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Abstract

Introduction
Dorsal-Root-Ganglion (DRG) stimulation has been proposed as a neuromodulatory strategy in spinal cord injury
(SCI) patients for the recovery of their impaired postural stability. A detailed evaluation of DRG stimulation-induced
effects on postural stability can be obtained by recording center of pressure (CoP) and muscle activity during
seated stability tasks, combined with the validated modified Functional Reach Test (mFRT). However, this particular
combination of experiments has not yet been used to quantify postural stability in SCI patients or the healthy
population. The aim of this study is to investigate postural stability in the healthy population utilizing a novel
experimental protocol, involving this combination of experiments, to serve as reference for SCI patients in the
upcoming long-term DRG stimulation study.

Methods
Twenty healthy volunteers participated in the experiments. CoP sway during upright sitting and multi-directional
leaning was determined from force plate recordings. Furthermore, functional arm reach was assessed with
the mFRT. Lastly, contribution of hip and trunk muscles was examined by retrieving muscle activation patterns
and intermuscular coherence from surface electromyography (EMG) recordings during multi-directional trunk
movements.

Results
During upright sitting an average root-mean-square CoP displacement of 1 mm, velocity of 4.5 mm/s and acceleration
of 175 mm/s2 was found. Maximum CoP displacements during multi-directional leaning were within 10 to 20
cm. Furthermore, the average functional arm reach was 50 cm in the forward direction and 30 cm in the lateral
directions. The contribution of hip and trunk muscles to multi-directional trunk movements consisted of antagonist
and contralateral muscle activation, accompanied by high intermuscular synchronization between 0-100 Hz for
most neighboring muscle pairs.

Conclusion
This study provides a detailed examination of postural stability in the healthy population. Some revisions of
the experimental protocol must be considered to reduce the amount of cross-registraton in EMG recordings.
Nevertheless, the data of this study is well suited to be employed as reference for the potential improvements in
postural stability in SCI patients during the upcoming long-term DRG stimulation study.
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1 Introduction

1.1 Postural stability in spinal cord injury patients

In the Netherlands, approximately 200 individuals suffer a traumatic spinal cord injury (SCI) each year.1 A SCI is
a devastating injury of the central nervous system (CNS) which could lead to loss of sensory and motor function,
combined with bowel, bladder and sexual dysfunction, spasticity and chronic pain.2 In thoracic or cervical SCI
patients, the sensorimotor function loss can occur in the legs, hip and trunk, resulting in an impaired seated
postural stability.3 Postural stability can be divided into two components, static and dynamic. Static postural
stability is the ability to keep the body in a sustained position, while dynamic postural stability is the ability to move
the body in several directions without losing balance.4

For SCI patients, a decline in both static and dynamic postural stability can lead to a variety of problems.
First of all, difficulties in maintaining an unsupported upright posture or performing unsupported trunk reaching
tasks can substantially limit their independence in daily activities. Furthermore, to regain stability, SCI patients
often employ compensatory strategies, which can lead to secondary health problems. Specifically, patients
utilize non-postural muscles, e.g. upper-limb muscles, to compensate for the impaired trunk muscles5,6 and tilt
the pelvis backwards to increase their base of support.7 This backward tilt often leads to a C-shaped kyphotic
posture, which in the long term can cause breathing problems, back pain, pressure sores and skeletal deformities,
including scoliosis when the SCI occured during childhood.8,9 These secondary health problems combined with
the impact on their independence, makes an improvement in static and dynamic postural stability one of the
highest priorities for SCI patients.2

1.2 Physiology of postural stability

Human postural stability is maintained by a complex combination of interactions between sensory information and
muscle action. These interactions are characterized by closed-loop feedback controlled by the CNS, consisting of
the brain and spinal cord.10 Figure 1 provides a simplification of the different interactions, roughly to be divided
in two types of feedback loops. One loop resides in the spinal cord and is reliant on proprioceptive feedback,
while the other loop resides in the brain and is reliant on the combination of proprioceptive, visual and vestibular
feedback. The proprioceptive feedback consists of direct muscle feedback from the muscle spindles and Golgi’s
tendon organs (1) and movement feedback from joint mechanoreceptors and cutaneous receptors (2).11,12 This
proprioceptive information enters the dorsal root of the spinal cord via the dorsal root ganglion (DRG), whereafter
the spinal reflex circuitry generates reactive motor output.13,14 Furthermore, the brain processes the combination
of vestibular, visual and proprioceptive information to generate supraspinal commands (3), which are send off to
the spinal circuitry.14 The interplay of these supraspinal commands and the feedback loops within the spinal
circuitry is essential for maintaining postural stability. After a SCI however, the supraspinal commands are
disrupted, while the spinal circuitry below the level of lesion is still intact. This intact spinal circuitry could serve as
a potential target for motor rehabilitation, while bypassing the supraspinal commands.15

1.3 Interventions to improve postural stability in spinal cord injury patients

Rehabilitation programs often consist of an intensive in-house rehabilitation during the first months after injury,
where patients are prepared for living with their disability at home. During this period, SCI patients are trained
in wheelchair propulsion, performing transfers, participating in daily activities and preventing falling, all requiring
sufficient static and dynamic postural stability. Furthermore, the wheelchair configuration is personalized in such a
way that an optimal static seated stability is achieved, while aiming for adequate freedom in movements (dynamic
stability) as well.
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Figure 1: Interactions in the neuromuscular system all involved in maintaining postural stability. These include the direct
muscle spindle feedback (1), movement feedback (2) and supraspinal commands (3). DRG = dorsal root ganglion.

Besides the conventional rehabilitation programs, novel approaches to specifically improve postural stability,
even multiple years after injury, have been suggested. These approaches include specific stability exercise
programs5,16,17,18,19,20,21,22,23,24 or neuromodulation systems targeting the intact spinal circuitry below the level
of lesion.25,26,27,28,29 As an example of this latter approach, this upcoming year, a long-term safety and efficacy
study on DRG stimulation in 10 motor-complete SCI patients will start. This type of neurostimulation, which is
already an accepted therapy for chronic pain, involves placing electrode leads directly on the DRG’s of specific
spinal levels. Electrical stimulation is applied on the DRG’s, which can potentially trigger the spinal circuitry to
enhance muscle activation. In the pilot study published recently, where the activation of the knee extensor, m.
Quadriceps, was targeted by placing the leads on level L4, three out of five patients reported an improvement of
postural stability after a subthreshold stimulation period.30 This feeling might be explained by the involvement of
spinal level L4 and its surrounding spinal structures in the activation of not only the knee extensor, but also some
trunk and hip muscles contributing to postural stability, including the lower back extensor m. Erector Spinae31 and
hip flexor m. Iliopsoas.32 Therefore, exploring this effect of DRG stimulation motivated an objective evaluation of
postural stability as a main study outcome for the upcoming long-term DRG-stimulation study.
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1.4 Experimental protocol to quantify postural stability

To design a experimental protocol for quantifying the DRG stimulation effects on postural stability during the
upcoming long-term DRG stimulation study, I conducted a literature review on postural stability quantification
methods previously employed in SCI stability research.33 Based on the findings in this review, we have decided to
design a experimental protocol involving

1. the assessment of center of pressure (CoP) sway,

2. hip and trunk muscle electromyography (EMG),

3. and the evaluation of functional arm reach with the modified Functional Reach Test (mFRT).

We expect that this combination of measurements will be feasible to carry out in a clinical setting (e.g. no other
rooms are needed besides a regular Clinical Neurophysiology examination room), and also will give us insight
in different relevant interactions involved in postural stability. To elaborate, measuring CoP sway reflects the
corrective trunk movements, muscle EMG measurements will give us insight in the action of the intact spinal
circuitry below the level of lesion in generating motor output and the mFRT can reveal functional stability in the
daily life setting.

