total MI-MG
muscle (x*(2)=6.090, p=0.048), 1DS (x*(2)=7.011,
p=0.039), SS (¥(2)=6.776, p=0.042), 2DS
(x*(2) =6.958, p=0.040), SW (x*(2)=6.980, p=0.040).
Bonferroni post-hoc test was carried out between PD
and HOA and PD and HYA for both MI-TA and MI-MG
muscle as shown in Table 3, all with a significance of
»<0.05. MI of people with PD for TA muscle was lower
for 3 sub-phases of gait (SS, 2DS, SW) and higher for
1DS. For MG muscle, the MI value was lower for all 4
sub-phases of gait (1DS, SS, 2DS and SW).

Asymmetric index

Figure 5 shows the average Al values for the full gait cycle
(a, b) and for the different sub-phases of gait (c, d) of TA
and MG muscle. People with PD had significantly higher
average Al for total gait cycle as shown in Fig. 5a and
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b, and all sub-phases (p<0.05), except during the 1DS,
as shown in Fig. 5¢ and d. People with PD had highest
asymmetry during the swing phase of gait. Non-paramet-
ric Kruskal-Wallis test shows that there is a statistically
significant difference between the three groups—PD,
HOA and HYA for total AI-TA muscle (x*(2)=5.987,
p=0050), SS (x(2)=6532, p=0044), 2DS
(x}(2) =6.459, p=0.045), SW (x*(2)=11.235, p=0.002),
for total AI-MG muscle (x}(2)=6.012, p=0.049), 1DS
(x*(2)=5.987, p=0.050), SS (x*(2)=6.776, p=0.042),
2DS  (X}(2)=6.459, p=0.045), SW (x*(2)=8.078,
p=0.026). Bonferroni post-hoc test was carried out
between PD and HOA and PD and HYA for both AI-TA
and AI-MG muscle as shown in Table 3, all with a sig-
nificance of p<0.05. We noticed a higher value of EMG-
RMS in left side for PD (17 patients out of 24), HOA (12
out of 24) and HYA (4 out of 24).

Seventeen people with PD (out of 24), 12 HOA (out of
24) and 4 HYA (out of 24) had higher left side activity,
even though they were all right side dominant for their
lower limb. Table 3 shows the statistical significance
value between PD and HOA, and PD and HYA groups for
the three SEMG features.

Correlation study between sEMG features and clinical
parameters

Table 4 shows the correlation coefficient and statistical
significance between total CI and MI of TA muscle with
clinical parameters. CI showed a strong positive and sig-
nificant correlation with UPDRS bradykinesia (Item 3.14)
and UPDRS PIGD, while MI of TA muscle was related to
UPDRS rigidity (Item 3.3), and UPDRS PIGD. There was
also a moderate significant correlation between UPDRS
IIT and MI of TA muscle, which may be because of other
sub-scores of UPDRS III. We have only considered strong
positive and significant correlation between MI of TA
muscle and UPDRS rigidity (Item 3.3), and UPDRS PIGD.
Increase in CI is associated with increase in gait impair-
ment, slowness in movement and postural instability.
Increase in MI-TA is associated with increase in rigidity,
gait impairment and postural instability. The MI of MG
muscle and AT of both TA and MG muscle were not sig-
nificantly correlated with clinical parameters and hence
have not been reported.

Figure 6 shows the scatterplot between the CI and the
clinical features. Figure 7 shows the scatterplot between
the MI-TA values and clinical features. The linear equa-
tion and correlation coefficient values for each plot have
also been provided.

From Fig. 6, it is observed that CI correlates strongly
with  UPDRS-PIGD,  UPDRS-Bradykinesia,  and
UPDRS-Gait, while there is moderate correlation with
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Fig. 2 Plot showing the average sEMG profiles with the standard deviation bars of MG muscle between a PD and HOA subjects, b PD and HYA
subjects, ¢ HOA and HYA subjects for sub-phases of gait cycle (first double support (1DS), single support (SS), second double support phase (2DS)
and swing (SW) phase)
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Table 3 The table showing the statistical significance (p)
between PD and HOA, PD and HYA for different EMG features

EMG features Gait cycle p-value p-value
PD and HOA PD and HYA
@ 1DS <0.001 <0.001
SS 0.042 0.015
2DS 0.030 0.024
SW 0.033 0.024
AI-TA muscle 1DS 0.057 0.049
SS 0.048 0.042
2DS 0.045 0.045
SW 0.003 0.002
A-MG muscle 1DS 0.052 0.049
SS 0.042 0.042
2DS 0.048 0.042
SW 0.03 0.024
MI-TA muscle 1DS 0.030 0.045
SS 0.042 0.033
2DS 0.036 0.027
SwW 0.039 0.021
MI-MG muscle 1DS 0.042 0.036
SS 0.045 0.039
2DS 0.048 0.033
SW 0.045 0.035

UPDRS-Posture and UPDRS-Rigidity. The correlation
between CI and UPDRS-III and H&Y was weak.

