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Abstract

Humans depend on mobility for social interaction, cognitive
development, and health maintenance. Successful mobility re-
quires maintaining balance, which integrates sensory feedback,
internal cognitive models of body dynamics, and musculoskeletal
actions. There have been great strides in understanding these
components of balance control in the last 20 years, but balance
deficits persist in a large percentage of the population. We pro-
pose that combining non-invasive brain imaging using high-
density electroencephalography (EEG) with behavioral and
biomechanical measures could reveal unique insights about
balance control. Source separation and localization of brain
electrical activity during mobile tasks have improved with ad-
vancements in electrodes and motion artifact removal. This en-
ables studying naturally occurring balance tasks with and without
perturbations to identify the timing, magnitude, and quality of brain
processing during balance. Along with efforts toward more in-
clusive EEG research and open resources, this approach could
help diagnose and treat poor balance ability among more people.

Addresses

@ Department of Mechanical and Aerospace Engineering, University of
Central Florida, Orlando, FL, USA

® Disability, Aging, and Technology Cluster, University of Central Flor-
ida, Orlando, FL, USA

© Biionix™ (Bionic Materials, Implants & Interfaces) Cluster, University
of Central Florida, Orlando, FL, USA

9 J. Crayton Pruitt Department of Biomedical Engineering, University of
Florida, Gainesville, FL, USA

¢ Department of Mechanical and Aerospace Engineering, University of
Florida, Gainesville, FL, USA

fDepartment of Neurology, University of Florida, Gainesville, FL, USA

Corresponding author: Huang, Helen J. (hjhuang @ucf.edu)

" Present/Permanent Address:University of Central Florida.
Department of Mechanical and Aerospace Engineering. 12760
Pegasus Drive. Orlando, FL 32816

Current Opinion in Biomedical Engineering 2023, 28:100505

This review comes from a themed issue on Neural Motor Control of
Robotics

Edited By He Huang and Gregory Sawicki

For complete overview of the section, please refer the article collection
- Neural Motor Control of Robotics

Received 6 February 2023, revised 13 September 2023, accepted 14
September 2023

https://doi.org/10.1016/j.cobme.2023.100505
2468-4511/© 2023 Elsevier Inc. All rights reserved.

Keywords
EEG, Perturbation, Balance control, Neural control, Inclusiveness.

and Daniel P. Ferris®®f

Current state of fall prevention and
interventions

From a baby’s first steps, humans realize that a lack of
balance control limits how far they can go. Successful
mobility increases development of cognitive and social
skills in early life [1] and helps to maintain cognitive and
social skills later in life [2]. Fall-related injuries affect
the quality of life, healthcare costs, and longevity of
millions of individuals with limb loss, post-stroke
hemiparesis, and aging-related sensorimotor and phys-
ical decline [3—5].

There are multiple fall prevention interventions that can
reduce the incidence of falls among different popula-
tions, but current interventions provide incremental
improvements in balance and require extensive training.
Common balance interventions that have been tried
include resistance exercise, endurance exercise, tai chi,
yoga, and dancing. The magnitude of improvements with
these interventions has been mixed at best [6]. One
reason for a lack of reduction in real world falls is the high
level of task specificity for balance training [7]. To
improve balance and prevent falls, individuals need to
train in situations and dynamics similar to what causes
their falls and address individual deficiencies. For
example, if an elderly individual’s balance control defi-
ciency is primarily sensory related, then stronger muscles
are not likely to help them. Similarly, if an individual with
prior traumatic brain injury has difficulty with the
cognitive processing required to generate motor com-
mands, then improved sensory augmentation technology
may not prevent additional falls. These are just two ex-
amples, but they highlight the need to match the inter-
vention with the patient specific deficits in balance
control.