1.4.1 Assessment of center of pressure sway

The measurement of center of pressure (CoP) displacements can be used to track the action of the human body
to regulate the body’s center of mass (CoM) within a base of support (BoS). For seated balance, the BoS is
defined by the area of contact between the upper legs and buttocks with the support surface. Figure 2 visualizes
the location of the CoP and the CoM in a simplified seated body in two non-static postures. The constant pull of
gravity at the resultant CoM (

∑
CoM, in green), which is the sum of the CoM of the two upper legs, lower legs

and upper body,34 requires continuous activity of the leg, hip and trunk muscles to prevent the body from falling.35

The activity of muscles causes changes in the net forces into the support surface and the location of this ground
reaction force (GRF) on the support surface is the CoP (in red). When the CoP and CoM are aligned and withing
the BoS, the body will remain in quasistatic posture.35 Movement of the CoP beyond the location of the CoM (as is
the case in figure 2b and c), however, will accelerate the body in the opposite direction, whether this is to initiatie
volitional movements or counteract unexpected disturbances of the CoM. Therefore, tracking the location of CoP
over time is thought to give insight in this stabilizing action of the CNS.
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Figure 2: Center of pressure (CoP, red dots) and center of mass (CoM, green dots) during seated balance. a) The
displacement of the CoP while changing trunk position in the anterior-posterior plane. b and c) Simplified seated balance
model during two non-static trunk positions (leaning forward in b and leaning backward in c).

∑
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∑
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∑
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that the body is accelerated in the opposite direction.
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Figure 3: Direction of resultant ground reaction
forces and torques as acquired by a force plate
and the anterior-posterior (cAP) and medial-lateral
coordinates (cML) of the centre of pressure (CoP)

A force plate can be used to track the CoP displacements over
time. A force plate measures the distribution of forces on its
surface and expresses these in three resultant ground reaction
forces and torques (Fx, Fy,Fz and Mx, My, Mz) acting at
the center of the force plate. Figure 3 shows the directions
of these forces and torques. The CoP location over time is
calculated by assessing the medial-lateral (ML) coordinate (cML)
and anterior-posterior (AP) coordinate (cAP) from the force plate
recordings, using

cML = My/Fz and (1)

cAP = Mx/Fz . (2)

1.4.2 Hip and trunk muscle surface electromyography

Surface EMG is a way of measuring the electrical activation of muscles by recording the difference in electrical
voltage between an active electrode, attached to the skin over the muscle of interest, and a reference electrode at
electrically inactive tissue (e.g. bone). The electromyogram is a summation of all motor unit’s end-plate potentials
in the area between these two electrodes.36 The down-fall of the signals acquired with surface EMG is that they
are highly influenced by artifacts (e.g. movement, electrocardiography artifacts), noise, volume conduction through
soft tissue (e.g. fat, skin) and cross-registration. Therefore, EMG signal amplitudes are highly dependent on
electrode placement, environmental factors, body composition and filtering.37 However, if performed correctly, the
electromyogram serves as a good measure for muscle activation by the motor nerves.
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1.4.3 Modified Functional Reach Test

The mFRT has been widely used in prior SCI stability research to assess functional stability.17,18,24,21,19 The test
originates from the Functional Reach Test, originally deployed to predict the risk of falling in elderly people. It has
been modified for patients who are not able to stand, including motor-complete SCI patients.38 The mFRT shows
a test-retest reliability of more than 0.8538 and a minimal detectable change of 4-5 cm,19 making it suitable for the
quantification of changes in functional stability over time.

1.5 Research objective

The simultaneous recording of CoP sway and muscle activity during seated stability tasks, in combination with the
mFRT, can provide a detailed evaluation of DRG stimulation-induced effects on both static and dynamic postural
stability in SCI patients. However, the proposed combination of experiments has never been done with SCI
patients or healthy individuals. Accordingly, prior to evaluating postural stability of SCI patients using this protocol,
a set of reference results needs to be gathered in a healthy population. Therefore, the aim of this research is to
use the proposed measurements to gain insight in postural stability of the healthy population, as preparation on
the interpretation of the similar acquired data in SCI patients during the long-term DRG stimulation study.

CoP sway and EMG will be recorded in healthy volunteers during two static tasks (sitting upright (1) and holding
leaned positions (3)) and two dynamic tasks (maximum leaning (2) and moving the trunk in a circular motion (4,
the sweep task)), which will be combined with one the mFRT (5). For comparison, three experiments will be
done with one SCI patient, including the upright-sitting task (1), maximum leaning task (2) and mFRT (5). The
experiments are aimed at answering the following research questions.

What is the CoP sway in a group of healthy volunteers and one SCI patient, when sitting upright (task 1) and
during maximum leaning (task 2)?

What are the outcomes of the mFRT in a group of healthy volunteers and one SCI patient (task 5)?

How does the activity of trunk and hip muscles contribute to postural stability in a group of healthy volunteers
during a static task, when holding the trunk in leaned positions (task 3), and during a dynamic task, when moving
the trunk in a circular motion (task 4)?

7



2 Methods

2.1 Participants

Ten healthy male participants, ten healthy female participants and one 32-year-old female SCI patient with a
motor-complete injury at spinal level T8 were included in this study. Table 1 provides an overview of participant
characteristics. The average age of the healthy subjects was 38. For future comparison, both groups of healthy
male and female subjects were matched on age with the group of ten SCI patients who participated in the pilot
studies of the long-term DRG stimulation study.30,39 For each matched pair, the age difference was chosen to be
maximum three years.

Table 1: Participant characteristics

Healthy subject Age (years) Gender (M/F) Weight (kg) Length (cm)
1 56 M 68 175
2 23 M 67 180
3 53 M 85 182
4 27 M 87 188
5 27 M 70 180
6 24 M 70 188
7 49 M 79 189
8 37 M 67 175
9 34 M 82 184
10 50 M 90 190
11 32 F 67 176
12 25 F 58 158
13 23 F 63 172
14 38 F 53 168
15 24 F 61 178
16 50 F 58 162
17 56 F 84 165
18 52 F 74 172
19 52 F 70 170
20 26 F 63 173

SCI patient
1 32 F - -

2.2 Experimental protocol

The experimental protocol consisted of five different seated stability tasks to examine static and dynamic postural
stability. The assessment of static stability consisted of the sitting-upright task (task 1) and the hold-in-target task
(task 3). Furthermore, dynamic stability was evaluated in the maximum leaning task (task 2) and sweep task (task
4) and functional reach was established in the mFRT (task 5). The SCI patient participated in three of the five
tasks, including the sitting upright task, maximum leaning task and the mFRT, being test experiments at a time
where the other two tasks were not yet included in the protocol. All tasks were performed with participants seated
on a force plate (AMTI, USA). Participants were instructed to cross their arms in front of the chest and the seating
surface was raised until feet were dangling for all tasks, except the mFRT. This was done to isolate the stabilization
behavior to the trunk as much as possible.23,25,40
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In figure 4 the measurement set-up is visualized to simultaneously acquire EMG and force plate during the tasks.
The force plate was mounted on a height-adjustable seating surface. Since SCI patients are at high risk for
developing decubitus wounds,8 the force plate was covered with an anti-decubitus cushion. This cushion did
not significantly affect the stability outcome measures, as seen in prior experiments.41 Two beds were placed
alongside the seating surface and a cushion was placed behind the force plate to provide support in the case
participants would lose balance. EMG and force plate data were simultaneously collected and stored for offline
analysis in an EMG cart at a sample frequency of 1000 Hz, using BrainRT electroencelography (EEG) software
(OSG, Belgium).

Furthermore, the force plate data was, besides being collected in the EMG cart, also collected by the desktop
via a data acquisition device (National Instruments, USA). On the desktop, a code was executed, written in Matlab
software (Mathworks, USA), to derive real-time CoP coordinates from the force plate data using equations 1 and
2. The real-time CoP location was displayed on the screen as visual feedback for the participants during the
maximum leaning, hold-in-target and sweep task. The start of measurements in each task was indicated by a
countdown on the screen. Furthermore, at the start and end of measurements, a transistor-to-transistor logic
(TTL) pulse was sent to the EMG cart to mark the timing of each task in the collected data.

Bed

Bed

Seating surface
Forceplate + 

cushion

Screen

Desktop

NI device

EMG

cart

EMG

data

Force plate 

data

TTL pulses

Live CoP 

visualization

Cushion

Figure 4: Measurement set-up and data flows. Electromyography (EMG, red data flow) and force plate (green data flow)
data are collected in the EMG cart. The force plate data is also collected by the desktop via the National Instruments (NI)
device, used to visualize real-time center of pressure (CoP) location feedback on the screen Transistor-to-transistor logic
(TTL) pulses (blue data flow) are generated by the desktop and sent to the EMG cart to mark the start and end of each task.
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Seated stability tasks

The upright-sitting task (task 1) was performed to evaluate static postural stability during an upright trunk posture.
Participants were asked to sit upright for 30 seconds while focusing on a red dot on a screen. Trials were repeated
three times.

