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Abstract.
Background: The supplementary motor area (SMA) is implicated in both motor initiation and stereotypic multi-limb move-
ments such as walking with arm swing. Gait in Parkinson’s disease exhibits starting difficulties and reduced arm swing,
consistent with reduced SMA activity.
Objective: We tested whether enhanced arm swing could improve Parkinson gait initiation and assessed whether increased
SMA activity during preparation might facilitate such improvement.
Methods: Effects of instructed arm swing on cortical activity, muscle activity and kinematics were assessed by ambulant
EEG, EMG, accelerometers and video in 17 Parkinson patients and 19 controls. At baseline, all participants repeatedly started
walking after a simple auditory cue. Next, patients started walking at this cue, which now meant starting with enhanced arm
swing. EEG changes over the putative SMA and leg motor cortex were assessed by event related spectral perturbation (ERSP)
analysis of recordings at Fz and Cz.
Results: Over the putative SMA location (Fz), natural PD gait initiation showed enhanced alpha/theta synchronization
around the auditory cue, and reduced alpha/beta desynchronization during gait preparation and movement onset, compared
to controls. Leg muscle activity in patients was reduced during preparation and movement onset, while the latter was delayed
compared to controls. When starting with enhanced arm swing, these group differences virtually disappeared.
Conclusion: Instructed arm swing improves Parkinson gait initiation. ERSP normalization around the cue indicates that the
attributed information may serve as a semi-internal cue, recruiting an internalized motor program to overcome initiation
difficulties.
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INTRODUCTION

Parkinson’s disease (PD) is characterized by a
wide spectrum of motor and non-motor symptoms,
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in which loss of dopaminergic neurons plays a cen-
tral causal role [1]. The motor symptoms concern
bradykinesia together with either rigidity, rest tremor
or both [2]. In gait, bradykinesia is revealed by
reduced step length and reduced or absent arm swing
[3–5], while the slowness of locomotion may be rein-
forced by hesitations to start walking. Most disabling
is freezing of gait [6], which may not only occur at
the onset of walking but is also reflected in the abrupt
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inability to maintain the cyclic pattern of gait. An
environmental factor such as the transition to a nar-
row corridor or doorway may provoke freezing of gait
[7–10]. External stimuli, on the other hand, may also
help to overcome freezing [11–14]. These circum-
stances point at a more general feature of higher-order
motor dysfunction in PD: the enhanced impact of
external stimuli complements the impairment of self-
initiated movement [15–17]. This altered balance
between externally and internally driven actions is
consistent with 1) the contribution of the normal
(pre-)supplementary motor area (SMA) to internally
driven action [18–20] and 2) the finding that in PD,
this target region of basal ganglia-thalamic circuitry
is functionally affected [21–25]. Aside from this
SMA contribution to motor initiation, it has a well-
described role in multi-limb co-ordination [26–30],
which is also expressed in human bipedal walking
with anti-phase arm swing [31], a movement pat-
tern which is characteristically affected in PD. These
basic assumptions laid ground for the present study, in
which we aimed to particularly explore the role of arm
swing in the initiation of gait by assessing the relation
between cerebral activation, muscle activity and the
kinematic characteristics of actual movement in both
normal and PD-affected gait. A preliminary obser-
vation already indicated that forward arm extension
accelerates gait initiation in PD [32].

Studying the relation between cerebral and muscle
activities during overground walking requires ambu-
lant measurements, which can be done with ambulant
electroencephalography (EEG) in combination with
electromyography (EMG) of distinct indicator mus-
cles [33–36]. In addition, accelerometer recordings
enable demarcation of the onset of locomotion and
specific stages of the gait cycle. Analysis of event
related spectral perturbations (ERSP) in the EEG
enables the assessment of average dynamic changes
in power across the broad band frequency spec-
trum as a function of time relative to gait-related
events [37]. Alpha and beta-oscillatory activity play
a predominant role in the initiation and modula-
tion of motor activity, with a power decrease (event
related desynchronization, ERD) prior to and during
movement followed by post-movement rebound (i.e.,
event related synchronization, ERS) [38–40]. In PD
patients, less decrease of beta power in the motor cor-
tex prior to and during movement has been described
[41–44], while ERD could be restored by various
therapeutic strategies [44,45]. Consistent with these
PD-associated ERSP effects, we recently found a
reduced ERD over the putative SMA in healthy

participants when walking without arm swing, mim-
icking PD gait, compared to walking with arm swing
[31]. This ERSP study provided support for the con-
cept that arm swing may reflect an SMA-mediated
driving force in gait control. Indeed, the verbal
instruction to increase arm swing has been described
to normalize gait parameters in PD patients [46,47].

Kinematically, gait initiation concerns the transient
period between standing motionless and steady-state
walking, which typically takes three steps [48,49].
In PD patients, freezing of gait implies that the pos-
tural phase is prolonged, with delayed displacement
of the centre of gravity between shifting the weight
away from the intended swing side and toe-off in the
leading limb [50–53]. These kinematical changes are
associated with an EMG profile of reduced activation
of the tibialis anterior, soleus, vastus lateralis and gas-
trocnemius muscles [54, 55]. PD gait abnormalities
in the transition phase to steady state walking fur-
ther include reduced step length and step velocity,
increased stride-to-stride variability and prolonged
double support phase [56]. These altered gait param-
eters are related with reduced arm swing in PD [3–5,
57]. Assessing distinct characteristics of actual move-
ment and muscle activity in the lower and upper
limbs, with concurrent EEG recordings during gait
onset, thus provides an opportunity to specify the
relationship between SMA function, arm swing and
gait initiation in PD patients, while the comparison
with healthy participants may identify disease-related
changes in this relationship.

As stated above, the verbal instruction to increase
arm swing has been described to normalize gait
parameters in PD patients [46, 47]. At cortical level,
we hypothesized to find an enhanced contribution of
particularly the SMA mediating the instructed arm
swing to achieve improved gait initiation. For this rea-
son, while EEG was recorded at 32 sites covering the
entire scalp, the recordings over the putative SMA and
the midline representation of the legs on the primary
motor cortex (M1) were selected for detailed analy-
sis. During continuous gait, both M1 and the SMA are
implicated in directly driving the involved muscles
[31, 35, 58–67]. The stronger and more widespread
connections of the SMA with the motor field of
the contralateral cortex, compared to M1 [26, 68,
69], underscores the strong SMA involvement in the
coordination of multi-limb movements [27, 31, 70].
The latter is consistent with its involvement in (par-
ticularly anticipated) postural correction responses
[71]. During voluntary gait initiation, regardless of
whether it is cued by a strict instruction or entirely
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internally driven, the SMA is implicated in prepar-
ing the sequential order and timing of movements,
including the recruitment of embedded motor pro-
grams [16, 72–76]. Consistent with such function
is the association of reduced SMA activation in PD
patients with altered step initiation [77], reduced step
length and lost arm swing [25, 78], while a recent
meta-analysis of functional neuroimaging studies on
gait impairment in PD highlighted reduced SMA acti-
vation as one of the most consistent findings [79].