From Fig. 7, it is observed that MI of TA strongly corre-
lates with UPDRS-Rigidity, UPDRS-Gait, UPDRS-PIGD
and UPDRS-III, while there was moderate correlation
with UPDRS-Posture, UPDRS-Bradykinesia, and years of
disease.

Discussion

This study has investigated the differences in the muscle
activity of people with PD with low PIGD (average 5.29),
age-matched controls and young controls for the differ-
ent sub-phases of the gait cycle. Relative muscle activity,
co-activation index, SEMG modulation and gait asym-
metry during sub-phases of gait were compared between
groups. The observations are discussed below in four
sections.

Muscle activity profile of TA and MG muscle

In line with the literature, it was visually observed from
sEMG graph that the age-matched controls exhibit
greater activation of TA during midstance [26] while peo-
ple with PD have reduced activation of TA during stance
[17]. Sub-phase analysis revealed an increased activity
of TA during the early and mid-swing phases of the gait,
and RMS of MG was less during all gait phases for PD.
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Decline in the production of dopamine neurotransmit-
ter leads to the excessive inhibition of the basal ganglia
loop, and people with PD have loss of habitual patterns
associated with walking and postural control [45]. TA
muscle functions as the dorsiflexor of the foot and main-
tains balance during lateral transfer [46]. The impairment
in habitual actions, reduced postural control and limited
control of the foot leads to risk of falls [21, 22] which may
cause PD being unable to relax the TA.

Co-activation of TA and MG muscle

Our results are in line with similar literature, which stud-
ied when on treadmill, where it was reported that the
people with PD exhibit increased co-activation [17] com-
pared to controls, and older controls have higher CI com-
pared to young controls [20]. Increased co-activation is
reported as a neuromotor strategy when postural stability
is challenged [47].

This study has shown that for all groups, the 1DS had
the lowest CI, and it is highest CI during SS, which may
be explained in terms of the need for stabilization of the
muscles during that phase of gait [47]. CI of controls
(irrespective of age) modulated over the cycle, but this
was not the case in PD. It was also observed that the CI
was significantly higher for all sub-phases of gait for PD,
with the greatest increase during the 1DS (p<0.001).
This can be interpreted that people with PD, even with
low PIGD (5.29) appear to need extra ankle joint support
all the time, while controls need that only during the SS
phase.

There was a significant difference of CI between HOA
and PD1, HOA and PD2 (p<0.05). Excessive co-acti-
vation of the ankle muscle may be one of the causes of
gait impairment, and maybe the precursor to observable
symptoms. Increased co-activation of agonist-antago-
nist muscles results in an increased rigidity at the ankle
and impaired gait in people with PD [17] and increased
metabolic cost [48]. This would explain our results which
shows a strong correlation of co-activation with bradyki-
nesia and UPDRS-PIGD, which is a simple assessment of
balance and gait [49]. The high CI of PD in stage 1 shows
that there is the potential of using CI of the TA/MG for
early-stage diagnosis.

sEMG modulation of TA and MG muscle

MI describes the ability to activate and inhibit the mus-
cle as required for the movement [22]. The MI of sub-
phases of the gait reveals that for people with PD, MI for
TA muscle was lower in the 1DS phase, while MI for MG
muscle was lower during all sub-phases. The reduced
ability to regulate the muscle activation may be linked to
the impairment in the proprioceptive system [50], result-
ing in poor modulation of muscle [51].
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Another finding was that the MI-TA muscle strongly
correlated with the clinical features—rigidity, gait and
UPDRS-PIGD score. Lack of modulation of the mus-
cle activity may be an indicator of rigidity symptoms of
PD and cause reduced work efficiency. However, short
length of the walk could be a compounding factor as it
may cause cognitive loading, which could also contribute
towards reduced efficient management of muscle activity
[52].

Gait lateral asymmetry of TA and MG muscle

People with early-stage PD have higher gait asymmetry
[28], and increased Al [53] compared with HOA. Ours
is the first study where the sub-phases of gait have been
investigated.