Prior to the maximum leaning task, hold-in-target task and sweep task, participants were asked to sit upright
for 10 seconds to estimate natural CoP variability, used to calculate their baseline area. Figure 6 shows this
baseline area, serving as center of the real-time CoP visualization.

The maximum leaning task (task 2) was done to examine how far participants can lean in multiple directions
without losing balance, an important aspect of dynamic postural stability. Participants were instructed to move
their real-time CoP location in the indicated direction as far as they possibly could and then move back to their
baseline area (figure 6a), as similar to experiments of Chisholm et al.23 One trial consisted of eight directions
being presented in random order, 45 degrees apart. Trials were repeated three times.

The hold-in-target task (task 3) was designed to assess muscle activation in static postural stability when holding
leaning postures in multiple directions. Participants were instructed to move their real-time CoP location towards
a red target (figure 6b). The target turned blue when the CoP was within the target. Participants were asked
to maintain their CoP within the target for 30 seconds, where after the target turned green, being a cue for
participants to move back towards baseline area. One trial consisted of eight targets being presented around the
baseline area in random order, 45 degrees apart. The baseline-to-target distance was set to 0.5 times the mean
of the maximum right lateral CoP displacement, as determined from the maximum leaning task. During testing,
this choice for target location showed to result in a leaning position which needed some muscle effort, but was
achievable to hold for 30 seconds. Moving towards the target and moving from the target to baseline was kept
consistent by letting the participants count out loud till three during the leaning movements. Trials were repeated
three times.

The sweep task (task 4) was performed to evaluate muscle activation in dynamic postural stability during a circular
motion of the trunk. A circular moving target was visualized on the screen, and participants were instructed to
follow the target while keeping the CoP location in between two circles (figure 6c). The baseline-to-target distance
was the same as in the hold-in-target task. Participants were asked to follow the target for one-and-a-half rounds.
Two trials of counter clockwise rotation and two trials of clockwise rotation were performed.

Figure 5: Modified Functional Reach
Test (mFRT). Functional arm reach
was defined as the difference between
baseline and maximum reach position
(red arrow).

Functional arm reach was quantified using the mFRT (task 5). The
seating surface was lowered until participants could use the ground as
foot support to resemble daily life conditions. Participants were instructed
to reach as far as possible with their arms stretched horizontally. This was
repeated three times for reaching towards the right, towards the left and
reaching forward. For the lateral reaches, participants were instructed
to rest their non-reaching arm on their lap. For the forward reach,
participants were instructed to reach with both arms. To keep height of
both arms during forward reaching consistent, participants were given a
straight pipe to hold with both hands. Figure 5 shows how the functional
reach was measured. A ruler was placed on acromion height, and the
position of the tip of the digitus medius (middle finger) was marked during
upright sitting and after maximum reach. The functional reach was then
defined as the difference between the two marks.

10
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Figure 6: Visual center of pressure (CoP) location feedback during stability tasks. During the set-up period, where
participants were asked to sit upright for 20 seconds, a baseline area (boundary box) was calculated. Thereafter, for the
maximum leaning task in (a) and hold-in-target task (b), the leaning direction was showed on the screen (black dotted line)
and the participant was asked to move the real-time CoP location over the dotted line. This was repeated for all eight
directions (light grey dotted lines). For the sweep task (c), participants were asked to move the CoP location in a circular
motion by following a moving target.

2.3 Recordings

During all tasks, besides the collection of force plate data, surface EMG was collected bilaterally from five trunk
and hip muscles contributing to postural stability. Silver-silverchloride EMG electrodes were placed on the skin to
bilaterally record activity from the m. Iliopsoas, m. Gluteus Maximus, m. Rectus Abdominis, m. Obliquus Externus
and m. Erector Spinae at the level of the 3th lumbar vertebra. In figure 7, the anatomy of these muscles, as well
as their function and innervation is shown. These muscles have been chosen for this study, since the innervation
of all muscles is lower thoracic, lumbar and/or sacral thus might be impaired in SCI patients with a thoracic injury
or lower. Furthermore, these muscles support in most trunk movements needed for the trunks range of motion.
Placement of the surface EMG electrodes was based on the recommendations in the Anatomical Guide for the
Electromyographer,42 see appendix A for the detailed electrode locations.
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m. Rectus Abdominis
Flexion vertebral column

Innervation: T7-T12

m. Obliquus Externus
Flexion vertebral column

Lateral flexion/rotation 
vertebral columns

Innervation: T7-T12, L1

m. Iliopsoas
Hip flexion

Innervation: L1-L4

m. Erector Spinae (lower part)
Extension vertebral column
Lateral flexion vertebral column
Innervation: L1-L5

m. Gluteus Maximus
Hip extension
Innervation: L5, S1, S2

Trunk - front Trunk - back

Figure 7: Trunk and hip muscles, which activity was recorded during the seated stability tasks. Left: the anatomy of abdominal
trunk flexors (m. Rectus Abdominis and m. Obliquus Externus) and hip flexor (m. Iliopsoas) is shown. Right: the anatomy
of the back extensor (m. Erector Spinae) and hip extensor (m. Gluteus Maximus) are shown. T = thoracic (spinal level), L =
lumbar (spinal level), S = sacral (spinal level).

2.4 Signal analysis

Prepocessing

The raw data of all subjects was inspected and large artifacts were manually removed if possible. All data for
subject no. 16 and the data during the maximum leaning task for subject no. 3 were so disturbed by large artifacts
that manual removal was not possible. Therefore, this data was excluded from further analysis.

Force plate offsets were subtracted from the remaining data. Following, the three force outputs (Fx, Fy and Fz)
and three torque outputs (Mx, My and Mz) were scaled to Newton and Newton-meter, respectively. Thereafter,
the data was low-pass filtered using a 4th order zero-phase 10 Hz low-pass Butterworth filter to remove electrical
noise. A cut-off of 10 Hz was used in stead of the 5 Hz mostly used in previous research43,44,45,46,47 so that still
smaller, quicker signal changes could be captured. CoP coordinates were calculated from the filtered data for
every time sample using equations 1 and 2.

The acquired EMG data for every bilateral muscle was filtered to get rid of movement artifacts, heartbeat artifacts
and noise. Firstly, a notch of filter of 50 Hz and its harmonics was applied to eliminate electrical line noise.
Thereafter, the data was band-pass filtered with a 8th order zero-phase 30-400 Hz band-pass Butterworth filter.
SENIAM recommends a band-pass filter with cut-offs of 20-400 Hz.37 However, 30 Hz as high-pass cut-off seemed
better suitable for the trunk muscles, as it succeeded more in suppressing the heartbeat artifacts, which yet
dominated the signals with the recommended 20 Hz cut-off.

CoP sway during sitting upright and maximum leaning

CoP sway characteristics and maximum CoP displacements were calculated from the CoP coordinates during the
upright-sitting task and maximum leaning tasks, respectively. The CoP coordinates were detrended by subtracting
the average CoP coordinates during quiet sitting. Total displacement (CoPdisp) during both tasks was calculated
using

CoPdisp =
√

c2ML + c2AP), (3)
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where cML and cAP are the ML CoP coordinate and AP CoP coordinate respectively. The first 5 and last 1 seconds
were removed from every trial of the upright-sitting task, so that 24 seconds remained. Root-mean-square (RMS)
displacement (RMSdisp), velocity (RMSvel) and acceleration (RMSacc) were retrieved from the CoPdisp using

RMSdisp =
1

N

N∑
n=0

CoPdisp[n]2, (4)

RMSvel =
1

N

N∑
n=0

CoPvel[n]2, where CoPvel[n] = ∆CoPdisp[n]and (5)

RMSacc =
1

N

N∑
n=0

CoPacc[n]2, where CoPacc[n] = ∆CoPvel[n]. (6)

In these equations, N is the total number of samples in each trial. The maximum CoP displacements for all eight
directions during the maximum leaning task were retrieved by taking the maximum of the CoPdisp.
For every subject, the RMSdisp, RMSvel, RMSacc and maximum CoP displacements, as well as the functional
reaches from the mFRT, were averaged over the three trials. Thereafter, group average, standard deviation and
95% confidence interval of all outcome measures were calculated for male, female and all subjects. Furthermore,
to relate the outcome measures to participant characteristics, including total height, weight and age, Pearson
correlation coefficients were calculated.48 The relation between the maximum CoP displacements during the
maximum leaning task and the functional arm reaches during the mFRT was also assessed by calculating Pearson
correlation coefficients.