The acquisition of ambulant EEG and four-limb
EMG recordings during the preparation and actual
initiation of overground walking enables the assess-
ment of functional relationships between the SMA
and arm swing in facilitating the onset of gait. Even
more insight in such relationships can be obtained
by comparing the following three conditions: natural
gait initiation in healthy participants and PD patients,
together with gait initiation in PD patients following
the instruction of enhanced arm swing. By examin-
ing dynamic power changes in the EEG recordings
over the putative SMA and legs M1, EMG profiles of
lower limb muscles, and signals from movement sen-
sors, the effect of gait preparation with enhanced arm
swing on the efficacy of gait initiation can be deter-
mined. In this way we aimed to test the hypothesis that
the instruction to start walking with enhanced arm
swing will result in enhanced beta desynchroniza-
tion over the SMA prior to and during gait initiation,
which reflects a restored SMA function, and will con-
sequently facilitate and improve gait initiation in PD
patients.

MATERIALS AND METHODS

Participants

Nineteen healthy participants (9 males, 10
females) with median age (±interquartile) of 67
(±12) years and 17 PD patients (11 males, 6 females;
median age 67 ± 12 years) with self-reported trouble
initiating gait were included in the study. PD patients
were assessed in their end-of-dose state to minimize
medication effects. During the experiment, they did
not experience freezing of gait. All participants were
able to walk independently (for PD; Hoehn and Yahr
scale: Stage 2–3), had no cognitive problems (for con-
trols and PD median Mini-Mental State Examination
(MMSE): 29) and were right handed according to
the Annett Handedness scale [80]. The study was
executed according to the Declaration of Helsinki

(2013) and approved by the ethical committee of the
University Medical Centre Groningen.

Task and experimental set-up

Participants were instructed to start overground
walking for six meters at comfortable speed after
hearing an auditory beep. This was repeated 30 times.
The first (baseline) condition for both healthy con-
trols and PD patients concerned initiating gait without
additional instructions. Such simple instruction to
start in a natural fashion was given to avoid confu-
sion. The baseline gait initiation was practiced before
the formal onset of recording in order to accommo-
date with the procedures. After a short resting period,
PD patients performed a second condition for which
they had to walk with enhanced arm swing over the
same trajectory. Now, they were instructed that the
same auditory cue meant that they had to start with
enhanced arm swing as they stepped. The experimen-
tal condition always followed the baseline conditions
to avoid that the patients would become highly aware
of their reduced arm swing in the natural starting cir-
cumstance, which might enhance the risk of blocking
natural gait initiation.

During the two sessions, monopolar EEG was
recorded using a cap with 32 active Ag-AgCl
electrodes (EasyCap GmbH, Herrsching, Germany)
located according to the international 10–20 sys-
tem. Using active electrodes, amplification first takes
place at the electrode thereby considerably suppress-
ing potential artefacts in the EEG recordings due to
cable movements. The ground and reference elec-
trodes were located between Fz and Fpz and between
Cz and Fz, respectively. To further limit artifacts in
the EEG, participants were asked to relax face and
jaw muscles and to minimize eye blinks and swal-
lowing during data recording. Paired bipolar surface
Ag-AgCl EMG electrodes were bilaterally placed
on the tibial anterior, soleus, rectus femoris and
biceps femoris muscles according to the SENIAM
(http://www.seniam.org) guidelines, oriented parallel
to the muscle fibers with an interelectrode dis-
tance of 20 mm. To detect the actual movement
onset, heel strike and toe-off during the gait initia-
tion process, tri-axial accelerometers (Compumedics
Neuroscan, Singen, Germany) were placed on the
medial side of both ankles and over the L3 lum-
bar spine segment, using Velcro straps. For the trunk
accelerometer, orientation of the three accelerometer
axes, X, Y, and Z, when standing in the anatom-
ical position, was medial/lateral, superior/inferior,
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and anterior/posterior, respectively. This recording
enabled the detection of, e.g., forward bending pre-
ceding gait onset. The EEG, EMG, and accelerometer
signals were recorded at a sampling rate of 512 Hz
using a portable amplifier (Siesta, Compumedics
Neuroscan, Singen, Germany), synchronized with the
audio-video recordings and sent via WIFI to Profu-
sion EEG software (v. 5.0, Compumedics Neuroscan,
Singen, Germany) on a laptop and stored for later
analysis.

Gait analysis

Movement onset was determined using the
accelerometers placed over the left and right ankles.
All participants exhibited a sharp increase in signal
amplitude at movement onset which demarcated the
actual onset of locomotion (verified with synchro-
nized video). This moment was manually marked
as movement onset and it was noted whether par-
ticipants started with the left or right leg. The time
interval between the cue and movement onset was
subsequently calculated. Within this interval, the
moment of forward bending, which is regarded to
represent the onset of anticipatory postural adjust-
ment, could be accurately determined using the z-axis
(i.e., anterior-posterior) of the tri-axial accelerometer
placed over the L3 lumbar spine segment and was also
verified with synchronized video.

The exact time-points of heel strike and toe off
were determined by an approach introduced by Sejdic
et al. [81], described in more detail by a recent paper
of our group [31]. Duration of the double support
phase (i.e., the time between heel strike and toe off)
and the swing phase (i.e., the time between toe off and
heel strike) were calculated for the first four steps.
To assess whether PD patients increased their step
length when starting with enhanced arm swing, the
relative step length of the first four steps was cal-
culated. Kinovea video analysis software (version
0.8.15, http://www.kinovea.org) was used to add grid
lines between the two initial contact points (i.e., the
heel strikes of the leading and trailing limb) to deter-
mine individual mean step length in pixels of the first
four steps for both conditions [82]. The leading limb
is the leg with which participants start a swing phase
first and the trailing limb is the leg that first goes
through a stance phase. For each PD patient, mean
step length in the condition of starting with enhanced
arm swing was divided by mean step length in the
condition of starting naturally to determine relative
step length of step one to four.