Some researchers have proposed more task specific
training interventions based on repeated perturbations
that cause a loss of balance [8]. The underlying premise
is that forced practice of responding to physical per-
turbations will improve the ability to respond to real-
world perturbations. Results so far have been relatively
positive, with many clinical trials showing enhanced
outcomes in fall prevention compared to more general
strength/power/endurance/coordination training exer-
cises. However, despite the improvements in balance
performance with perturbation training, there is much
we do not know about how individuals modify their
balance control as a result of the training. What
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components of balance control are improved after
repeated perturbation training? This is not yet known.

Cortical control of balance

Human balance control depends on sensory feedback,
internal cognitive models of body dynamics, and
musculoskeletal actions (Figure 1). Sensory feedback
during standing and walking comes from vestibular, so-
matosensory, proprioceptive, and visual pathways [9],
which helps the brain determine the current state of the
body. These sensory inflows are integrated in areas
throughout the brain, including the posterior parietal
cortex and cerebellum. Considerable evidence supports
the presence of feedforward and feedback internal
models in the control of human movement in general
[10], and in the control of balance in standing and
walking specifically [11—13]. These internal models
then use the sensory inflows to determine the appro-
priate motor commands to the musculoskeletal system
to produce a desired response. Muscles then receive the
motor commands, generating force to coordinate the
body segments for maintaining balance. These separate
processes in balance control can be hard to quantify
when there are deficits in balance performance.
Musculoskeletal actions can be studied with behavioral
and biomechanical measures such as kinematic motion
capture and electromyography (EMG), but processing
of sensory feedback and updating internal models
require high temporal resolution measurements of brain
dynamics.

Figure 1

Current state of mobile brain imaging
techniques

Electroencephalography (EEG) is currently the only
non-invasive brain imaging technique that provides
millisecond temporal resolution necessary to study rapid
processes in dynamic balance control during real-world
tasks. Portable magnetoencephalography (MEG) also
has potential for future studies [14] but is not quite
ready for experiments on humans during walking. The
rise in mobile EEG for brain imaging studies have led to
several recent reviews on EEG correlates of balance
[15,16] and locomotion [16,17]. With more advanced
quantitative analysis measures for EEG and combining
mobile brain imaging with behavioral and biomechanical
measures, it is possible to document the timing,
magnitude, and quality of brain processes related to
balance control. Other non-invasive brain imaging
techniques are based on relatively slow blood oxygena-
tion responses (functional near-infrared spectroscopy,
fNIRS; functional magnetic resonance imaging, fMRI).
These modalities can identify brain areas related to gait
or gait-related motor imagery [18], but they have a time
resolution of seconds at best. This temporal resolution
cannot identify the changes in brain activity related to
transient sensory signals or rapid motor responses to
counteract an impending loss of balance. For example, a
recent fMRI study found increased connectivity in the
premotor, primary motor, and somatosensory cortices
after six weeks of slackline training when at rest [19].
Imagine using EEG during slackline walking. EEG could
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Schematic of human balance control: 1) sense body state and recognize loss of balance, 2) determine motor commands for the proper musculoskeletal
response, and 3) execute the musculoskeletal response. The inverse internal model transforms sensory feedback and the desired movement into
appropriate motor commands for the muscles. The forward internal model estimates the expected sensory feedback given the efference copy of the
motor commands. Spinal and subcortical reflexes also activate muscles in losses of balance but are adjusted by cortical pathways based on envi-

ronmental and task context, and included in the cognitive internal models.
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identify changes in electrocortical activity occurring
during loss of balance while behavioral and biomechan-
ical measures could identify changes in body dynamics.

Combining EEG with behavioral and
biomechanical measures to understand
balance

In this perspective article, we make a case that
combining EEG mobile brain imaging with behavioral
and biomechanical measures provides the means for
better understanding of deficits in balance control. The
brain areas responsible for receiving and processing
sensory information show clear electrocortical fluctua-
tions related to sensory stimuli. The brain areas involved
in sensorimotor transformations and motor planning
show clear electrocortical fluctuations after sensory
processing to determine appropriate motor responses.
Lastly, behavioral and biomechanical measures provide
indications of the timing, magnitude, and quality of the
musculoskeletal responses. We also highlight new rec-
ommendations for inclusive EEG research and available
open resources to help produce more generalizable EEG
findings applicable to more of the overall population.