Muscle activation patterns

Multi-directional muscle activation patterns during the hold-in-target task and sweep task were retrieved from the
filtered EMG recordings. CoP coordinates were used to mark the start and end of each leaning position and
sweep. For the hold-in-target task, the start of each leaning position was defined as the moment where the CoP
total displacement was at its maximum and the end was defined 30 seconds after the start. The first five seconds
and last one second of each segment was cut, so that 24 seconds of data remained per leaning position. Over
each segment of 24 seconds, the RMS EMG value of each muscle was computed. To generate normalized
activation patterns which are comparable between muscles, per direction the EMG RMS values were normalized
by the muscle’s maximum RMS EMG value of the whole trial (including all directions). For every subject, the
resulting RMS EMG values for every direction were averaged over the three trials, where after a group average
was calculated.

For the sweep task, the start of one circle was defined as the moment where the CoP coordinates were at the
most left position for the counter-clockwise sweep and at the most right position for the clockwise sweep. The end
of each sweep was defined at 43 seconds after the start. Between start and end, the EMG data of all muscles was
rectified and low-pass filtered with a 4th order zero-phase 2 Hz low-pass Butterworth filter, to create smooth EMG
envelops for visualization.49 Per trial the EMG envelop of each muscle was normalized by the muscle’s maximum
EMG envelop value in that same trial. For every subject, the resulting EMG envelops were averaged over the two
trials per direction (counter-clockwise and clockwise), whereafter a group average was calculated.
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EMG-EMG intermuscular coherence

EMG-EMG intermuscular coherence during the sweep task was obtained to examine muscle synchronization
within the hip and trunk muscles. Prior to coherence analysis, the EMG signals for every sweep trial were full-wave
rectified, which is often recommended for intermuscular coherence since common spinal input might be reflected
in EMG amplitude fluctuations.50 Coherence was calculated with a multi-taper method using the open-source
NeuroSpec toolbox (version 2.1, by Halliday51). Tapers were based on the Slepian sequences, where each taper
is orthogonal to all other tapers and thus statistically independent.52 Hence, since coherence is estimated by
averaging multiple independent tapered segments, this multi-taper method generally results in lower estimation
bias compared to other averaging methods.53 The rectified signals were broken down in 42 segments with sample
length of 1024 (210) samples. 11 tapers were multiplied with the segments, where after the independent Fourier
transform cross spectra for all segments were calculated. The recommended number of tapers depends on the
number of samples per segment and frequency bandwith of interest.54 Both are quite high for this analysis (1024
samples per segment and 0-100 Hz as frequencies of interest), which is the reason why the maximum number of
11 tapers was chosen. The acquired cross spectra were averaged over all tapered segments and the averaged
spectra were used to calculate the coherence estimate for each muscle pair (see section 5 of Halliday et al.55 for
formulas used). Furthermore, per sweep trial a 95% confidence limit for coherence was calculated, which was
corrected for the number of tapers used. For each subject, the estimated cross-spectra and 95% confidence limits
were averaged over the two sweep trials per direction (counter-clockwise and clockwise) and a group average was
calculated.
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3 Results

3.1 CoP sway during upright sitting

During upright sitting (task 1), CoP displacement of the healthy subjects was generally kept within a few mm,
accompanied by a CoP velocity of multiple mm/s and an acceleration of multiple cm/s2. Figure 8a shows the
CoP sway during one trial of 30 seconds, characterized by micro-oscllations around the center. Furthermore,
figure 8b shows the group average of the RMS CoP displacement (1.0 mm), velocity (4.5 mm/s ) and acceleration
(175 mm/s2). As indicated by the 95% confidence intervals, higher relative inter-subject variability was seen
in CoP velocity and acceleration, when compared to CoP displacement. Notably, the group of female subjects
showed lower displacements, velocity and acceleration compared to the male subjects. Table 3 in appendix B
provides the individual CoP sway characteristics of all participants. All Pearson correlation coefficients between
participants characteristics (age, weight and height) and CoP sway characteristics were defined as negligible or
low, since none exceeded 0.5. Appendix E provides all correlation coefficients.

The SCI patient showed a CoP sway with higher displacement (1.6 mm), lower velocity (3.5 mm/s) and lower
acceleration (77 mm/s2) compared to the healthy subjects (figure 8b and table 3 in appendix B).
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Figure 8: Center of pressure (CoP) displacement during the static sitting-upright task. a) CoP displacement for healthy
subject no. 4 (HC04) during one full trial of 30 seconds. b) Group average of the root-mean-square (RMS) CoP displacement,
velocity and acceleration for the male (HC - Men), female (HC - Women), all (HC - All) healthy subjects and the spinal cord
injury patient (SCI). The inter-subject variability is indicated by the error bars representing 95% confidence intervals.

3.2 CoP displacement during maximum leaning

During the maximum leaning task (task 2), the healthy subjects were generally able to move their CoP location
within 10 to 20 cm in the indicated directions. Figure 9a shows the CoP sway during a full trial of one healthy
subject, including all eight directions. Figure 9c reveals the average maximum displacements for the eight
directions. For the male subjects, maximum displacement was highest for forward leaning directions (N, NE,
and NW) and lowest for lateral leaning (E and W), which was not the case for the female subjects, since they
showed relatively lower maximum displacements for the forward directions (N, NE and NW). As indicated by the
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95 % confidence intervals in figure 9, a notably higher inter-subject variability for the leaning directions N and S,
compared to the lateral leaning directions E and W was seen. Table 4 in appendix C shows the individual maximum
displacements of all participants. Most Pearson correlation coefficients between participants characteristics (age,
weight and height) and maximum displacements were defined as negligible or low, since none exceeded 0.5,
except for the correlation between weight and maximum displacement in the S direction, which was 0.52 and
defined as moderate (appendix E).

The SCI patient showed substantially lower maximum displacements in all directions compared to the healthy
subjects, as seen in figure 9c and table 4 in appendix C. Furthermore, figure 9b visualizes the CoP trajectory
during one full maximum leaning trial of the SCI patient, which deviated more from the target trajectory as
compared to healthy subject no. 6 in figure 9a.
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Figure 9: Maximum center of pressure (CoP) displacement during the maximum leaning task in eight directions. a) the CoP
displacement for healthy subject no. 6 (HC6) during one full trial. b) CoP displacement for the spinal cord injury patient (SCI)
during one trial. c) Group average of maximum CoP displacement in the eight directions for the male (HC - Men) female
(HC - Women) and all healthy subjects (HC - All), and maximum CoP displacement for the SCI patient. The inter-subject
variability is indicated by the error bars representing 95% confidence intervals. N = North, NE = North-East, E = East, SE =
South-East, S = South, SW = South-West, W = West, NW = North-West.
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3.3 Modified Functional Reach Test

During the mFRT, healthy subjects achieved functional forward reaching distances of 50 cm, and functional lateral
reaching distances of 30 cm, as seen in figure 10a. Table 5 in appendix D provides an overview of all individual
results. All Pearson correlation coefficients between participants characteristics (age, weight and height) and
functional reaching distances were defined as negligible, since none exceeded 0.3 (appendix E). Furthermore,
figure 10b shows the the Pearson correlation coefficients between the functional arm reaches from the mFRT and
the maximum CoP displacements from the maximum leaning task in the directions the two tasks shared. Since
no coefficient exceeds the 0.3, also these are defined as negligible or low.

The SCI patient achieved reaching distances of 11, 17 and 22 cm in the forward, left and right direction respectively,
which are smaller compared to the healthy subjects. Furthermore, the SCI patient showed smallest reach distance
in the forward direction, while for the healthy group this direction resulted in largest reaching distances.
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Figure 10: Functional arm reach during the modified Functional Reach Test (mFRT). a) Group average for forward, left and
right reach for the male (HC - Men), female (HC - Women) and all healthy subjects (HC - All), with error bars indicating
the 95% confidence intervals, and the arm reaches of the spinal cord injury patient (SCI). b) Scatter plot of all healthy
subjects (HC) to display relation between functional arm reach in the mFRT and the maximum CoP displacement in the
maximum leaning task (see figure 9) for forward, left and right reach (corresponding with North, West and East directions in
the maximum leaning task), with Pearson correlation coefficients (r).