EMG data pre-processing and analysis

EMG data were pre-processed and analysed using
custom made scripts in MATLAB 2015a (The Math-
works, Inc., Natick, Massachusetts, United States).
Raw EMG data were high pass (10 Hz) filtered using
a finite impulse response filter, corrected for the delay
introduced by the filter and full-wave rectified. Sin-
gle trial envelopes were calculated for the filtered
and rectified EMG activity, and time warped to the
individual time interval between auditory beep and
the fourth heel strike (HS4) using linear interpola-
tion. After time warping, individual EMG envelopes
were expressed as percentage of the mean activity
recorded in the time frame during which that indi-
vidual was standing still (–4000 ms until –2000 ms
before movement onset). Subsequently, individual
average envelopes were derived for the leading limb
and the trailing limb. For all three conditions, an aver-
age EMG envelope of all four lower limb muscles was
determined for both leading and trailing limb, which
was then smoothed using a 10 ms moving average
window and plotted.

EEG data pre-processing and analysis

Pre-processing and analyses of EEG data were
performed in MATLAB 2015a (The Mathworks,
Inc., Natick, MA, USA) using EEGLAB 14 1 2b
(sccn.ucsd.edu/eeglab; Delorme and Makeig, 2004).
EEG recordings were cut into different task seg-
ments and down sampled offline to 256 Hz to speed
up computations. All data were high pass filtered
at 1 Hz using a finite impulse response filter with
zero phase shift. Powerline noise was regressed out
at 50 and 100 Hz using the Cleanline technique
(nitrc.org/projects/cleanline/). Channels exhibiting
substantial artefact were removed using the follow-
ing criteria: 1) channels with magnitude <30 or
>10.000 �V; 2) channels with kurtosis >5 standard
deviations from the mean; 3) channels uncorrelated
with neighbouring channels (r < 0.04) for more than
1% of the total time; 4) channels with a standard
deviation at least three times higher than other chan-
nels. These cut-offs were based on the work of [34].
The next step concerned re-referencing the data to
the average of the remaining channels (average 29,
SD 1, range 27–31). The EEG channel data from the
cleaned data sets were transformed into temporally
independent component signals using infomax inde-
pendent component analysis [83]. EEG data were
then epoched from 4000 ms before until 2000 ms

http://www.kinovea.org
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after time of movement onset to ease the identifica-
tion of movement related artefacts in the following
steps. DIPFIT functions within EEGLAB computed
an equivalent current dipole model that best explained
the scalp topography of each independent compo-
nent (IC). ICs were removed from the data for further
analysis if the projection of the equivalent current
dipole model to the scalp accounted for less than 80%
of the IC scalp map variance [84] or if the topog-
raphy and time-course of the IC were reflective of
eye movement artefact [85, 86]. Because EEG during
locomotion is prone to artefact contamination, power
spectra, ERSP plots and locations of the equivalent
current dipoles of the remaining ICs were inspected
for classification as electrocortical sources or mus-
cle sources. According to well-described methods,
the most influential ICs regarding these gait related
motion artefacts were optimally classified [34, 87,
88]. In our previous study, topographical maps, power
spectra and ERSP plots that were attributed to these
ICs such as motion artefacts and muscle sources are
further specified [31]. All ICs that were not classi-
fied as electrocortical sources were removed from
the complete continuous dataset, resulting in an aver-
age of 15 (SD 3, range 9–18) brain-related ICs per
participant used for further analysis. Afterwards, this
complete dataset was split into epochs from 4000 ms
before until 2000 ms after movement onset (i.e., gait
initiation) and from the moment of first heel strike
(HS1) until 2000 ms after HS1 (i.e., steps 2–4).

ERSP was calculated for these epochs using the
gain model [89], which is the default mode in
EEGLAB. Event related spectral power changes were
analysed by the ERSP index:

ERSP (f, t) = 1

n

n∑

k=1

(Fk (f, t))2

where for n trials, Fk (f,t) is the spectral estimate of
trial k at frequency f and time t. ERSP shows mean
time-frequency points across the input epochs, where
higher or lower spectral power differs from mean
power during standing still (4000 ms until 2000 ms
before movement onset) for gait initiation and from
four step cycles in the transition phase (HS1 until
2000 ms after HS1) for steps two, three, and four.
To align time points between auditory beep and HS1
across participants, single trial spectrograms were
computed for each participant and channel, and sub-
sequently time-warped to the individual mean time
interval between auditory beep and HS1 using the lin-
ear interpolation function available in the EEGLAB

toolbox. For steps two, three and four, a similar
method was used to time-warp single trial spectro-
grams to the individual mean time interval between
HS1 and HS4. Finally, the grand average mean ERSP
plots for Cz and Fz for all conditions were gener-
ated. To explore the possible influence of volume
conduction, ERSP plots of electrodes neighbouring
Fz and Cz were also generated, and presented in the
Supplementary Material.

To provide additional insight regarding the spatial
distribution of the most prominent phenomena found
in the ERSP analysis at the Cz and Fz electrodes, 32-
channel ERSP scalp distribution maps were made for
distinct time intervals around the auditory beep and
movement onset, respectively.

Statistical analysis

SPSS version 23 for Windows (IBM Japan Ltd.,
Tokyo, Japan) was used for statistical analysis of
participant and gait characteristics. To determine
whether data distributions met the assumption of
normality, histograms, Q-Q plots and measures of
skewness and kurtosis were examined. For non-
normally distributed data, i.e., age, length, weight
and MMSE, a Mann-Whitney U test was used to
compare between groups. Gender ratios between con-
trols and PD were compared using Fisher’s exact test.
To compare normally distributed independent data,
i.e., double support and swing phase duration of con-
trols and both PD conditions, independent t-tests were
used. To compare paired normally distributed values,
i.e., double support and swing phase durations for
PD starting naturally and with enhanced arm swing,
paired t-tests were used. To test whether there is a dif-
ference in step length between the two PD conditions,
a sign test was used.