Recent advances in EEG technologies

EEG hardware has progressed significantly over the past
20 vyears, enabling EEG to be more readily used in
mobile applications. Electrodes are smaller and lighter
as new materials and form factors have been developed
[20]. Wireless EEG systems have become abundant
[21]. There are new hardware designs like dual-
electrode setups with two physically coupled but elec-
trically isolated EEG electrodes that can simultaneously
record isolated motion artifact signals and traditional
scalp EEG signals [22]. These dual-electrode setups can
improve the removal of motion artifacts during highly
dynamic tasks like table tennis [23].

EEG software has benefited from improved computa-
tional power, new algorithms, and testbeds for evalu-
ating new artifact removal techniques. Blind source
separation (BSS), adaptive filtering, machine learning,
or a hybrid of techniques are able to remove muscle, eye,
heart, and motion artifacts both in post hoc processing
and even in real-time data collection [24]. There are
new and more efficient methods and software to digitize
accurately the electrode locations necessary for
performing EEG source localization [25]. EEG phan-
toms, which are physical head and neck models with
dipole generators embedded within a conductive
medium that can project “ground truth” signals, provide
a testbed for evaluating EEG signal processing tech-
niques [26]. EEG phantoms combined with program-
mable moveable platforms can recreate the large motion
artifacts often observed during gait, providing a valuable
tool for developing and evaluating artifact removal
techniques [27].

Mobile brain imaging and balance Huang and Ferris 3

Examples of insights and uses

EEG combined with motion capture and EMG can
provide insight into the timing and magnitude of the
cortical resources involved in balance control. This
knowledge could be used to help separately diagnose
balance problems related to sensory perception, cogni-
tive processes, or musculoskeletal deficits. For example,
perturbations to standing and walking balance evoke
changes in electrocortical event-related potentials
(ERPs) [28,29] and EMG complexity [30] that scale
with the magnitude of the perturbation and the balance
capabilities of the individual measured with behavioral
and biomechanical measures.

Using high-density EEG with source separation and
localization can provide greater insight into the timing of
processes in various brain areas. As balance depends on
multiple sensory modalities and sensory integration, do
electrocortical fluctuations related to loss of balance
occur first in visual, proprioceptive, or sensorimotor
integration brain areas? This information could help
identify which brain areas to target with brain stimula-
tion interventions such as transcranial direct current
stimulation or transcranial magnetic stimulation in in-
dividuals with balance deficits [31,32]. Studies that rely
on ongoing perturbations, such as gait stabilization de-
vices [33] and walking on uneven terrain [34], permit
insight into the timing and magnitude of electrocortical
activity changes related to reduced active balance con-
trol [33] and increased balance demands [34], respec-
tively. An advantage of using high-density EEG with
source separation is the potential for functional con-
nectivity measures to determine causal relationships
between brain areas [35]. This would reveal information
about the timing required for sensory modality recep-
tion, sensory integration, and motor command genera-
tion. When combining EEG source signals with EMG,
there is also the possibility to provide causal inferences
about which brain areas have the most direct impact on
muscle activation profiles [36].

With patient populations, EEG mobile brain imaging,
kinematic, and EMG measures would provide insight
into which control processes demonstrate the greatest
discrepancy with healthy, neurologically intact in-
dividuals. For example, an individual that is experi-
encing a decline in sensory acuity, mobile brain imaging
with EEG should provide an indication of longer times
involved before the brain recognizes the loss of balance.
For an individual with reduced cognitive capabilities,
there should be changes in cortical resources involved in
the loss of balance response or a longer delay in motor
centers involved in responding. With elderly individuals,
the inclusion of EMG and biomechanical body data
provides important context on the timing between
cortical processes and the actual onset of the body
response [37]. An individual with poor muscle strength
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and power may have typical electrocortical changes
related to sensing the loss of balance and determining
the proper response but is unable to achieve a restora-
tion of balance because of biomechanical limitations.