3.4 Muscle activation when holding leaned postures

Figure 11 shows the activity of all muscles during the hold-in-target task. The RMS EMG amplitudes reveal
antagonist activation patterns for most muscles, meaning that muscles were most active in the direction which is
opposite of their function (e.g. the m. Erector Spinae is most active during forward flexion, while its function is
to extend the trunk). The back extensor, m. Erector Spinae, was particularly active during forward leaning, while
the two abdominal muscles (m. Rectus Abdominis and Obliquus Externus) were most active in backward leaning
postures. Furthermore, the hip flexor, m. Iliopsoas, was most active during backward and lateral leaning. The
hip extensor, m. Gluteus Maximus, did not show this particular antagonist activation pattern, since its activation
pattern was more uniformly distributed over the directions and even showed a trend towards agonist activity, with
the muscle most active during backward leaning. Furthermore, all muscles activation patterns were defined by
contralateral activation, meaning that each muscle was more active when leaning to the contralateral compared
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to the ipsilateral direction (e.g. the left muscles are more active during leaning to the right than during leaning to
the left).

3.5 Muscle activation during a circular trunk movement

Muscle activation patterns

EMG amplitudes of most muscles during the dynamic sweep task (task 4) showed similar contralateral and
antagonist muscle activation patterns as during the static leaning postures in the hold in target task. Figure 12
shows CoP displacement and muscle activity during the circular movement covering one and a half counter-clockwise
circle. The back extensor, m. Erector Spinae, was most active over the anterior half of the circular movement,
while the abdominal muscles, m. Rectus Abdominis and m. Obliquus Externus, were particularly active in the
posterior half. Furthermore, the hip flexor, m. Iliopsoas, was most active in the posterior and lateral parts of the
circular movement. As similar as during the leaning postures in the hold-in-target task, the m. Gluteus Maximus
showed a more uniformly distributed and agonist activation pattern. Furthermore, contralateral activation patterns
were seen for all muscles, indicated by the difference in activation between the left and right muscles.

Intermuscular coherence

The assessment of intermuscular EMG-EMG coherence during the counter-clockwise circular trunk movement
in the sweep task (task 4) resulted in high coherence between most right muscle pairs over a broad frequency
spectrum, as seen in figure 13. Only in three muscle combinations no significant coherence was seen, all involving
the back extensor, m. Erector Spinae. This muscle solely showed high coherence with the hip extensor, m.
Gluteus Maximus, at frequencies up to 50 Hz. Furthermore, coherence was most prominent between the two
agonist abdominal muscles, m. Rectus Abdominus and m. Obliquus Externus. Both trunk flexors also showed
high coherence with their hip agonist muscle, m. Iliopsoas and with their hip antagonist, m. Gluteus Maximus.
Likewise, the pair of antagonist hip muscles (m. Gluteus Maximus and m. Iliopsoas) showed high and statistical
significant coherence.
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Figure 11: Muscle EMG activity during hold-in-target. a) Center of pressure (CoP) displacement and electromyography
(EMG) activity of the five bilateral trunk and hip muscles during one full run of the target task. b) Root-mean-square (RMS)
muscle activity of the leaning postures in eight directions. The shaded lines represent the RMS EMG values of individual
participants, normalized to the maximum value, and the bold line represents the group average.
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Figure 12: Muscle activity during counter-clockwise sweep. a) Center of pressure (CoP) displacement and electromyography
(EMG) activity of the five bilateral trunk and hip muscles during one and a half sweep (HC05). b) Group average of muscle
activity displayed in a polarplot, representing the circle travelled during the counter-clock wise sweep task. The shaded lines
represent the EMG envelops of individual participants, normalized to the maximum EMG value, and the bold line represents
the group average.
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4 Discussion

This study explored static and dynamic seated postural stability in healthy individuals and one SCI patient using
a novel measurement protocol, which is proposed for the future assessment of DRG stimulation effects in SCI
patients. Our results showed an enhanced static and dynamic stability in healthy individuals compared with the
SCI patient, as identified by smaller and quicker corrective displacements during static upright sitting and the
capability to reach and lean further. Furthermore, the contribution of hip and trunk muscles to multi-directional
trunk movements consisted of antagonist and contralateral muscle activation, accompanied by high intermuscular
synchronization between 0-100 Hz for most neighboring muscle pairs.

4.1 CoP sway characteristics during upright sitting

The RMS CoP displacement of 1 mm and velocity of 5 mm/s recorded in the healthy subjects during upright
sitting are similar to those found in other research.43,44 Although no previous research reported CoP acceleration
in healthy subjects, CoP accelerations in SCI patients had been reported between 1-4 m/s2 by Rath et al.25

This, however, remains well above the CoP acceleration we recorded with 17 cm/s2 for the healthy subjects and
7 cm/s2 for the SCI patient. This large difference may be due to inter-subject variability, as Rath et al. had
reported a large standard deviation of 3 m/s2. However, their lower choice of sample rate (50 Hz versus 1000
Hz here), might have missed subtle CoP displacements, resulting in an overestimated acceleration. Moreover,
where previous research proved that assessing RMS CoP displacement could distinguish subjects with impaired
stability from healthy subjects,43,45,46 no significant differences have been found for velocity43,45 and acceleration
outcome measures when comparing healthy individuals and those with impaired stability. These previous findings,
combined with the inconsistency in CoP acceleration between studies, indicate that the RMS CoP displacement
results are, but velocity and acceleration results might not be suitable for the objective quantification of postural
stability.

4.2 Maximum CoP displacements during leaning

For the healthy subjects, the recorded maximum displacements during forward (16 cm) and backward (15 cm)
leaning were larger than the 13 and 12 cm previously reported by Kerr et al„ while the displacements for the
lateral directions were comparable.56 The participants of Kerr et al. were seated on the force plate with 80% of
thigh length on the plate, whereas our participants utilized 100% of thigh length, increasing the base of support
(BoS). Since CoP displacement is naturally limited by the BoS, this difference in anterior-posterior BoS size might
explain the ability of our participants to move the CoP further in the forward an backward direction. However,
Preuss et al. revealed that healthy subjects were not able to move their CoP to the BoS outer edges, but only
reached CoP displacements of 70% BoS length in anterior-posterior direction and 50% BoS width in medial-lateral
direction.57 Therefore, other aspects than BoS dimensions alone define inter-subject variability of maximum CoP
displacements.

Since individuals move their CoP by applying forces to the seating surface, muscle activation and strength are
further determining factors for maximum CoP displacement. This explains the fact that the SCI patient in our
study, who lacks muscle activation below the level of her lesion (T8), achieved four-fold smaller maximum CoP
displacements than the healthy subjects, while having similar BoS dimensions. Maximum CoP displacements
of 3-5 cm for the SCI patient were recorded, which is comparable to previously reported forward leaning CoP
displacements of 2-4 cm in thoracic SCI patients.58,59 However, a total sum of 20-25 cm was reported in three SCI
patients with injuries at the level of C7, T3 and T4,23 which is slightly lower than the total of 28 cm (sum of all eight
directions) found here. This difference may be explained by our SCI patient suffering an injury at a lower spinal
level (T8) and therefore having more residual motor function to move the CoP further in the indicated directions.
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4.3 Functional arm reaches during the modified Functional Reach test

The average functional arm reaches of the healthy subjects during the modified Functional Reach Test (mFRT)
were in the range of 50 cm when reaching forward and 30 cm for the lateral directions. These values are larger
compared to Singh et al., who found a functional forward arm reach of 38 cm and 25 cm and lateral reach of 18
and 14 cm in a young (20-40 years) and old (40-60) group of healthy individuals, respectively.60 This difference
might be explained by variability in anthropomorphic characteristics between the two populations. As we did not
find correlations between functional arm reach and participants characteristics, including total height, weight and
age, Singh et al. did find a significant positive correlation between trunk length and reach.60 We did not account
for this specific characteristic, however, it might have been larger for our subjects, since their average total height
(175 cm) was also higher than the 162 cm in the subjects of Singh et al.60

The average functional forward reach of the SCI patient of 11 cm was lower than forward reaches reported
elsewhere in SCI patients. However, mFRT results are highly dependent on injury characteristics, including
the completeness and level of injury, both determining the amount of residual motor function in the trunk and
upper body. For example, motor-incomplete SCI patients have been reported to reach further compared to
motor-complete SCI patients, with a functional forward reach of 48 and 23 cm, respectively.17 Moreover, a
significantly larger forward reach in patients with motor-complete injuries at level T10-T12 (23 cm) was found
compared to patients with higher injuries at level C5-T4, who reached 14-16 cm.38 The SCI patient who participated
here suffered a motor-complete injury at the level of T8, having less residual motor function to reach compared to
other patients with higher lesions or incomplete injuries.

