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Abstract

Introduction. Functional near-infrared spectroscopy (fNIRS) is
used as a neuroimaging tool for the study of different areas of
the brain involved in motor control through the measurement
of changes in brain hemodynamics. Its wireless usage and
portability has made it suitable for investigating the cortical
control of postural balance under static and dynamic testing
conditions. Aim of Study. The aim of this systematic review
is to evaluate studies on cortical activation while performing
static and dynamic balance tasks using fNIRS as a tool and
emphasizing the location of brain areas activated. Material and
Methods. The search was performed following the PRISMA
guidelines. Relevant keywords were used for the search through
Google Scholar, PubMed, Science Direct, Taylor and Francis,
and Scopus. The methodological quality of included studies
was assessed using the Downs and Black checklist. Ten studies
met the inclusion criteria. Results. The included studies were
found to be of good methodological quality. The results in
this review showed that the dorsolateral prefrontal cortex,
sensory motor area and superior temporal gyrus are activated
predominantly during static and dynamic balance tasks.
Conclusions. The recent findings reflect a whole new scope of
analysis involving multitasking during complex motor activities.
The fNIRS technique is an adjunct to assess static and dynamic
postural imbalances in persons with balance related issues with
availability of a greater number of channels and more regions of
interest to be covered at one given instance.
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Introduction

alance is defined as the ability to maintain the

body’s centre of gravity over its base of support
with minimal sway and maximal steadiness [11, 30],
and it is a key component of motor skills ranging from
maintaining posture to executing complex motor skills.
When equilibrium is maintained during stationary
activity it is termed as static balance, while maintaining
equilibrium during motion is termed as dynamic balance
[35]. It requires integrating sensory information from
the visual, vestibular and somatosensory system [8] and
it is a vital component of the human body to function
optimally and stay injury free [12]. This component is
a determinant of appropriate biomechanics [20], which
is helpful in freedom of movements and maintenance of
quality of life [22, 23]. Balance abilities can be tested with
a functional approach to check for existing balance problems
and to assess the risk of falling as well. The importance of
various centers such as the primary motor cortex, premotor
cortex, supplementary motor area, prefrontal cortex (PFC)
and their role in postural control is of great importance as
any alteration in the functioning of these structures leads to
altered biomechanics of an individual [22, 23, 34].
Functional near-infrared spectroscopy (fNIRS) is used
as a neuroimaging tool for the study of different areas
of the brain involved in motor control through the
measurement of changes in brain hemodynamics [5].
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Neuroimaging studies have focused on investigation of
brain activation during maintenance of standing posture
control [21, 26, 31]. fNIRS is one of the functional
neuroimaging techniques, which detects differences in the
absorption spectra of oxygenated hemoglobin (Oxy Hb)
versus deoxygenated hemoglobin (Deoxy Hb) in the
near-infrared spectrum range of 700-900 nanometers.
Advantages of fNIRS compared to other neuroimaging
techniques such as functional magnetic resonance
imaging (fMRI), positron emission technique (PET) or
electroencephalogram (EEG) include its non-invasiveness,
good spatial (=1.0-3.0 cm) and temporal resolution
(normally up to 10 Hz), robustness against artifacts and
lately its wireless usage and portability. This has made it
suitable for investigating the cortical control of postural
balance under static and dynamic testing conditions [9].
Among various techniques, e.g. fMRI, PET, and EEG,
have certain limitations for the analysis of movement
control strategies, exercise-cognition experiments have
not been extensively done [9, 29]. fMRI is immobile,
susceptible to movement artifacts and has a relatively
low temporal resolution [19]. PET is expensive and since
it uses radioactive tracer substances it is not suitable for
experiments involving repetitive testing [28]. Similarly,
EEG is susceptible to movement artifacts and it is a time-
consuming process [3]. Previous studies did use PET
[2,26] and EEG [1, 4, 33], but they focused on restricted
static balance control paradigms and this limits the
number of balance challenge tasks that can be evaluated.
This stationary characteristic of these neuroimaging
technologies prevented us from assessing full mobility
and restricted our understanding of neural mechanisms
essential for balance control under various scenarios.