Growing evidence that EEG can reveal
components of balance control

More studies are demonstrating that EEG can identify
brain areas and electrocortical changes related to a nat-
ural loss of balance, which occurs when there is no
external perturbation. An improper decision of planned
foot placement or poor execution of a proper foot
placement can lead to a loss of balance without an
external perturbation. For example, when standing on
stable and unstable surfaces, event-related potentials
(ERPs) and EEG channel-based connectivity analyses
have revealed networks including frontal, central, and
parietal cortices directly related to loss of balance [38].
A change in base of support from regular to a more

Figure 2

balance challenging tandem (heel-to-toe) stance resul-
ted in increased theta spectral power in the supple-
mentary motor area [39]. High-density EEG, ICA, and
source localization (schematically depicted in Figure 2)
have identified substantial changes in theta, alpha, and
beta spectral power within the anterior cingulate,
anterior parietal, superior dorsolateral-prefrontal, medial
sensorimotor, left sensorimotor, and right sensorimotor
cortices during beam walking [40]. Importantly, the
initial changes in electrocortical spectral power in mul-
tiple brain areas occurred more than a second before the
step off the beam reached ground contact. This in-
dicates that there is considerable time between sensing
loss of balance and the actual motor response, which
EEG was able to reveal.

Studies using external perturbations such as surface
translations that often trigger a loss of balance tend to
generate strong EEG responses. External balance

mobile brain imaging with EEG
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Schematic overview of an example of mobile brain imaging with EEG using high-density EEG, independent component analysis (ICA), and source
estimation (DIPFIT). ICA separates high-density EEG into independent components (ICs) or source signals. DIPFIT, a source estimation method, uses
the ICA and digitized electrode locations to model ICs as electric dipoles within the cortex (shown as colored dots in the brain scan image). Event-
related spectral perturbation (ERSP) plots for a brain area show spectral fluctuations (changes in spectral power relative to a baseline frequency
spectrum) with respect to the gait cycle and a loss of balance between the red solid lines. Theta band ERSP plots for a brain area could show significant

differences in timing (horizontal bars) and magnitudes between conditions.
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perturbations provide precise experimental control for
targeting components of loss of balance and often evoke
event-related potentials referred to as N1 responses
(frontocentral negativities time-locked to the pertur-
bation), which can help identify changes to the balance
processes [41]. For example, translational surface per-
turbations during standing that generated compensatory
steps resulted in large N1 responses, demonstrating a
relationship between N1 and a subsequent compensa-
tory balance response [42]. Increasing the size of
backward translational surface perturbations resulted in
larger N1 amplitudes and shorter latencies, indicating
greater cortical engagement for more demanding bal-
ance conditions, whether it was due to a more difficult
task or worse balance ability [28]. More recently, surface
perturbations revealed a negative correlation between
perturbation-evoked beta oscillatory activity with bal-
ance ability in young [29] and older adults [43].

Different features of balance perturbations could
further identify brain areas and electrocortical changes
specific to balance control. Virtual reality (VR) can be
used to create predictable and unpredictable balance
perturbations during standing without using a physical
stimulus. During unpredictable perturbations where
there is less time to process, frontocentral theta power
(often associated with the anterior cingulate) increased,
which could reflect the process of comparing sensory
information with an internal model [44]. Another study
compared physical and visual balance perturbations
using waist-pulls and rotations of the subject’s view
captured with a webcam and then displayed in a VR
headset, respectively [45]. They found a strong contrast
in primary brain regions responding to visual perturba-
tions (occipital and posterior parietal cortices)
compared to physical perturbations (sensorimotor, sup-
plementary motor, anterior cingulate, and anterior pari-
etal cortices). Further, theta onset latencies among
centro-frontal  motor areas differed between

Table 1
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perturbation types, demonstrating the potential to
identify timing differences of more visual or proprio-
ceptive sensory processing of balance control.