As the first step, our results confirm that Al value of
people with PD is higher than HOA [53]. It also shows
that control participants Al is approximately the same
for all the sub-phases, while for people with PD, Al value
was significantly higher during the SW phase for TA
muscle and during SS and SW phase for MG muscle. PD

symptoms are not bilateral, and a bias towards the non-
dominant side [54] has been reported. People with PD
have increased “left hemisphere susceptibility;” in the left
nigrostriatal pathway, which is more affected than the
right, irrespective of handedness [55], commonly seen
in early stage of PD. This may have caused lower muscle
activity in the right lower extremity. The unsupported
phase of gait of people with PD is highly asymmetrical.
Increased asymmetry and reduced modulation of mus-
cle could be due to the reduced ability of basal ganglia
to generate repetitive and habitual movements [53], or
other factors such as modified spinal cord pathways.

Conclusion

The study has shown the importance of monitoring the
sub-phases of gait of people with early-stage PD to moni-
tor them for gait impairment. It has found a significantly
higher co-activation of the TA and MG muscles, reduced
modulation and increased asymmetry in early people
with PD compared with age-matched controls and young
controls. They have reduced muscle activity, ability to
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Table 4 Correlation study of EMG features and clinical features

Clinical variables Scale range Total CI Total MI-TA muscle
UPDRS postural stability (Item 3.12) 0-2 +0.620 (0.054) +0.677(0.023)
UPDRS rigidity (Item 3.3) 0-5 +0.674(0.011) +0.810(0.033)
UPDRS gait (Iitem 3.10) 0-3 +0.759 (0.002) +0.820 (0.002)
UPDRS body bradykinesia (Iltem 3.14) 0-3 +0.778 (0.006) +0.625(0.015)
UPDRS PIGD 0-20 +0.858(0.018) +0.788(0.012)

Year of disease 1-10 +0.554 (0.003) +0.687 (0.07)
H&Y scale 1-3 +0.347 (0.241) +0.578 (0.061)
UPDRS I 9-41 +0.388 (0.157) +0.738 (0.017)

The p (p-value)—Spearman correlation coefficients (p) is indicated with level of significance (p). The acronyms used in the table—UPDRS Ill—Unified Parkinson’s
Disease Rating Scale, UPDRS PIGD—UPDRS Ill Postural Instability and Gait Disturbance, H & Y Scale—Hoehn and Yahr scale

inhibit antagonist, and modulate their muscle activities,
which is most evident during the gait initiation phase.
While many people with PD had low posture and gait
difficulty scores (5.29+3.07/20), the difference in the
SEMG between PD and HOA was significant. This was for
both, people with stage 1 and stage 2 PD, indicating the
potential of its use for early detection of gait impairment
and subsequent monitoring of the progression for the

disease. This uses wearable sensors and has the advantage
over observing the gait parameter which may be affected
by number of other confounding factors. Another advan-
tage of this method is that this can be investigated dur-
ing a level, straight-line short distance walking inside an
office using wearable sensors. This has the potential for
early detection of gait impairment among people with PD
and prevent falls.
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Limitation of the study

This is a cross-sectional study and does not give direct
evidence of its applications for detecting or monitor-
ing early symptoms of the disease. There are three more
limitations of the present study: (i) short walking distance
and thus small number of gait cycles, (ii) only PD-ON
state patients were tested, and (iii) postural instability
was only assessed using UPDRS-PIGD score. The short
walking distance may be insufficient to investigate some
of the aspects of PD gait and may also contribute towards
cognitive loading. Medication can also significantly affect
the tonic state of muscle, where the difference may be
even greater in the OFF state of medication. Lastly, the
severity of the gait impairment was measured using
UPDRS-PIGD scores which are simple clinical assess-
ment measure for postural instability.

Acknowledgements

We acknowledge Dr Rekha Viswanathan and the staff of Dandenong Neurol-
ogy and Psychiatry Center, Victoria, Australia for their support for conducting
the experiments.

Authors’ contributions

SK—Data collection and analysis. SA—Statistical analysis and assessment.
SR—~Patient recruitment and clinical assessment. DK—Project management,
supervision and manuscript finalization. All authors read and approved the
final manuscript.

Funding
We confirm that the specific work was not funded.

Availability of data and materials
The de-identified data is available on the University database.

Declarations

Ethics approval

We confirm that all experiments were conducted in accordance with Helsinki
declaration (revised 2013). The details of the ethics approval are provided
within the manuscript.