A previous systematic review [34] on cortical imaging of
human balance control studies included fNIRS, EEG and
fMRI. Pertaining to fNIRS they reported 21 studies, out
of which only 2 studies were based on wireless fNIRS
technology. As technological advancements have taken place
it has enabled researchers to study static as well as dynamic
balance and their associated cortical activation patterns with
the use of wireless NIRS. Thus, this systematic review
was designed to evaluate studies on cortical activation
while performing static and dynamic balance tasks using
fNIRS as a tool and to focus on different locations of
brain areas activated in static and dynamic tasks.

Material and Methods
Search strategy

This systematic review used the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
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(Figure 1) approaches [17]. The keywords included
fNIRS, balance, human balance, static balance control,
dynamic balance control, brain activation during balance,
postural balance and equilibrium. These search keywords
were linked with “AND” to ensure that at least one term of
each field could be found in the results. The terms in each
of the search fields were linked with “OR”. The articles
published between the year 2000-2020 were included.

Search process

The primary information sources included in this review
are: Google Scholar, PubMed, Science Direct, Taylor and
Francis, and Scopus. The database search included search
terms found in the article title, abstracts and keywords.
The results from each database were added to the Zotero
software and checked for any duplicate results.

Inclusion and exclusion criteria

Search inclusion and exclusion were based on the use
of fNIRS neuroimaging modality. Literature included
in this review aimed to investigate human balance
control using fNIRS. Studies were included if their task
incorporated balance challenges (e.g. perturbations,
eyes closed, dual-task, balance testing equipment, etc.).
Only articles in the English language were considered.

We excluded literature from this review when either
the neuroimaging technique was other than fNIRS and
balance testing involved walking balance or any other
method which did not match the goals of the study. We
also excluded studies involving any neurodegenerative
conditions, in which balance was assessed. Studies
which used isolated joint movement and coordinated
body movement (arms and legs) were excluded.

Data extraction

Three authors (SS; AS; PKS) were involved in the
selection of articles independently. All the duplicate
articles were removed. All the titles and abstracts were
evaluated to exclude unrelated articles. Full texts of all the
related articles were examined according to inclusion and
exclusion criteria. Information regarding the age of the
participants, population characteristics, and areas involved
during different balance tasks, region of interest in fNIRS,
number of channels used in fNIRS, variables studied
(Oxy, Deoxy, differential, total hemoglobin, etc.) task/test
involved, data representation, filters used for data refining,
company of fNIRS were assessed in the studies.

Methodological quality assessment

Each included study was assessed for quality using the
Downs and Black checklist [6]. This checklist includes

June 2021



EVALUATION OF CEREBRAL CORTEX ACTIVATION DURING BALANCE TASKS USING FNIRS: A SYSTEMATIC...

,E Records identified through Additional records identified through
§ database search other sources
g (n=4427) n=0)
=
D
= v v
Recordsafterduplicatesremoved
o (n=3589)
e
5 v
7]
Recordsscreened - Recordsexcluded
(n=342) " (n=256)
&
z v
g0
5 Full-text articles assessed Full-text articles excluded,
for eligibility > with reasons
(n = 86) (n="76)
- v
D
E Studies included
é’ in qualitative analysis
(n=10)

Figure 1. PRISMA flow chart of search strategy and retrieval of articles

27 criteria, covering areas of reporting quality, external
and internal validity, and power. The quality of each
study was independently assessed by the three authors,
with discrepancies resolved through discussion and
agreement.

Results

The database search and additional sources yielded
4427 records (Figure 1). After the removal of duplicates
and records with missing/unavailable abstracts, 3589
records remained. After screening of relevant articles
342 remained, after which the relevancy of the topic,
availability of full article, as well as full text eligibility
were checked. The number of articles included in the
final synthesis was 10 (n = 10). Reasons for exclusion
during the full-text eligibility assessment were the
following: a large number of studies were outside the
scope of our aim of use of the fNIRS neuroimaging
technique and balance tasks. The qualitative analysis
(Table 1) was carried out as per the Downs and Black,
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1998 [6]. All extracted relevant information of the
articles selected for final synthesis is shown in Tables 2,
3 and 4. The inclusion criteria were taken into account.

Quality assessment

According to the quality assessment scale by Downs
and Black, 1998 [6], the corresponding quality levels as
stated are scores of excellent (26-28), good (20-25), fair
(15-19) and poor quality (<14). We found that out of the
10 included studies, all were of good quality according
to the criteria in the scale. Four studies had a score of 20
and five studies had a score of 21, while one study had
a score of 22 details, which is represented in Table 1.