Surprisingly, no correlation could be found between the functional arm reaches during the mFRT and the maximum
CoP displacement during the maximum leaning task. Theoretically, both experiments evaluate a similar movement
of the trunk. However, the conditions under which they were performed differed highly. During the maximum
leaning task, the aim was to isolate the trunk, by removing foot support and by asking participants to prevent
movement of their legs and arms. In contrast, during the mFRT the subjects could use foot support, were given
no movement restrictions and used their arms to reach, which better resembles daily life conditions. Therefore,
the assessment of the isolated trunk, as aimed in the maximum leaning task, might reveal different aspects of
dynamic postural stability as the quantification of functional reach.

4.4 Muscle activation patterns during static leaning postures and a dynamic circular trunk
movement

When moving the trunk’s center of mass (CoM) in a particular direction, hip and trunk muscles must generate
torque in the opposite direction to maintain stability.61 For example, a forward shifted CoM generates a flexion
torque around the hip joint and spine, which needs to be counteracted by an extension torque generated by the
hip and trunk extensors to prevent the body from falling. This muscle behavior is clearly seen in the muscle
activation patterns during multi-directional leaning postures and during the dynamic circular trunk movement.
For both conditions, muscles were most active in the direction opposite to their function (e.g. hip extensor is
most active when the hip is in flexion), as defined as antagonist activation, and muscles were more active in
contralateral compared to ipsilateral directions. These activation patterns of specifically the m. Erector Spinae and
the two abdominal muscles (m. Rectus Abdominis and m. Obliquus Externus) are consistent with the activation
patterns found when applying multi-directional perturbations57,62 or load to the trunk.63 All together, antagonist
and contralateral muscle activation seems to be required not only to withstand perturbations or load as seen in
previous studies, but also to hold leaning postures or perform a dynamic circular trunk movement as assessed
here.
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Conflicting the activation patterns acquired here, the other studies clearly showed a difference in activation
between the two abdominal muscles, where the m. Obliquus Externus was more active over the lateral directions
compared to the m. Rectus Abdominis.62,57,63 This difference in behavior is to be expected, since the m. Rectus
Abdominis spans the trunk vertically, while fibers of the m. Obliquus Externus cross the trunk diagonally and
transversely, contributing more to the lateral flexion torque of the trunk.64 However, in our study, the two abdominal
muscles behaved very similar and, in general, the activation patterns of all muscles were more distributed over
the different directions. Both may be explained by the interference of cross-registration. This signal distortion,
where the signal of the muscle of interest is contaminated with activity of other muscles nearby, could be caused
by our monopolar EMG configuration. For each muscle of interest, one electrode was placed on the muscle and
the other on a distant bony landmark. This electrode orientation causes a recording over a large area, potentially
including other active muscles. The other studies, comparatively, employed bipolar electrode configuration57,62

or intra-muscular electrodes,63 both recording activity over a smaller area.65 Therefore, these other methods are
less sensitive for cross-registration and might have facilitated the previous studies to derive clearer distinctions
between activation patterns of different muscles.

4.5 Muscle synchronization during a dynamic circular trunk movement

Intermuscular EMG-EMG coherence analysis of the EMG signals during the circular trunk movement revealed
high coherence over a broad frequency band (0-100 Hz) for some neighboring muscle pairs, while coherence was
absent for distant muscle pairs. The assessment of inter-muscular coherence has previously been used to reveal
muscle synergies, which are combinations of muscles sharing a supraspinal neural drive in the specific frequency
band where coherence is high.66 To our knowledge, no other research reported on the intermuscular coherence
between the different trunk and hip muscle pairs which we evaluated. However, muscle synergies in the legs during
standing have previously been revealed, indicated by high intermuscular coherence in different frequency bands
up to 50 Hz.66 Furthermore, synchronization between the trunk and legs has been reported, as high coherences
between 0-8 Hz were found in different trunk and leg muscle combinations.67,68 Lastly, Kenville et al. were the
only to evaluate a muscle synergy within the trunk, as they recorded high intermuscular coherence in 0-40 Hz
between the left and right m. Erector Spinae.69 However, to date, no studies have reported high intermuscular
coherence between 60-100 Hz for muscle pairs, as we observed here. As similar to the inconsistencies in
activation patterns between our and other studies, these differences in results could also be explained by the
monopolar EMG configuration we used, being known to increase intermuscular coherence as it enhances the
amount of cross-registration.70,71 This might suggest that the intermuscular EMG-EMG coherence found here,
especially at higher frequencies, does not only reflect relevant muscle synchronization during trunk movements,
but could also reveal cross-registration between the muscle combinations.

4.6 Future use of the measurement protocol to evaluate DRG stimulation effects on postural
stability

The exploration of the different aspects of healthy postural stability serves as a reference for the future long-term
DRG stimulation study, where stimulation effects on postural stability in SCI patients will be evaluated. Research
on spinal cord stimulation techniques, including transcutaneous spinal cord stimulation (tSCS)72,73 and epidural
spinal cord stimulation (eSCS),74,75,76,77 as well as the pilot study on DRG stimulation,30,30 has mainly focused
on successfully regaining motor control in the legs. However, several patients included in the pilot study on
DRG stimulation also reported a feeling of improved seated balance as side-effect during a 5-day stimulation
period.30 The SCI patient included in this study showed enhanced sway during upright sitting and diminished
multi-directional reach and leaning distances compared to healthy individuals. Therefore, a potential stimulation-induced
improvement in postural stability is expected to be quantified by smaller CoP sway during upright sitting and larger
maximum reach and lean distances.
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Furthermore, potential stimulation-induced changes in muscle contribution can be evaluated by assessing activation
patterns and intermuscular coherence, as proposed here. DRG stimulation has the unique benefit of directly
targeting DRG’s of specific spinal levels. Accordingly, activation patterns of the muscles innervated by the targeted
spinal levels would be expected to change during stimulation. Moreover, high intermuscular coherence between
muscles in healthy individuals is often associated with a common supraspinal drive, however in SCI patients this
supraspinal drive is interrupted. Therefore, an increase in intermuscular coherence after stimulation could reveal
how DRG stimulation might facilitate the spinal cord to recover in transmitting supraspinal commands or how
stimulation might enhance muscle synchronization within the local spinal circuitry. All together, changes in muscle
activation and synchronization, with healthy muscle behavior as reference, could bring to light to what extent DRG
stimulation is able to regain trunk motor control.

4.7 Recommendations for improvement of the experimental protocol

As mentioned before, the EMG signals recorded during experiments have likely been contaminated by cross-registration,
due to a monopolar electrode configuration and shared reference electrodes. A bipolar electrode configuration as
recommended by SENIAM,37 could reduce cross-registration. Therefore, we performed additional measurements
to compare EMG signals recorded with a monopolar and bipolar configuration. We recorded specifically the m.
Rectus Abdominis and m. Obliquus Externus during 60 seconds of backward leaning, and did one measurement
where we recorded all muscles during the sweep task. In line with results of Mohr et al.,71 the bipolar configuration
reduced the intermuscular coherence for all muscle pairs (see figures 15 and 17 in appendix A). Notably, a
difference in coherence was seen between the sweep task and the 60 seconds of backward leaning. During
the sweep task, the bipolar recordings resulted in intermuscular coherence mostly below the confidence limit.
Nonetheless, the intermuscular coherence during the 60 seconds of backward leaning, clearly exceeded the
confidence limit between 0-40 Hz and between 60-100 Hz. The coherence between 0-40 Hz is consistent with
previous research, while a high intermuscular coherence between 60-100 Hz has never been reported yet and
might still be caused by cross-registration. All-together, the bipolar EMG technique might have silenced some,
however not all, cross-registration. Accordingly, a further exploration of the use of bipolar in stead of monopolar
electrode configuration is recommended for future research.

Variability in anthropomorphic characteristics and experiment execution migh explain some inter-subject variability
in the included population. The characteristics we collected, including total height and weight, mostly showed
negligible correlation with the stability outcome measures. More specific anthropomorphic characteristics, including
hip width, thigh length and trunk length, however, might have an influence on the outcome measures. Furthermore,
participants differently interpreted some experiment instructions. For example, at the moment of maximum
leaning, dips in vertical force (Fz) were seen in the CoP data of some participants, affecting the CoP recordings.
This indicated that they used the metal frame below the seating surface partly for foot support, while we asked
them to prevent touching it. Therefore future experiments could be improved by taking more anthropomorphic
characteristics into account and by considering more detailed instructions, with less room for individual interpretation.