MATLAB 2015a was used for comparing normal-
ized and time-warped EMG envelopes of the four
lower limb muscles between conditions. For com-
parison between controls and the two PD conditions,
a Mann-Whitney U test was used. To compare EMG
envelopes between naturally starting in PD and start-
ing with enhanced arm swing, a Wilcoxon Signed
Rank test was used. All p-values were corrected for
multiple comparisons using the Benjamini-Hochberg
false discovery rate [90,91]. To visualize event-
related perturbations, significant differences from the
baseline average gait cycle log spectrum were com-
puted with a permutation method [89]. Significant
ERSP differences between conditions were identified
using a nonparametric permutation method corrected
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Table 1
Demographic characteristics of participants

HC (N = 19) PD (N = 17) p-value

Age (years) 67 ± 12 67 ± 12 0.452
Sex ratio (m/f) 9/10 11/6 0.335
Length (cm) 178 ± 19 178 ± 13 0.778
Weight (kg) 82 ± 17 77 ± 13 0.552
MMSE score 29 ± 2 29 ± 2 0.363
Years since diagnosis 4.5 ± 5.25
LED (mg) 750 ± 639

Values are expressed as median ± interquartile range. Mann-Whitney U tests were used
for statistical testing, except for gender differences where a Fisher’s exact test was used.
MMSE, Mini-Mental State Exam; LED, Levodopa Equivalent Dose; HC, healthy controls;
PD, patients with Parkinson’s disease.

for multiple comparisons using the false discovery
rate method available within EEGLAB 14 1 2b. To
compare between controls and the two PD conditions,
unpaired statistics were used while for comparison
between the two PD conditions paired statistics were
used. For all statistical tests an alpha level of 0.05 was
assumed.

Data availability

Obtained data are, on request, available from the
corresponding author.

RESULTS

The PD patients and healthy control partici-
pants were matched for age, sex, length and body
weight (see Table 1). PD patients had a median dis-
ease duration of 4.5 ± 5.25 years and were treated
with a Levodopa equivalent dose of 750 ± 639 mg
(median ± interquartile range).

Gait initiation; ERSP at Fz and Cz

In healthy control participants, a strong ERD in
the alpha/beta band (8–30 Hz) emerged at the mid-
line sites Fz and Cz (over the putative SMA and leg
M1, respectively) in the second part of the interval
between the starting cue and the actual onset of leg
movement, as recorded by the ankle accelerometers,
and continued during the subsequent swing phase
of this leg (Fig. 1). In PD patients, this ERD was
significantly reduced at Fz, both before and after
movement onset (p = 0.019; p = 0.016, respectively),
while at Cz such ERD reduction only reached sta-
tistical significance after movement onset (p = 0.032)
(Fig. 1). Details on statistical significance concern-
ing time intervals and frequency bands are provided
in Supplementary Figure 1. In the PD condition

with enhanced arm swing, the patient-related reduc-
tion in alpha/beta ERD significantly increased at Fz,
both before (p = 0.004) and after movement onset
(p = 0.003), thus virtually normalizing to controls. At
Cz, this increase of alpha/beta ERD only reached sta-
tistical significance after movement onset (p = 0.004).
Moreover, the onset of the pre-movement beta ERD
(12–30 Hz), recorded at both Fz and Cz, occurred ear-
lier when PD patients were instructed to start walking
with enhanced arm swing, compared to either start-
ing without such instruction or to healthy controls
(Fig. 1). ERSP scalp maps additionally illustrate the
characteristic alpha/beta ERD alterations over time
for the three conditions at Fz (Fig. 2), of which par-
ticularly the PD-related changes around movement
onset were also obvious in sensorimotor and lateral
frontal areas. In order to provide background infor-
mation illustrating that the effects at Fz are unlikely
due to, e.g., volume conduction from particularly
recording sites C3 and C4 at lateral motor regions,
ERSP plots obtained from electrodes neighbouring
Fz and Cz are presented in Supplementary Figure 2.

An intriguing observation was that around the time
of the auditory cue, only in the PD patients a clear
ERS in the theta/alpha (4–12 Hz) range occurred at
both Fz and Cz when the patients had to start walk-
ing in a natural fashion, i.e., without additional arm
swing (Fig. 1). This cue-related power change was
neither seen in the control participants (Fz p = 0.005;
Cz p = 0.004) nor in the PD patients after the instruc-
tion was given that the cue implied starting with
enhanced arm swing (Fz p = 0.005; Cz p = 0.018) (see
also the scalp maps, Fig. 2).

Gait initiations; EMG activity and behavioural
parameters

When gait is started, the rectus femoris muscle of
the leading limb is one of the first lower limb muscles
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Fig. 1. ERSP plots of gait initiation. Group averaged dynamic changes across the EEG frequency spectrum from electrodes over the putative
supplementary motor area (A) and the motor cortex of both legs (B) during gait initiation in healthy controls (HC), Parkinson patients starting
according to normal baseline instruction (PD norm) and Parkinson patients starting with enhanced arm swing (PD swing). Event related
desynchronization (ERD) is illustrated in blue and event related synchronization (ERS) in red. Vertical lines mark the occurrence of the beep
(CUE), movement onset (MO) and first heel strike (HS1). Non-significant changes (p > 0.05) are set to 0 dB (green). ERSP, event related
spectral perturbations; dB, decibel

that becomes activated to initiate the swing phase.
Natural gait initiation in PD, without additional
instructions, revealed reduced EMG activity of this
index muscle prior to movement onset compared
to healthy controls (p = 0.017), while the interval
between the auditory cue and movement onset was
significantly prolonged (p = 0.049) (Table 2, Fig. 3).
Following the instruction to start walking with
enhanced arm swing, rectus femoris EMG activity
of the patients significantly increased (p = 0.019) and
normalized to controls (Fig. 3). Moreover, movement
onset became earlier, with a cue-movement interval

which also normalized to that of the healthy control
subjects (Table 2). The interval between the cue and
forward bending, preceding movement onset, was
also prolonged in the patients compared to healthy
controls (p = 0.041) and became shorter following
the instuction of enhanced arm swing. However,
the ratio of the cue-bending interval relative to
the cue-movement interval remained similar in the
three conditions (around 0.66) (Table 2). Although
the observed effects on muscle activity were most
pronounced in the rectus femoris muscles of both
leading and trailing limb, they were also observed
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Fig. 2. ERSP scalp distribution maps during gait initiation. Group averaged topographic distribution of the event related spectral perturbations
(ERPS) over the entire scalp (32 channels) during gait initiation in healthy controls (HC, upper row), normal baseline starting in Parkinson
patients (PD norm, middle row) and Parkinson patients starting with enhanced arm swing (PD swing, lower row). Regarding the multiple
stages of gait initiation, the three most prominent time-intervals, characterized by distinct frequency bands recorded at Fz and Cz electrode
were selected, i.e., the interval between 100 ms prior and 100 ms after the auditory cue (CUE), the 500 ms interval preceding movement
onset (MO) and the interval between MO and first heel strike (HS1). Event related desynchronization (ERD) is illustrated in blue, event
related synchronization (ERS) in red. dB, decibel

during movement onset in the tibialis anterior, soleus
and biceps femoris muscles of the leading limb
(Fig. 4). During the first step following movement
onset, rectus femoris EMG activity of PD patients in
the baseline condition remained reduced, particularly
around heel strike (p = 0.018). With enhanced arm
swing, this reduced agonistic EMG activity signifi-
cantly increased around both toe off (p = 0.019) and
heel strike (p = 0.003) (Fig. 3).