Characteristics of subjects

All the included participants in the studies were healthy
adults. Out of the 10 studies analysed, eight studies
included only young adults, one study [32] had younger
and older adult subjects and one study [18] had middle-
aged and old-aged subjects. The mean age (in years) for
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young adults was found to be 25.83+4.60; for middle
aged 46+11 and for old aged 71+2.82.

Discussion

The aim of this systematic review was to classify and
focus on studies using fNIRS as a tool to investigate the
location of activation in the cerebral cortex during the
performance of different balance tasks.

Ten studies which met the inclusion criteria were
reviewed and further illustrated in the next section and
Tables 2, 3 and 4. The balance tasks used in these studies
ranged from basic tasks, such as sensory organization
test, perturbations and posturography, to more advanced
tasks, such as incremental swing balance tasks and
downhill skiing on a video game.

Overview of test methods used

fNIRS can be utilized to evaluate changes in cortical
activation in a variety of balance tasks. In the studies
which met the inclusion criteria for the systematic
review (Table 2); four studies used sensory organization
balance/posturography test methods to assess balance.
Two studies used advance technological instruments,
such as the TOGU Board Tri axial inertial measurement
unit and tilt board with Noraxon pressure sensors, while
one study used a video game (Nintendo WiiTM) in
order to challenge the balance of the subjects.

The TOGU Board uses four air-filled balls below the
wooden board, which enables people of any fitness level
and age to step into sensory motor function training and
increase their capabilities. The tilt board with Noraxon
pressure sensors enables to record the pressure beneath
the foot with an even distribution. The Nintendo WiiTM
provides an interactive user interface for testing static
and dynamic conditions with the use of pre-installed
games.

Overview of fNIRS variables

In the studies included for the systematic review (Table 3),
eight studies used both oxy- and deoxyhemoglobin to
describe changes in cortical activation, whereas one
study used only oxyhemoglobin [31] and one study
[10] used oxy, deoxy and total hemoglobin to describe
cortical activation. The studies included in this review
tend to be focused on one common finding that the
oxyhemoglobin (O,Hb) is mainly linked to the oxygen
inflow of the tissue, while deoxyhemoglobin (HHb) is
linked to the amount of oxygen absorbed by the tissue.
An increase in the O Hb is correlated to a decrease in
HHb. During activation of the tissue (e.g. excitation
of brain areas or straining of muscles), oxygen is

104 TRENDS IN SPORT SCIENCES

consumed within the tissue and hemodynamically the
tissue responds by increasing the flow of blood toward
that tissue. Combining both O,Hb and HHb yields the
total hemoglobin concentration changes, which are
linked to changes in total blood volume in the tissue
underneath the sensor [9].

Usage of channels for assessing cortical activation
changes in the studies included for the systematic review
were as follows;three studies [7, 24, 32] used 8 channels,
two studies [13, 14] used 32 channels, two studies used
50 channels [21, 31], one study [10] used 51 channels,
one study [18] used 30 channels and one study [8] used
24 channels.

Signal acquisition in fNIRS requires a set frequency and
filtering techniques to remove artifacts. Physiological
noises such as heartbeat, respiration, blood pressure
fluctuations, extra-cortical noises from the superficial
layers, and motion artifacts affect the obtained cortical
activity data [34]. It is essential to remove these noises
prior to analyzing the brain functions.

Overview of signal processing of fNIRS data

In preprocessing of the fNIRS data, the physiological
noises are removed using band pass filtering [15, 27]
with cut-off frequencies of approximately 0.01-0.9 Hz
that corrects the artifacts in the frequency range between
a low pass and high pass filter [16, 25, 27]. The review
included:four studies [13, 14, 18, 21] using 4 Hz, two
studies [8, 32] using 2 Hz, two studies [7, 24] using
1 Hz and one study [10] using 5 Hz as their sampling
frequency. The filters used were band pass filters in three
studies [8, 21, 31]; low pass filters in two studies [7, 24],
while one study [21] reported the use of high pass filters
for refining the data. As per the technological availability
the pre-processing and removal of movement artifacts
was done in the included studies.