Besides experimental design, signal analysis approaches could also be of influence on our results, including
choices concerning filtering and rectification prior to coherence analysis. Firstly, electrocardiogram (ECG) artifacts
severely dominated the trunk EMG signals. A high-pass filter of 30 Hz silenced many of these artifacts, however, it
might also have silenced some of the relevant muscle activity. Other methods to remove ECG arifacts have been
proposed based on the morphology of the ECG waveform, e.g. independent component analysis, which might be
better suited for trunk EMG recordings.78,79 Furthermore, there remains debate on whether to rectify signals prior
to coherence analysis or not. Since rectification is a non-linear signal processing step, some concerns exist that
it might disturb the spectral content of the EMG signals in a way which can not be predicted.80 However, research
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showed that coherence analysis in rectified signals outperformed coherence analysis in unrectified signals when
detecting common oscillations.81,82 The rationale behind this finding is that common neural drive is often reflected
in low frequency amplitude fluctuations, which are emphasized by rectification.82 However, comparing coherence
results with and without prior rectification, as well as the consideration of advanced filtering techniques, could be
considered for future experimental design.

5 Conclusion

This study investigated postural stability in healthy individuals using a novel experimental protocol, involving the
quantification of CoP excursion and muscle activity during seated stability tasks. This particular experimental
protocol will also be used to quantify the effects of DRG stimulation on postural stability in SCI patients during the
upcoming long-term DRG stimulation study. These potential stimulation-induced changes can in future research
not only be tracked over time, but results can now also be related to postural stability in an healthy population by
using the results of this study as reference.
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Appendices

A Electromyography recordings

Placement of EMG electrodes

To record EMG signals for each muscle, one active electrode was placed on the muscle belly and one reference
electrode on non-electrical active structure nearby. In table 2, the locations of all electrodes are described, which
were chosen based on on the Anatomical guide for the electromyographer.42 The m. Rectus Abdominis and m.
Obliquus Externus, as well as the m. Gluteus Maximus and m. Illiopsoas, had a shared reference electrode.

Muscle Active electrode Reference electrode
m. Erector Spinae Two finger-breadth’s lateral to

processus spinosus of vertebra
L3/L4 (at height of top iliac
crest)

Processus spinosus of
vertebra cranial of vertebra
L3/L4

m. Rectus Abdominis Two finger-breadth’s lateral of
abdominal midline at height
of anterior superior iliac spine
(ASIS)

ASIS

m. Obliquus Externus Two finger-breadth’s cranial
of the midpoint of the line
intersecting from the top iliac
crest to the ASIS

ASIS

m. Gluteus Maximus Midway between top iliac crest
and sacral vertebrae

Greater trochanter

m. Illiopsoas Two finger-breadth’s lateral of
the femoral artery

Greater trochanter

Table 2: Surface electromyography (EMG) electrode locations. Active electrode is placed on the muscle belly and the
reference electrode at a near bony landmark.

Comparison monopolar and bipolar EMG configurations

In this research, monopolar recordings were used to derive EMG signals for each muscle. The signals were
collected with channels originally used for electroencelography (EEG) recordings, meaning that signals of each
electrode were differentially amplified in the hardware with respect to the Fz electrode, placed at the top of the
head, to retrieve the monopolar recordings (see figure 14a). The two monopolar recordings were thereafter
subtracted to eachother in the software, to get the resultant EMG signal, being the difference in electrical activation
between the active electrode and reference electrode. However, this technique might have caused some cross-registration,
as indicated by the high intermuscular coherence and distributed activation patterns found here, inconsistent
with other research. Therefore, we did additional measurements in a healthy subject to compare the monopolar
electrode configuration with bipolar electrode configurations, often used in other EMG research.

In figure 14 the original electrode configuration is shown (a) and two other configurations with bipolar electrode
placement. The difference between monopolar and bipolar electrode placement is that monopolar placement
involves one electrode on the muscle belly and one reference at a distant location, whereas for bipolar electrode
placement both electrodes are on the muscle belly within two cm of each other (b and c). Furthermore, the
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difference in activity between the electrode signals can be assessed by using the EEG channels to retrieve
monopolar recordings (b), similar to the original technique, or by using bipolar channels to retrieve bipolar recordings
(c), so that the two signals are differentially amplified with respect to each other in stead of separately with respect
to Fz.

Fz

N

N

-

+

-

+

EMG signal

EEG channels

Bipolar channels

Fz

N

N

-

+

-

+

EMG signal
N

-

+
EMG signal

RA
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GM

ES

P

Monopolar electrode placement

Monopolar recording

Bipolar electrode placement

Monopolar recording

Bipolar electrode placement

Bipolar recording

a) b) c)

Figure 14: Three different techniques to record electromyography (EMG) signals. a) For each muscle, one active electrode
is placed on the muscle belly, and one as reference on a bony landmark (see table 2 for detailed locations). The EMG
signal is the result of the difference between the two monopolar recordings, which are derived by differential amplification
in the hardware of the EEG channels with respect to the Fz electrode. b) For each muscle, two electrodes are placed on
the muscle, within two cm of each other. EMG signal is similar derived as in a). c) For each muscle, electrodes are placed
similar as in b) but the EMG signal is derived by differential amplification of both electrode signals to derive a direct bipolar
recording.

Comparison of different EMG configurations in the abdominal muscles during 60s backward leaning

Intermuscular coherence was specifically high between the m. Rectus Abdominis and m. Obliquus Externus.
Since they shared a shared reference electrode, the chance of cross-registration was high for these muscles.
Therefore, we compared the spectral content of the EMG signals between the monopolar configuration and
two bipolar configurations during trials of 60 seconds backward leaning. Figure 15 shows the results. For
both muscles, all three power spectra showed a similar shape, where power decreases with higher frequency,
but increases after 60 Hz to reach a peak around 100 Hz. The power is higher over all frequencies for the
monopolar configuration compared to the bipolar configuration. Furthermore, the monopolar configuration resulted
in higher coherence between the two abdominal muscles. Where the monopolar recordings resulted in coherence
exceeding the confidence limit up to 400 Hz, the coherence of the bipolar recordings dropped below the limit after
100 Hz.
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Figure 15: Spectral content of EMG signals of the m. Rectus Abdominis (RAR) and m. Obliquus Externus (OER), recorded
using monopolar electrode configuration, bipolar configuration with EEG channels and bipolar configuration with bipolar
channels (see figure 14). a) and b) Power spectra of the two muscles. c) Intermuscular coherence between the two muscles.
Significant coherence is indicated by the dotted green line, indicating the 95% confidence limit.

Muscle activation patterns and intermuscular coherence retrieved from EMG recordings using bipolar
configuration

EMG of all muscles was recorded during the sweep task using the bipolar configurations, so that results could
be compared to the group averages retrieved with the monopolar configuration. Figure 16 shows the muscle
activation patterns as retrieved by the two new bipolar configurations. Since only bipolar channels were available
for six muscles, we chose to only record EMG with the bipolar channels for the five right muscles to test the
bipolar channels, with the five left muscles being recorded with the EEG channels. Figure 16 shows the activation
patterns as recorded with the biopolar EMG configurations. The patterns do not reveal clear differences when
comparing to the monopolar configuration (see figure 12). However, it is difficult to compare this result from one
subject with the results of a group of 20 subjects with high inter-subject variability. Moreover, figure 17 shows
the intermuscular coherence between EMG signals recorded with the bipolar configurations, with the coherences
being way lower than the group average and individual coherences found with the monopolar configuration (see
figure 13). Furthermore, where the monopolar configuration resulted in coherence exceeding the confidence limit
between 0-100 Hz, the coherence plots of bipolar configurations are characterized by some peaks exceeding the
confidence limit. Notably, when looking at the coherence between the two abdominal muscles, the increase in
coherence between 60-100 Hz, as seen during backward leaning (see figure 15) is absent during the circular
trunk movement.
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Muscle activation pattern during circular trunk movement

Bipolar electrode placement, EMG signals recorded using two types of channels
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Figure 16: Muscle activation pattern of an healthy subject during a counter-clockwise circular trunk movement, derived from
electromyography (EMG) recordings using bipolar electrode placement and two different types of channels for recording.
Results from a measurement using bipolar channels for the right muscles and electroencelography (EEG) channels for the
left muscles (left), and from a measurement using EEG channels for all muscles (right) are shown.
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Intermuscular EMG-EMG coherence during circular trunk movement

Bipolar electrode placement, EMG signals recorded using two types of channels
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Figure 17: Intermuscular coherence of all combinations of the five right muscles during one counter-clockwise circular
movement in one healthy individual, derived from electromyography (EMG) recordings using bipolar electrode placement
and two different types of channels for recording (bipolar channels and electroencelography (EEG) channels). Coherence
between right trunk and hip muscle pairs is shown. The limit of significant coherence is indicated by the green dotted line,
representing the 95 % confidence limit. ESR = right m. Erector Spinae, OER = right m. Olbiquus Externus, RAR = right m.
Rectus Abdominis, GMR = right m. Gluteus Maximusr, PR = right m. Illiopsoas
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B Results - CoP sway characteristics

Table 3: Outcome measures retrieved from center of pressure (CoP) displacement data during the static upright sitting task
for every participant. Displayed values per participant are the outcomes for all three 30 seconds runs (smallest to highest).
RMS = root-mean-square. CI = confidence interval. SCI = spinal cord injury.