EMG activity of the upper-limb deltoideus mus-
cle showed small differences between baseline PD
and healthy controls: 1) anterior deltoideus activ-

ity was slightly lower after movement onset, but
only reached a significant difference around the
first heel strike (p = 0.039), while 2) posterior del-
toideus activity in baseline PD was significantly
lower both around movement onset (p = 0.033) and
first heelstrike (p = 0.018) (Fig. 5). The instruction
of enhanced arm swing in PD indeed resulted in a
significant increase of deltoideus EMG activity after
movement onset, with an alternating activity pattern
for the anterior and posterior muscle groups (Fig. 5).
Now, EMG activity in PD exceeded that in healthy
controls, which was most pronounced in the anterior
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Table 2
Spatiotemporal gait characteristics based on accelerometer data and video recordings

HC PD norm PD swing

A) Duration (ms)
1) Double support phase

CUE-MO interval 928 ± 115a 1015 ± 136 961 ± 118
CUE-BEND interval 606 ± 72a 684 ± 101 650 ± 110
CUE-BEND/CUE-MO 0.65 ± 0.03 0.67 ± 0.03 0.67 ± 0.03
Step 1 174 ± 46ab 249 ± 64 215 ± 61
Step 2 165 ± 38a 205 ± 73 194 ± 81
Step 3 162 ± 41ab 203 ± 69 202 ± 70

2) Swing phase
Step 1 685 ± 147 656 ± 154 609 ± 202
Step 2 466 ± 72a 388 ± 91 437 ± 198
Step 3 450 ± 79ab 369 ± 117 373 ± 109
Step 4 442 ± 67ab 439 ± 94 347 ± 119

B) Relative step length PD swing/norm
Step 1 1.17 ± 0.37 c

Step 2 1.12 ± 0.22 d

Step 3 1.15 ± 0.22 d

Step 4 1.02 ± 0.16

The swing phase is the interval between toe-off and heel strike, while the double support phase is the interval
between heel strike and toe-off of the opposite leg. The interval measurements are obtained by accelerometer
recordings. PD swing/norm is the step length ratio of the two conditions, based on the video recordings.
Values are expressed as mean ± standard deviation, except for the relative step length which is expressed as
median ± interquartile range. adifference with PD norm, independent t-test. p < 0.05; b difference with PD
swing, independent t-test. p < 0.05; c difference p < 0.001, sign-test; d difference p < 0.05, sign-test. CUE,
auditory beep; MO, movement onset; BEND, forward bending; CUE-BEND/CUE-MO, ratio of the two
indicated intervals, no significant differences; HC, healthy controls; PD norm, Parkinson patients starting
according to normal baseline instructions; PD swing, Parkinson patients starting with enhanced arm swing.

Fig. 3. Rectus Femoris EMG activity of the leading limb during
gait initiation. Group averages of EMG activity, which are time-
normalized for the interval between the beep (CUE) and fourth
heel strike (HS4), are presented for the Rectus Femoris of the lead-
ing limb. The muscle activity is displayed as percentage increase
relative to the activity when standing still, given for the healthy con-
trols (HC, black), Parkinson patients starting according to normal
baseline instruction (PD norm, red) and Parkinson patients starting
with enhanced arm swing (PD swing, blue). Vertical lines mark the
mean group latencies of movement onset (MO) and first heel strike
(HS1). Beneath the activity curves, black squares display the time
points with significant differences between conditions (corrected
p < 0.05, Mann-Whitney U for independent data and Wilcoxon
Signed Rank for paired data).

deltoideus. Before movement onset, increase of EMG
activity occurred in both deltoideus muscle groups,
which was most pronounced in the anterior deltoideus
(p = 0.001). Although enhanced arm swing had no
effect on the duration of the leg’s first swing phase
in PD patients, the first step was made over a signif-
icantly larger distance (p < 0.001) (Table 2B), which
indicates that enhanced arm swing increases the step
velocity in PD.

First gait cycles; EMG and behavioural
parameters

During steps two, three and four, representing the
transition to regular gait, the reduced agonist EMG
activity of the lower limbs persisted in baseline gait of
the PD patients (Fig. 4). This agonistic activity nor-
malized towards that of healthy controls when PD
patients started walking with enhanced arm swing,
which was particularly seen during the first three
steps. These findings were most pronounced during
the double support phase prior to toe off, in the tibialis
anterior, soleus and biceps femoris muscles of lead-
ing and trailing limb. Significant reduction of rectus
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Fig. 4. Lower limb EMG activity during gait initiation and three subsequent steps. Time-normalized group averages of the electromyography
(EMG) activity of four lower limb muscles of the leading limb (A, C, E, G) and trailing limb (B, D, F, H) from the moment of the auditory
cue until fourth heel strike measured in healthy controls (HC, black), Parkinson patients starting according normal baseline instruction (PD
norm, red) and Parkinson patients starting with enhanced arm swing (PD swing, blue). Muscle activity is displayed as percentage increase
relative to mean muscle activity when standing still. Vertical lines mark mean group latencies of movement onset (MO), first until fourth heel
strike (HS4) and first until fourth toe-off (TO) relative to the auditory cue. Black squares beneath the EMG activity plots show time points
with significant differences between conditions (corrected p < 0.05, Mann-Whitney U for independent data and Wilcoxon Signed Rank for
paired data).