Perturbations during tasks that do not necessarily evoke
corrective balance responses can also provide insight
about balance control. For example, contrasting N1 re-
sponses involved with standing balance control of
planned stepping and planned nonstepping responses
revealed the potential role of N1 in the execution of
compensatory steps in balance recovery [42]. Physical
resistive perturbations during recumbent stepping, a
locomotor task that does not involve balance, generated
spatial motor errors and theta band synchronization in
the anterior cingulate cortex and left and right supple-
mentary motor areas [46]. The lack of the left or right
sensorimotor cortices during perturbed recumbent
stepping differs from beam walking [40] and perturbed
beam walking [45], which had sensorimotor clusters.
"This implies that the sensorimotor cortices may be more
involved for balance control in locomotor tasks than the
anterior cingulate cortex and supplementary motor
areas.

Next steps: emerging EEG technologies
Developing and validating new EEG technologies and
analyses will help attain a more detailed understanding
of balance control. EEG sensors and systems are getting
smaller and more energy efficient every year. Some ex-
amples of the current state-of-the-art commercially
available wireless systems are reviewed by Ref. [21]. A
multitude of flexible electronic electrodes are in
development [47]. Achieving higher spatial resolution
with electrophysiological source imaging seems to be
attainable when appropriate prior knowledge is used
with sparse models or Bayesian methods [48]. There are
also emerging EEG analyses available such as functional
and effective connectivity [49].

Selection of recommendations to improve inclusion in EEG research.

Category

Recommendation

Research team

e Increase racial diversity of research team [56,57]

e Have the entire research team complete diversity (e.g. cultural competence, antiracist, inclusive

practices) training [54,57]

Participant recruitment
and retention

o Establish a presence in diverse communities and form community connections (e.g. go to the community
to recruit, share research findings with the community) [57]

e Have an open discussion about what is involved in EEG research (e.g. Will their hair get wet or have gel
placed in it? How many electrodes? Can they use hair products? What about hair styles? etc.) [57]

o Be flexible in scheduling and offer adequate compensation in consideration of hair care routines, wash
cycles, or hair preparation/restoration costs [56,57]

Reporting

e Collect and report racial/ethnic data in publications and be transparent about exclusions [54,56,57]

Equipment and resources
in diverse hair types) [55—58]

e Develop, adopt, or leverage consumer power for more inclusive hardware (e.g. EEG electrodes that work

e Develop and use shared resources (networks, databases, guidelines, etc.) [57]

www.sciencedirect.com
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As new technologies emerge, their performance needs to
be tested systematically, in mobile conditions, and with
the desired EEG analyses [50]. Artifact subspace rejec-
tion (ASR) is a commonly used method for cleaning EEG
[51] but was only recently systematically evaluated to
identify guidelines for setting its numerous parameters
[52]. A recent study surprisingly demonstrated that a
passive EEG system could record comparable P3 event-
related potential waveforms as an active EEG system
during walking [53]. The authors noted, however, that
their results using P3 analyses may not generalize to
other EEG analyses where non-time-locked noise cannot
be decreased through averaging [53].

Table 2

Next steps: attention to inclusion

Mobile brain imaging also needs to better address the
systemic racial bias in EEG research that indicates that
inequities and disparities persist [54—58] so that EEG
findings related to human balance control are more in-
clusive and generalizable. Racial and ethnic commu-
nities with phenotypic characteristics such as hair type
(curly, tightly coiled, textured, dense, etc.) that tend to
have less reliable EEG data [55,58] are often excluded,
whether that occurs at the recruitment, subject prepa-
ration, or data analysis stage. As such, evidence exists
indicating a disproportionate exclusion of Black partic-
ipants in EEG studies [55,56]. Some groups are working

Selection of open resources for mobile brain imaging with EEG.