Healthy subject RMS CoP
displacement [mm]

RMS CoP velocity
[mm/s]

RMS CoP acceleration
[mm/s/s]

1 0.8 0.9 1.0 3.2 3.6 3.9 111 118 133
2 1.1 1.3 1.3 7.3 7.4 7.6 244 295 320
3 1.0 1.3 1.3 2.9 3.0 3.3 87 90 111
4 0.9 1.2 1.2 3.4 3.5 3.8 99 109 124
5 1.1 1.4 1.6 6.2 7.3 7.5 267 282 286
6 0.9 1.0 1.2 5.7 6.2 6.7 237 263 263
7 0.8 1.1 1.1 3.9 4.5 4.6 122 158 174
8 0.8 0.9 0.9 4.6 4.6 5.1 204 219 289
9 1.1 1.1 1.2 7.1 7.2 7.2 259 269 387
10 0.9 1.0 1.1 3.6 4.4 4.8 107 160 192
11 0.7 0.9 1.0 3.1 3.2 3.6 97 114 150
12 0.8 0.8 1.7 4.8 5.0 5.3 159 206 242
13 0.9 0.9 1.3 3.4 3.5 4.3 130 138 175
14 0.7 0.7 0.8 3.0 3.0 3.5 110 117 154
15 0.6 0.6 0.8 4.5 4.6 5.0 185 220 234
17 0.7 1.3 1.4 3.7 3.8 4.2 120 122 139
18 0.9 0.9 1.2 3.4 4.6 4.9 117 156 185
19 0.6 0.7 1.1 2.4 2.5 2.8. 77 80 88
20 0.7 0.9 1.0 4.0 4.1 4.7 137 149 193

Men average
(1-10) (95% CI)

1.1 (1.0 - 1.2) 5.1 (4.2 - 6.0) 199 (154 - 244)

Women average
(11-20) (95% CI)

0.9 (0.8 - 1.0) 3.89 (3.5 - 4.3) 148 (128 - 168)

Group average
(95% CI)

1.0 (0.9 - 1.1) 4.5 (4.0 - 5.0) 175 (149 - 201)

SCI patient
1 1.2 1.6 2.1 3.3 3.5 3.7 72 78 81

SCI average 1.6 3.5 72
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C Results - Maximum CoP displacements during leaning

Table 4: Maximum center of pressure (CoP) displacement for every participant during the maximum reach task. Displayed
values are the mean of three trials for every direction. In figure 9 the eight directions are visualized.

Maximum CoP displacement [cm]
Healthy
subject

N NE E SE S SW W NW

1 14.6 17.2 13.2 16.5 18.5 14.2 10.8 17.2
2 25.6 22.3 13.3 15.9 15.5 12.6 11.3 21.0
4 12.8 15.4 10.1 12.1 11.9 12.4 11.0 15.1
5 18.7 17.0 10.9 12.6 13.0 11.8 10.5 18.0
6 19.0 17.7 13.9 15.1 15.3 14.6 12.3 15.4
7 15.2 15.8 10.2 10.9 10.6 13.2 12.1 16.9
8 16.0 16.8 12.5 15.5 18.6 16.3 11.5 16.2
9 19.5 18.9 11.5 16.1 20.0 18.5 15.0 20.8
10 18.1 18.6 12.7 15.6 19.7 16.4 12.2 19.4
11 12.1 13.7 8.5 12.2 15.2 13.9 9.1 13.9
12 13.5 15.2 10.3 12.1 12.1 13.7 13.0 15.0
13 18.3 16.4 13.7 19.4 16.8 15.5 12.2 17.2
14 10.0 8.5 7.9 9.0 10.0 9.6 8.4 10.2
15 13.2 11.3 8.1 10.4 10.0 10.9 7.9 12.3
17 12.7 13.7 12.4 15.3 19.3 15.5 9.6 12.0
18 19.1 22.2 15.6 20.9 18.8 18.5 13.6 20.0
19 15.2 14.2 12.1 14.7 15.6 15.8 13.2 15.4
20 18.1 19.4 11.9 17.7 16.0 17.5 13.9 20.5

Men
average
(95% CI)

17.7
(15.9-19.5)

17.7
(16.8-18.7)

12.0
(11.2-12.8)

14.5
(13.3-15.6)

15.9
(14.0-17.8)

14.4
(13.3-15.6)

11.8
(11.2-12.5)

17.8
(16.6-19.0)

Women
average
(95% CI)

14.7
(13.0-16.4)

15.0
(13.0-16.9)

11.2
(9.7-12.6)

14.6
(12.5-16.8)

14.9
(13.1-16.7)

14.6
(13.1-16.0)

11.2
(9.8-12.7)

15.2
(13.4-17.0)

Group
average
(95% CI)

16.2
(14.8-17.6)

16.4
(15.2-17.5)

11.6
(10.8-12.4)

14.6
(13.4-15.7)

15.4
(14.1-16.7)

14.5
(13.6-15.4)

11.5
(10.8-12.2)

16.5
(15.3-17.6)

SCI patient
1 3.6 5.0 2.9 2.6 3.2 3.3 3.8 3.5
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D Results - Modified Functional Reach Test

Table 5: Maximum reaching distance for every participant during the modified Functional Reach Test (mFRT). Displayed
values are the mean of three trials for every direction.

Healthy subject Forward reach [cm] Left lateral reach [cm] Right lateral reach [cm]
1 47 25 34
2 62 48 44
3 41 34 25
4 50 25 25
5 49 29 32
6 47 28 35
7 53 31 27
8 47 28 29
9 41 24 26

10 52 34 38
11 56 35 35
12 50 36 28
13 34 25 25
14 41 28 30
15 51 26 30
16 48 33 31
17 49 27 28
18 51 26 22
19 48 28 38
20 54 37 35

Group average (95% CI) 49 (47 - 50) 30 (28-32) 31 (29-33)
SCI patient

1 11 17 22
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E Pearson correlation coefficients

Generally, Pearson correlation coefficient define the correlation strength as follows:48

• 0.0 - 0.3: Negligible correlation

• 0.3 - 0.5: Low correlation

• 0.5 - 0.7: Moderate correlation

• 0.7 - 0.9: High correlation

• 0.9 - 1.0: Very high correlation

Table 6: Pearson correlation coefficients between CoP sway characteristics during quiet sitting and participant characteristics

RMS displacement RMS velocity acceleration
Age 0.01 -0.43 -0.51

Height 0.24 0.27 0.21
Weight 0.46 -0.02 -0.15

Table 7: Pearson correlation coefficients between maximum CoP displacements during maximum leaning task and participant
characteristics

N NE E SE S SW W NW
Age 0.15 0.33 0.27 0.19 0.43 0.39 0.26 0.30

Height 0.34 0.30 0.05 -0.07 0.01 -0.01 0.09 0.36
Weight -0.11 0.14 0.38 0.31 0.52 0.45 0.17 0.09

Table 8: Pearson correlation coefficients between
maximum arm reaches during mFRT and participant
characteristics

Forward Left Right
Age -0.03 -0.24 -0.15

Height 0.12 -0.01 0.13
Weight 0.03 -0.15 -0.19

Table 9: Pearson correlation coefficients between
maximum CoP displacements during maximum leaning
task and maximum arm reaches during mFRT

Forward Left Right
N 0.23
W 0.04
E 0.02
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