Consent for publication
The participants in the study signed the ethics consent forms which permit
the use of the data for publication.

Competing interests
The authors confirm that there is no competing interest with the publication
of this manuscript.

Author details

'Biosignals Lab, School of Engineering, RMIT University, Melbourne, VIC, Aus-
tralia. 2Depar‘[ment of Electronics and Instrumentation, SRM Institute of Sci-
ence and Technology, Chennai, India. *Monash Health, Clayton, VIC, Australia.

Received: 2 December 2020 Accepted: 1 September 2021
Published online: 08 September 2021

References

1. Boonstra T, Kooij H, Munneke M, Bloem B. Gait disorders and balance
disturbances in Parkinson's disease: clinical update and pathophysiology.
Curr Opin Neurol. 2008;21:461-71.

20.

21.

22.

23.

24.

25.

26.

Page 14 of 15

Ringeval F, Eyben F, Kroupi E, Yuce A, Thiran J-P, Ebrahimi T, et al. Predic-
tion of asynchronous dimensional emotion ratings from audiovisual and
physiological data. Pattern Recognit Lett. 2015;66:22-30.

Snijders AH, van de Warrenburg BP, Giladi N, Bloem BR. Neurological gait
disorders in elderly people: clinical approach and classification. Lancet
Neurol. 2007,6:63-74.

Hausdorff JM. Gait dynamics in Parkinson'’s disease: common and distinct
behavior among stride length, gait variability, and fractal-like scaling.
Chaos. 2009;19:026113.

Nieuwboer A, De Weerdt W, Dom R, Peeraer L, Lesaffre E, Hilde F, et al.
Plantar force distribution in Parkinsonian gait: a comparison between
patients and age-matched control subjects. Scand J Rehabil Med.
1999;31:185-92.

Sofuwa O, Nieuwboer A, Desloovere K, Willems AM, Chavret F, Jonkers

. Quantitative gait analysis in Parkinson’s disease: comparison with a
healthy control group. Arch Phys Med Rehabil. 2005;86:1007-13.

Morris M, lansek R, Matyas T, Summers J. Abnormalities in the stride
length-cadence relation in parkinsonian gait. Mov Disord. 1998;13:61-9.
Umberger BR. Stance and swing phase costs in human walking. J R Soc
Interface. 2010;7:1329-40.

Wilhelm W, Eduard W. Mechanics of the human walking apparatus. Berlin:
Springer-Verlag; 1992.

. Mochon S, McMahon TA. Ballistic walking. J Biomech. 1980;13:49-57.
. Perry J. Gait analysis: normal and pathological function. Thorofare, NJ:

SLACKIng; 1992.

. Lamoreux LW. Kinematic measurements in the study of human walking.

Bull Prosthet Res. 1971;10:3-84.

. Gottschall JS, Kram R. Energy cost and muscular activity required for leg

swing during walking. J Appl Physiol. 2005;99:23-30.

. Mariani B, Rouhani H, Crevoisier X, Aminian K. Quantitative estimation of

foot-flat and stance phase of gait using foot-worn inertial sensors. Gait
Posture. 2013;37:229-34.

. Volpe D, Spolaor F, Sawacha Z, Guiotto A, Pavan D, Bakdounes L, et al.

Muscular activation changes in lower limbs after underwater gait
training in Parkinson’s disease: a surface EMG pilot study. Gait Posture.
2020;80:185-91.

. Hughes JR, Bowes SG, Leeman AL, O'Neill CJ, Deshmukh AA, Nicholson

PW, et al. Parkinsonian abnormality of foot strike: a phenomenon of
ageing and/or one responsive to levodopa therapy? Br J Clin Pharmacol.
1990;29:179-86.

. DietzV, Zijlstra W, Prokop T, Berger W. Leg muscle activation during gait

in Parkinson’s disease: adaptation and interlimb coordination. Electroen-
cephalogr Clin Neurophysiol. 1995;97:408-15.

. Milner HS, Fisher MA, Weiner WJ. Electrical properties of motor units in

Parkinsonism and a possible relationship with bradykinesia. J Neurol
Neurosurg Psychiatry. 1979;42:35-41.

. Bailey CA, Corona F, Murgia M, Pili R, Pau M, Cote JN. Electromyographical

gait characteristics in Parkinson's disease: effects of combined physical
therapy and rhythmic auditory stimulation. Front Neurol. 2018. https://
doi.org/10.3389/fneur.2018.00211.