femoris activity in baseline gait of the PD patients,
when compared to controls, mainly occurred around
heel strike (step one, two, three). Rectus femoris
activity increased with enhanced arm swing gait both
around heel strikes and in the double support phase

prior to toe off. Baseline PD gait was further char-
acterized by a prolonged double support phase in
the first three steps (p < 0.001; p = 0.049; p = 0.044)
in combination with a shorter swing phase of step
two (p = 0.008), three (p = 0.021), and four (p = 0.002)
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Fig. 5. Deltoideus EMG activity of the leading arm during gait
initiation. Group averaged EMG activity, time-normalized for the
interval between the beep (CUE) and fourth heel strike (HS4),
of anterior and posterior deltoid muscle of the leading arm, mea-
sured in healthy controls (HC, black), Parkinson patients starting
according normal baseline instruction (PD norm, red) and Parkin-
son patients starting with enhanced arm swing (PD swing, blue).
Muscle activity is displayed as percentage increase relative to mus-
cle activity when standing still. Vertical lines mark mean group
latencies of movement onset (MO) and first heel strike (HS1).
The significance plots underneath the activity plots display black
squares at time points with significant differences between condi-
tions (corrected p < 0.05, Mann-Whitney U for independent data
and Wilcoxon Signed Rank for paired data).

compared to controls (Table 2A). This might be a
result of reduced step velocity and a shorter step
length, respectively. Only in the second step, walking
with enhanced arm swing in PD patients resulted
in a normalization of these alterations towards con-
trols. Step length, however, increased during the
first three steps (Table 2B, p < 0.001; p = 0.001;
p = 0.020, respectively), indicating an increased step
velocity in PD when walking with enhanced arm
swing.

First gait cycles; ERSP at Fz and Cz

ERSP at Fz and Cz during steps two, three and four
revealed a general step-related pattern of ERD-ERS
alternation in both the healthy control and the two
PD walking conditions (Fig. 6). The phase of the pat-
tern slightly differed for various frequency bands. At
Fz, ERD in the high-beta/low gamma bands (20–40
Hz) was prominent in all three conditions during the
double support phase, i.e., in the phase between heel
strike and lifting the toe of the other leg from the floor,
while it extended into the swing phase of particularly
the healthy participants. During double support, this
ERD at Fz was reduced in baseline PD gait, compared
to healthy controls (p = 0.027), while it significantly
increased in PD with enhanced arm swing, compared
to baseline PD gait (p = 0.006). Details on statistical
significance are provided in Supplementary Figure 3.
At the end of the swing phase, ERS was seen in
the high-beta/low gamma bands in healthy controls
and the two PD conditions, both at Fz and Cz. As
the steps two, three and four represent a transition
between gait initiation and stable gate, which was not
the primary scope of the present study, we refrained
from extensive ERSP descriptions for all possible fre-
quency bands. However, the above described EMG
and kinematical analysis of the transition data was
particularly informative because it provided infor-
mation about persistence of the improved onset of
PD gait with enhanced arm swing during this initial
walking stage.

DISCUSSION

The simultaneous acquisition of ambulatory EEG,
EMG, accelerometer, and audio-video recordings
provided data for optimal analysis of the temporal
relationships between cerebral and muscle activities
and actual movement onset during gait initiation. In
this way, we were able to demonstrate differences
between healthy subjects and PD patients, while the
beneficial effect of enhanced arm swing added to
the obtained insight in cerebral mechanisms under-
lying impaired gait initiation in PD. The latter was
associated with reduced preparatory and movement-
related ERD as well as reduced agonist lower limb
muscle activity at these two stages. Both ERD and
EMG activity virtually normalized to that of healthy
controls when the patients started walking with the
instruction of enhanced arm swing, while move-
ment onset became earlier. Moreover, increased ERS
occurred at the moment of the auditory starting cue
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Fig. 6. ERSP plots during step two, three and four. Dynamic changes across the EEG frequency spectrum from electrodes over the putative
supplementary motor area and the motor cortex of the legs during the transition steps two, three and four towards regular gait, in healthy
controls (HC, upper row), Parkinson patients starting according normal baseline instruction (PD norm, middle row) and Parkinson patients
starting with enhanced arm swing (PD swing, lower row). Event related desynchronization (ERD) is illustrated in blue and event related
synchronization (ERS) in red. ERSP, event related spectral perturbations; HS1, first heel strike; HS2, second heel strike; HS3, third heel
strike; HS4, fourth heel strike; dB, decibel.

only in the PD baseline condition, while this altered
electrocortical activity disappeared when PD patients
had to start with enhanced arm swing. The char-
acteristic alterations in electrocortical activity were
recorded at Fz and Cz, representing the putative SMA
and leg area of M1, respectively. We indeed acknowl-
edge that the effects at particularly Fz may arise from
a more extended medial frontal region, constituted
by a mixture of underlying sources. This is further
treated at the end of the discussion.

The inference that ERD power may generally
reflect cerebral activity associated with movement
preparation is a well-accepted concept [38–40].

Moreover, such activity has also been associated with
steady state walking, compared to standing [35, 36,
58] as well as gait adaptation compared to steady state
walking [67, 92]. Particularly the preparation-related
activity supports our conclusion that the observed
reduction of alpha/beta ERD power over the putative
SMA of PD patients when preparing baseline gait
initiation, together with reduced lower-limb agonist
muscle activity in the pre-movement phase, indeed
represents impaired preparation of gait, causing the
delayed movement onset in these patients. It would
thus highlight the involvement of a reduced SMA
function in difficulties of gait initiation. In PD, a



J.B. Weersink et al. / EEG of Parkinson Gait Initiation 1687

characteristic feature of cerebral electrophysiology
is the abrupt appearance of increased beta frequency
oscillations (13–30 Hz), both measured in the basal
ganglia and in the EEG [41, 71, 93, 94]. One might
consider that such synchronized activity has a poten-
tial counter effect on ERD that contributed to the
reduced ERD power demonstrated in our patients.

The gain in ERD power over particularly the puta-
tive SMA of the PD patients when following the
instruction to start walking with enhanced arm swing,
associated with increased agonistic muscle activ-
ity and earlier onset of actual walking, indicates a
functional restoration of this cortical region. In this
respect, the attentive use of enhanced arm swing
appears to have a therapeutic effect. A similar relation
between therapy and either a reduction of aberrant
beta oscillations or an increased ERD power has been
demonstrated for both dopaminergic medication and
deep brain stimulation [24, 44, 45, 71, 93–97].