Overview of cortical activation

This study reviewed 10 articles using fNIRS neuroimaging
modality to investigate the cortical activation involved
in human balance control. This review reported that
different tasks elicited different areas of brain activation.
The dorsolateral prefrontal cortex was activated during
postural control tasks, which were attention demanding
[7, 10, 18, 24, 32]. There was activation of the sensory
motor area (SMA) observed in four studies, which
met the inclusion criteria. In their study Hiyamizu et
al., 2014 [10], when studying changes during balance
learning reported that there was an increase in Oxy Hb
in SMA post training of a previously learned task
of balance. Herold et al., 2017 [8] stated that Oxy Hb
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increased in SMA more during a balance task as
compared to standing, emphasizing the use of higher
cortical processes. The investigated studies show that
SMA activation is dependent on the level of difficulty
imposed during the balance task.

Mihara et al., 2008 [21] studied changes in SMA during
two conditions of perturbation; warned and unwarned,
in which they reported a significant activation in the
case of warned perturbation because of preparation
to an impending activity, which was not found in the
case of an unwarned situation. They also reported
that the posterior parietal cortex got activated due to
warned and unwarned perturbations as a preparation
to the forthcoming perturbation involving visuospatial
attention.

Takakura et al., 2015 [31] reported a significant increase
in Oxy Hb and Total Hb of SMA in stages 5 and 6 of
the sensory organization test (total 6 stages), as these
stages compromise more sensory inputs. However, no
significant difference was reported from the baseline
in the values of the initial stages. It was also found
that the posterior parietal cortex was activated during
a task involving obstruction of vestibular and visual
information. The results prove that the supplementary
motor area is involved in the execution of volitional
action and establishment of new motor programs to
maintain postural balance. The posterior parietal cortex
and the premotor cortex are involved in the updating
and computation of spatial reference frames during
instances of a sensory conflict between vestibular and
visual information.

Karim et al., 2013 [13] reported that the superior temporal
gyrus (STG) became activated during the sensory
organizationtestwhensubjectsrelied primarily on vestibular
information. In a situation when only proprioception was
degraded, less activation in the left superior temporal
gyrus was observed. Compared to when only vision was
degraded, a decrease was observed in oxyhemoglobin
in the right prefrontal cortex and left temporo-parietal
area, as well as small activations in the right temporo-
parietal area. The superior temporal gyrus on either
side was found to be activated. In another study [14],
which involved a downhill slalom skiing video game
task it was found that the activation of the right superior
temporal gyrus was observed as an adjustment to the
increased difficulty of the video game task involving
inclination and also thesupramarginal gyrus in both the
left and right hemispheres.

These findings provide insight into how the visual,
somatosensory, auditory and vestibular systems are in
conjunction to each other for maintaining an individual’s
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balance. Moreover, the included literature confirmed the
use of fNIRS as a neuro-imaging technique to analyze
brain activation during static and dynamic balance tasks
as an advantage over fMRI, EEG and PET scan where
the movement must be restricted.

There are few limitations of fNIRS including inability
to assess deeper structures of the brain [9]. Studies
included [7, 24, 32] had the limitation with regard to
the availability of usage of channels. Another limitation
was the area to be tested at one given instance, such as
reported by [13, 14], who were not able to examine the
occipital lobe due to technical limitations.

Practical relevance

The relatively recent breakthroughs in wireless
neuroimaging have empowered researchers to examine
brain function during normal human movement. It is
obvious that the use of neuroimaging systems to the
domain of human balance control is still developing.
Significant opportunities remain in the detection of
neural mechanisms underlying the control of human
balance and the use of these structures should be
completely portable and should be able to assess
functional limitations as incurring in our daily lives.

Future directions

Larger areas and a greater number of channels must be
used in future studies in order to show a clear picture
of cortical activation during balanced tasks. Both static
and dynamic tasks need to be used in a particular study
and must be compared for cortical activation. The effect
of confounding variables such as age, gender, physical
activity levels and regular sporting activity might be
addressed further.

Conclusions

The results of this review showed that the bilateral
dorsolateral prefrontal cortex, sensory motor area
predominantly get activated during both static and
dynamic balance tasks. Specifically in the case of
dynamic balance tasks the right superior temporal
gyrus becomes activated, whereas during static
balance tasks cortical areas of the frontal operculum,
right patietal operculum, temporo-parietal cortex and
bilateral superior temporal gyurus get activated. With
developments in fNIRS a whole new dimension of brain
activity and cognition has opened up because of the
unique advantages of this technology, which facilitates
quantification of brain activity during the execution of
various movements and tasks. This technique serves
as an adjunct to assess static and dynamic postural
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imbalances in persons with balance related issues with
a greater number of channels and more regions of
interest to be covered at one given instance.
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