Mazzetta I, Zampogna A, Suppa A, Gumiero A, Pessione M, Irrera F.
Wearable sensors system for an improved analysis of freezing of gait in
Parkinson’s disease using electromyography and inertial signals. Sensors.
2019;19:948.

Mitoma H, Hayashi R, Yanagisawa N, Tsukagoshi H. Characteristics of par-
kinsonian and ataxic gaits: a study using surface electromyograms, angu-
lar displacements and floor reaction forces. J Neurol Sci. 2000;174:22-39.
Lang KC, Hackney ME, Ting LH, McKay JL. Antagonist muscle activity dur-
ing reactive balance responses is elevated in Parkinson’s disease and in
balance impairment. PLoS ONE. 2019;14:e0211137-e0211137.

Latash ML. Muscle coactivation: definitions, mechanisms, and functions. J
Neurophysiol. 2018;120:88-104.

Busse ME, Wiles CM, van Deursen RW. Co-activation: its association with
weakness and specific neurological pathology. J Neuroeng Rehabil.
2006;3:26.

Ervilha UF, Graven-Nielsen T, Duarte M. A simple test of muscle
coactivation estimation using electromyography. Braz J Med Biol Res.
2012;45:977-81.

Schmitz A, Silder A, Heiderscheit B, Mahoney J, Thelen DG. Differences

in lower-extremity muscular activation during walking between healthy
older and young adults. J Electromyogr Kinesiol. 2009;19:1085-91.


https://doi.org/10.3389/fneur.2018.00211
https://doi.org/10.3389/fneur.2018.00211

Keloth et al. J NeuroEngineering Rehabil

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

(2021) 18:133

Carpes FP, Mota CB, Faria IE. On the bilateral asymmetry during running
and cycling—a review considering leg preference. Phys Ther Sport.
2010;11:136-42.

Park K, Roemmich RT, Elrod JM, Hass CJ, Hsiao-Wecksler ET. Effects of
aging and Parkinson'’s disease on joint coupling, symmetry, complex-

ity and variability of lower limb movements during gait. Clin Biomech.
2016;33:92-7.

Cole MH, Sweeney M, Conway ZJ, Blackmore T, Silburn PA. Imposed faster
and slower walking speeds influence gait stability differently in Parkinson
fallers. Arch Phys Med Rehabil. 2017,98:639-48.

Thaut MH, McIntosh GC, Rice RR, Miller RA, Rathbun J, Brault JM. Rhyth-
mic auditory stimulation in gait training for Parkinson’s disease patients.
Mov Disord. 1996;11:193-200.

Miller RA, Thaut MH, Mclntosh GC, Rice RR. Components of EMG sym-
metry and variability in parkinsonian and healthy elderly gait. Electroen-
cephalogr Clin Neurophysiol. 1996;101:1-7.

Ankaralt MM, Sefati S, Madhav MS, Long A, Bastian AJ, Cowan NJ. Walking
dynamics are symmetric (enough). J R Soc Interface. 2015;12:20150209.
Toney ME, Chang Y-H. The motor and the brake of the trailing leg in
human walking: leg force control through ankle modulation and knee
covariance. Exp Brain Res. 2016;234:3011-23.

Zehr EP, Chua R. Modulation of human cutaneous reflexes during rhyth-
mic cyclical arm movement. Exp Brain Res. 2000;135:241-50.

Heilbronn M, Scholten M, Schlenstedt C, Mancini M, Schollmann A, Cebi
I, et al. Anticipatory postural adjustments are modulated by substantia
nigra stimulation in people with Parkinson'’s disease and freezing of gait.
Parkinsonism Relat Disord. 2019. https://doi.org/10.1016/j.parkreldis.2019.
06.023.

Figueiredo J, Félix P, Costa L, Moreno JC, Santos CP. Gait event detection
in controlled and real-life situations: repeated measures from healthy
subjects. IEEE Trans Neural Syst Rehabil Eng. 2018;26:1945-56.
Rueterbories J, Spaich EG, Larsen B, Andersen OK. Methods for gait

event detection and analysis in ambulatory systems. Med Eng Phys.
2010;32:545-52.

Keloth S, Viswanathan R, Jelfs B, Arjunan S, Raghav S, Kumar D. Which
gait parameters and walking patterns show the significant differences
between Parkinson’s disease and healthy participants? Biosensors.
2019;9:59.

Ghazwan A, Forrest SM, Holt CA, Whatling GM. Can activities of daily
living contribute to EMG normalization for gait analysis? PLoS ONE.
2017;12:e0174670-e0174670.