The experimental condition in which PD patients
had to start with enhanced arm swing implied that the
auditory cue, which remained identical to the cue in
the baseline condition, was now labelled with a new
specific meaning. A remarkable observation, in this
respect, was the theta/alpha ERS that occurred over
the putative SMA around the time of the auditory
cue in only baseline PD gait initiation. This might
be consistent with similar ERS over the SMA, as
well as occipital regions, that has been reported in
the transition towards PD freezing of gait [98, 99].
This has been suggested to express difficulty in deal-
ing with conflict related signals [100, 101]. As PD
patients with gait initiation difficulties seem to over-
rely on visual information to compensate for a loss of
or altered kinaesthetic feedback [98, 102], enhanced
vulnerability for external cues may easily induce a
block of responses in case of multiple (non-aligned)
cues. This points at a similarity with enhanced dual-
task interference in PD [103]. Effective cues are
assumed to assist in prioritization during response
selection under conflict, e.g., by reducing the inter-
ference of salient environmental input and redirect
the focus of attention towards gait [104, 105]. In our
design, one may assume that the starting cue with
minimal contextual information in the baseline con-
dition, demands an internal search for context with
an increased risk of conflict between potential motor
options. As more context is provided in PD on how to
start walking, using the instruction for enhanced arm
swing, the risk of blocks due to (internal) response
conflict is reduced, which was indeed associated with
disappearance of the theta/alpha ERS. In other words,

in the condition with enhanced arm swing, the simple
auditory beep becomes a more informative semi-
internal cue that assists in this prioritization. The fact
that the theta/alpha ERS already emerges around the
cue may point at a component of anticipation on the
cue information.

Such ‘anticipation’ on the additional meaning of
the cue (enhanced arm swing), and not just antic-
ipating the auditory signal, is consistent with the
model that expectations are more critical for kinetic
improvement in PD than the actual sensory cue [106].
Additional context knowledge of the beep might thus
serve as a semi-internal cue, enhancing attention
towards gait initiation with recruitment of a stored
motor program, equivalent to the effect of external
cues [11–14]. Such ‘internally’ cued motor recruit-
ment is strikingly expressed by the responses of a
former football player with PD, suffering from severe
freezing of gait, who runs fluently when given a foot-
ball [107]. Higher-order ‘internal’ cuing also fits the
effect of verbal instructions to improve gait or gait
initiation by, e.g., imagining bicycling, which has
been shown to alleviate freezing of gait in PD patients
[108]. Similarly, verbal instructions to increase step
length enable normalization of gait parameters in
PD [46, 109]. These strategies have been regarded
to employ instructional sets and deliberate atten-
tion to specific elements of ‘normal’ walking that
may bypass basal ganglia circuitry and activate pre-
frontal and premotor areas to prepare the motor cortex
for locomotion [109, 110]. Consistent with such
mechanism, Nonnekes and co-workers proposed that
compensation strategies for freezing of gait might
involve the introduction of more goal directedness,
with use of motor programs that are less overlearned
[111]. It might be noticed, in this respect, that the
instruction to start walking with enhanced arm swing
was given only once, at the beginning of the series
of 30 starting trials. This implies that the instruc-
tion of enhanced arm swing was covertly repeated,
indicating that the auditory signal recruited a ‘mental
image’ of starting with enhanced arm swing, which
underscores the inference of a semi-internal cue.

A second mechanism to consider is that antici-
pating enhanced arm swing, independent from gait,
might be associated with enhanced SMA activity
during the preparation phase, which would more eas-
ily co-activate the legs cyclic movements. In this
respect, neural interactions at spinal cord and brain
levels underlying coupling of four-limb muscle activ-
ities during gait [112–114] might facilitate an extra
preparatory boost to lower limb activity by enhanced
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arm swing. The observed arm swing-related increase
of lower-limb muscle activity in PD during the prepa-
ration of gait initiation provides an argument for such
early brain - spinal cord interactions. At this level
of interactions, one may also consider that anticipat-
ing gait initiation with enhanced arm swing might
contribute to a forward shift of the center of grav-
ity in the PD patients, which would imply improved
anticipatory postural adjustment [115–117]. We did
indeed observe that forward bending followed the
cue faster when patients were instructed to start
with enhanced arm swing, but the fact that the ratio
between this interval and the time between the cue
and actual movement onset remained similar indi-
cates that improved anticipatory postural adjustment
was not an independent factor to explain this improve-
ment.

In the transition phase between the onset of move-
ment and steady state gait, the alternating ERD-ERS
pattern we found in healthy participants is in agree-
ment with the pattern described in previous studies
[35, 58, 59, 67, 118, 119]. A difference with healthy
participants was that in the PD baseline condition,
a reduced beta and low gamma ERD was present
over the putative SMA of the patients, similar to
the ERD reduction during gait preparation. This PD-
related reduction of ERD in the alternating ERD-ERS
pattern over this medial frontal region is consistent
with a reduced contribution of this region to effi-
cient four-limb movements [31]. A consequence of
such functional impairment of the putative SMA
may be that the leg M1 is challenged to make an
enhanced effort to organize the legs cyclic move-
ment pattern [31, 35]. The latter was indeed indicated
by the stronger high frequency ERD observed over
M1 in the present study. The theta/alpha ERS in PD
patients at the end of the swing phase may similarly
be seen as an indicator of reduced gait efficiency, as
it has been proposed to represent a control strategy
for postural stability during more complex walking
tasks in healthy participants [120–122]. The reduced
lower limb muscle activity and observed parameters
for reduced step length and velocity found in our PD
patients underscore such relation with reduced effi-
ciency [56]. As the aim of the present study was to
assess gait initiation, the established persistence of
the beneficial effect of enhanced arm swing during
the transition phase, revealed by improved muscle
activity of the lower limb muscles, increased step
length and velocity, adds to its value in gait initi-
ation. Also at cortical level, the increase of ERD
power over the putative SMA in PD patients with

enhanced arm swing provides support for its lasting
effect immediately after gait initiation.