Open source resource

Description (website link) Paper

EEGLAB Software and programming environment for EEG Delorme and Makeig 2004 [61]
processing, visualization, and analyses (https:/
eeglab.org/)

MoBILAB MATLAB toolbox for analyzing and visualizing mobile Ojeda et al., 2014 [64]

brain/body data (https:/github.com/sccn/mobilab/

wiki)

Open EEGLAB Portal Interface

Run EEGLAB scripts on a freely available high-

Martinez-Cancino et al., 2020 [62]

performance computing resource via the
Neuroscience Gateway Portal (https:/github.com/

sccn/nsgportal/wiki)

NeuroPycon toolkit for analyzing multi-modal brain data focused Meunier et al., 2020 [65]
on connectivity and graph analyses (https://github.
com/neuropycon)
PREP pipeline early-stage EEG preprocessing pipeline (i.e. reject Bigdely-Shamlo et al., 2015 [66]

bad channels, robust average referencing) (http:/
vislab.github.io/EEG-Clean-Tools/)

BeMoBIL pipeline

MATLAB toolbox focused on importing,

Klug et al., 2022 [63]

preprocessing, and visualizing mobile brain/body
imaging EEG data https://github.com/BeMoBIL/

bemobil-pipeline/wiki

ICLabel

collaborative project for identifying independent

Pion-Tonachini et al., 2019 [69]

components of EEG (https://labeling.ucsd.edu/

tutorial/overview)

ICMobi

collaborative project for identifying independent none

components specific to mobile brain imaging with

EEG (https://www.icmobi.org/)

HED tags

Hierarchical Event Descriptors (HED) tags to
annotate experiment events to know what happened
at that moment in the time series data (https://www.
hedtags.org/)

Bigdely-Shamlo et al., 2016a [67]

BigEEG

workflow for large-scale analysis (e.g. meta-study) of
EEG (http://www.bigeeg.org/)

Bigdely-Shamlo et al., 2016b [68]

Lab Streaming Layer

ecosystem for streaming, synchronizing, and
recording data from multiple systems (EEG, motion
capture, forceplates, eye trackers, etc.) (https:/
labstreaminglayer.org/)

none

Open Source Phantom

Instructions for building an EEG phantom (https://osf.
io/qrka2/)

Yu and Hairston 2019 [26]

EEG-BIDS

Extension of Brain Imaging Data Structure (BIDS) for
EEG data (https://bids.neuroimaging.io/)

Pernet et al., 2019 [70]
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on designing EEG electrodes specifically for coarse and
curly hair [58] while other EEG groups have proposed
recommendations to increase inclusion and diversity of
participants [54,56,57] (Table 1).

Next steps: transparency and sharing of
resources

As science overall and the EEG community works towards
greater transparency, preregistration, expectations for
detailed reporting of processing methods, and investing in
open resources could help. Preregistration is time-
stamped documentation of research protocols and anal-
ysis plans prior to starting a study [59]. Detailed reporting
of EEG processing methods is necessary, as preprocessing
methods can produce significant differences in low-
frequency spectral features [60]. Several open resources
are already available for EEG analyses, automatic prepro-
cessing, standardizing event tagging, and classifying
source signals ("Table 2) [26,61—70]. Incorporating these
practices will help promote transparency and reduce
confirmation and hindsight biases in research to under-
stand the components of balance control.

Conclusion

By combining EEG mobile brain imaging with kinematic
and EMG measures, we can develop a better under-
standing of balance control processes, including the
timing, magnitude, and quality of both brain and muscu-
loskeletal dynamics. Recent studies have demonstrated
that EEG has the potential to identify brain areas, relative
timing of electrocortical activity, functional connectivity
between brain areas and muscles, and processing delays
related to balance control. This information will be highly
valuable in better prescribing interventions and medica-
tions for individuals with reduced balance capabilities. We
look forward to the decade ahead as EEG mobile brain and
body imaging becomes more widespread.
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