Gribble PL, Mullin LI, Cothros N, Mattar A. Role of co-contraction in arm
movement accuracy. J Neurophysiol. 2003;89:2396-405.

Iwamoto Y, Takahashi M, Shinkoda K. Differences of muscle co-contrac-
tion of the ankle joint between young and elderly adults during dynamic
postural control at different speeds. J Physiol Anthropol. 2017. https://doi.
0rg/10.1186/540101-017-0149-3.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 15 of 15

Unnithan VB, Dowling JJ, Frost G, Volpe Ayub B, Bar-Or O. Cocontraction
and phasic activity during gait in children with cerebral palsy. Electroen-
cephalogr Clin Neurophysiol. 1996;36:487-94.

Siegel C. Nonparametric statistics for the behavioral sciences. New York:
McGraw-Hill; 1988.

Nocera J. Should gait speed be included in the clinical evaluation of
Parkinson’s disease? Adv Parkinson’s Dis. 2012;01:1-4.

Redgrave P, Rodriguez M, Smith'Y, Rodriguez-Oroz M, Lehericy S, Bergman
H, et al. Goal-directed and habitual control in the basal ganglia: implica-
tions for Parkinson’s disease. Nat Rev Neurosci. 2010;11:760.

Chan CW, Rudins A. Foot biomechanics during walking and running.
Mayo Clin Proc. 1994,69:448-61.

Lamontagne A, Richards CL, Malouin F. Coactivation during gait as an
adaptive behavior after stroke. J Electromyogr Kinesiol. 2000;10:407-15.
Moore |, Jones A, Dixon S. Relationship between metabolic cost and mus-
cular coactivation across running speeds. J Sci Med Sport. 2013;17:671-6.
Kelly VE, Johnson CO, McGough EL, Shumway-Cook A, Horak FB, Chung
KA, et al. Association of cognitive domains with postural instability/

gait disturbance in Parkinson’s disease. Parkinsonism Relat Disord.
2015;21:692-7.

Kurz E, Faude O, Roth R, Zahner L, Donath L. Ankle muscle activity modu-
lation during single-leg stance differs between children, young adults
and seniors. Eur J Appl Physiol. 2018;118:239-47.

Miranda Z, Pham A, Elgbeili G, Barthélemy D. H-reflex modulation preced-
ing changes in soleus EMG activity during balance perturbation. Exp
Brain Res. 2019;237:777-91.

Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC, Lehericy S, et al.
Goal-directed and habitual control in the basal ganglia: implications for
Parkinson’s disease. Nat Rev Neurosc. 2010;11:760-72.

Debaere F, Wenderoth N, Sunaert S, Van Hecke P, Swinnen SP. Cerebel-

lar and premotor function in bimanual coordination: parametric neural
responses to spatiotemporal complexity and cycling frequency. Neuro-
image. 2004;21:1416-27.

Barrett MJ, Wylie SA, Harrison MB, Wooten GF. Handedness and motor
symptom asymmetry in Parkinson’s disease. J Neurol Neurosurg Psychia-
try. 2011;82:1122-4.

Claassen DO, McDonell KE, Donahue M, Rawal S, Wylie SA, Neimat JS,

et al. Cortical asymmetry in Parkinson’s disease: early susceptibility of the
left hemisphere. Brain and behavior. 2016;6:200573-e00573.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.parkreldis.2019.06.023
https://doi.org/10.1016/j.parkreldis.2019.06.023
https://doi.org/10.1186/s40101-017-0149-3
https://doi.org/10.1186/s40101-017-0149-3

	Muscle activation strategies of people with early-stage Parkinson’s during walking
	Abstract 
	Introduction: 
	Method: 
	Results: 
	Discussion: 

	Background
	Materials and methods
	Participants
	Data recording
	Experiment protocol
	Pre-processing of the signal
	Gait cycle identification
	Normalization of sEMG features
	Gait and sEMG feature extraction
	Co-activation index (CI)
	Modulation index (MI)
	Asymmetry index (AI)

	Statistical analysis

	Results
	Co-activation of TA and MG muscle
	EMG modulation of TA and MG muscle
	Asymmetric index
	Correlation study between sEMG features and clinical parameters

	Discussion
	Muscle activity profile of TA and MG muscle
	Co-activation of TA and MG muscle
	sEMG modulation of TA and MG muscle
	Gait lateral asymmetry of TA and MG muscle

	Conclusion
	Limitation of the study
	Acknowledgements
	References