As stated in the first paragraph of the Discussion,
the characteristic alterations in electrocortical activ-
ity that were recorded at Fz and Cz were inferred to
represent activity in the putative SMA and leg area of
M1, respectively. We thus acknowledge that the SMA
and M1 cannot be used as synonyms for the EEG
channels. Moreover, recordings from EEG channels
in movement studies are prone to artefact contam-
ination [84, 87, 88]. To address these issues, the
following methodological considerations are further
elaborated. Recently, several artefact rejection meth-
ods, such as ICA in combination with dipole analysis,
have been applied to study oscillatory activity during
walking [35, 84]. Due to the limited number of 32
electrodes in the present study, ICA was restricted
in extracting specifically movement artefacts. On the
other hand, it should be noted that similarity between
our data and prior results indicates that cautious data
pre-processing and critical evaluation of EEG pha-
sic changes yielded comparable data quality (see
also [31]). This is further supported by the observa-
tion that intra-cycle power modulations occurred in
a physiologically limited frequency band and not as
broadband activity. The latter would be expected in
case of motion-induced artefact contamination [87]
and particularly muscular artefacts due to activity of
the neck muscles [84]. In this respect, it should be rec-
ognized that the core findings of our study concerned
ERSP during the preparation of gait initiation, i.e.,
without overt movement.

When interpreting condition-related differences in
cortical activity, one needs to keep in mind that Fz
and Cz are located in near vicinity of each other on
the scalp, which implies that, while located above
the putative SMA and leg area of M1, the recorded
activity may result from a mixture of underlying
sources. For this reason, one cannot unequivocally
assign the observed effects to a distinct single brain
region such as the SMA. One might even oppose
that, due to volume conduction, the observed effects
at Fz may be attributed to bilateral arm representa-
tions of M1. Arguments against this option are that,
particularly in the pre-movement phase, effects are
stronger at Fz than at Cz. Moreover, also after move-
ment onset, effects at the recording sites FC1 and FC2
were smaller than the effects found at both Fz and the
lateral M1 sites C3 and C4, while FC1 and FC2 are
positioned in-between Fz - C3 and Fz - C4, respec-
tively. Finally, the scalp maps showed that especially
the ERS found at the moment of auditory beep was
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specifically derived from Fz, and was not present at
Cz, C3 or C4. For these reasons we regard it plausible
that the effects at Fz and Cz can be related to a medial
frontal region that includes the SMA. Future studies
with more EEG channels, enabling a higher spatial
resolution are necessary to further identify contribu-
tions of the SMA, pre-SMA and/or cingulate motor
cortex to the observed effects.

In conclusion, gait initiation of PD patients
improved when they were instructed to start with
enhanced arm swing. This improvement was associ-
ated with normalization of EEG, EMG and kinematic
parameters. The disappearance of excessive ERS
over the putative SMA, that was seen around the
auditory cue in baseline PD starting, might indicate
that the cue’s contextual information of enhanced
arm swing reduced potential response conflict, which
is enhanced in PD, with the consequence that the
auditory signal now served as a semi-internal cue
facilitating recruitment of a stored motor program.
Gain of ERD power over the putative SMA of PD
patients during the second part of the preparation
stage before the actual onset of movement, together
with normalization of reduced muscle activity, further
underscored the improved efficiency of preparing gait
initiation. Particularly the increase of agonist lower
limb muscle activity when preparing gait initiation
with enhanced arm swing indicates that preparing
arm swing may co-activate the intended cyclic move-
ments of the legs, mediated by a higher level of SMA
activation.
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nen T, Määttä S, Karhu J (2011) Corticospinal output and
cortical excitation inhibition balance in distal hand mus-
cle representations in nonprimary motor area. Hum Brain
Mapp 32, 1692–1703.

[67] Wagner J, Solis-Escalante T, Scherer R, Neuper C, Müller-
Putz G (2014) It’s how you get there: Walking down a
virtual alley activates premotor and parietal areas. Front
Hum Neurosci 8, 93.

[68] Rouiller EM (1994) Transcallosal connections of the distal
forelimb representations of the primary and supplemen-
tary motor cortical areas in macaque monkeys. Exp Brain
Res 102, 227–243.

[69] Ruddy KL, Leemans A, Carson RG (2017) Transcallosal
connectivity of the human cortical motor network. Brain
Struct Funct 222, 1243–1252.

[70] Serrien DJ (2008) The neural dynamics of timed motor
tasks: Evidence from a synchronization-continuation
paradigm. Eur J Neurosci 27, 1553–1560.

[71] Jacobs JV, Horak FB (2007) Cortical control of postural
responses. J Neural Transm 114, 1339–1348.

[72] Cunnington R, Windischberger C, Deecke L, Moser
E (2003) The preparation and readiness for voluntary
movement: A high-field event-related fMRI study of the
Bereitschafts-BOLD response. Neuroimage 20, 404–412.

[73] Deecke L, Kornhuber HH (1978) An electrical sign of
participation of the mesial ’ supplementary ’ motor cor-
tex in human voluntary finger movement. Brain Res 159,
473–476.

[74] Malouin F, Richards CL, Jackson PL, Dumas F, Doyon
J (2003) Brain activations during motor imagery of
locomotor-related tasks: A PET study. Hum Brain Mapp
62, 47–62.

[75] Richard A, van Hamme A, Drevelle X, Golmard JL,
Meunier S, Welter ML (2017) Contribution of the supple-
mentary motor area and the cerebellum to the anticipatory
postural adjustments and execution phases of human gait
initiation. Neuroscience 358, 181–189.

[76] Tanji J (2001) Sequential organization of multiple move-
ments: Involvement of cortical motor areas. Ann Rev
Neurosci 24, 631–651.

[77] Jacobs JV, Lou JS, Kraakevik JA, Horak FB (2009) The
supplementary motor area contributes to the timing of the
anticipatory postural adjustment during step initiation in
participants with and without Parkinson’s disease. Neuro-
science 164, 877–885.

[78] Sabatini U, Boulanouar K, Fabre N, Martin F, Carel C,
Colonnese C, Bozzao L, Berry I, Montastruc JL, Chollet F,
Rascol O (2000) Cortical motor reorganization in akinetic
patients with Parkinson’s disease: A functional MRI study.
Brain 123, 394–403.

[79] Gilat M, Dijkstra BW, D’Cruz N, Nieuwboer A, Lewis
SJG (2019) Functional MRI to study gait impairment in
Parkinson’s disease: A systematic review and exploratory
ALE meta-analysis. Curr Neurol Neurosci Rep 19, 19–49.

[80] Annett M (1970) A classification of hand preference by
association analysis. Br J Psychol 61, 303–321.

[81] Sejdic E, Lowry KA, Bellanca J, Perera S, Redfern MS,
Brach JS (2016) Extraction of stride events from gait
accelerometry during treadmill walking. IEEE J Transl
Eng Health Med 4, 1–11.
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