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ABSTRACT Functional near-infrared spectroscopy (fNIRS) can be used to study activity patterns in different
brain cortical areas involved in balance control. This systematic review aims to report on studies in which
balance performance has been quantitatively assessed concurrent with fNIRS neuroimaging. Following
the PRISMA guidelines, relevant keywords were used for the search through the Scopus and Web of
Science databases. Sixty-eight studies met the inclusion criteria and were imported for data extraction.
Information on balance assessment protocols, alterations to the balance control loop, brain regions of
interest, fNIRS parameters, the relationships found between brain activity and balance performance, and
participant cohort types was extracted. The common balance tasks in fNIRS studies were standing and
walking. Standing balance control was mainly measured through sway parameters using force platforms.
Walking performance was evaluated through gait parameters mostly assessed by floor sensors or inertial
sensors. Some of the balance tasks were challenged through sensory manipulation or dual task interference.
Brain activity monitoring via fNIRS was mainly utilized to measure oxygenated haemoglobin concentration
in frontal cortex. Out of the 68 included articles, 22 studies investigated and found the relationships between
activity patterns in different cortical areas and balance measures. In 32 studies, the effects of different factors
such as long-term, biological, and psychological conditions on brain activity and balance performance were
studied. This study provides a systematic review on fNIRS studies in which quantitative balance assessment
is employed to provide a better understanding of neuromotor control of balance.

INDEX TERMS Cerebral haemodynamics, cortical oxygenation, locomotion, neural control, postural
control, stability, posturography.

I. INTRODUCTION
Balance refers to the ability to keep the body in equilibrium
and to regain balance after the shift of body segments [1]. This
ability is integral to the safe performance of most activities of
daily living, freedom of movements, personal independence,
and maintenance of quality of life [2]. Balance impairment
can lead to devastating results such as an increased risk of
falling and consequent injuries [3]. Balance disorders may
occur at any phase of life [2], which can result from a
wide range of factors including musculoskeletal conditions,

The associate editor coordinating the review of this manuscript and

approving it for publication was Ajit Khosla .

neurological diseases, ageing, and any age-related neurode-
generative conditions [4], [5], [6]. Assessing and quantifying
an individual’s balance control is essential for specifying
state of balance function and tracking functional changes.
Hence, there are different balance assessment methods used
worldwide.

Balance assessment can be conducted objectively or
subjectively. Objective balance assessment methods, also
referred as quantitative balance assessment methods, pro-
vide reliable and accurate evaluation. In quantitative balance
assessment, balance performance is evaluated when a par-
ticipant carries out a balance task. Meanwhile, instruments
such as force platforms, electronic walkways, and inertial
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sensors are deployed to measure different aspects of balance
control. Advanced data analysis can be utilized to improve
the reliability and repeatability of the assessment. On that
account, quantitative methods have been proposed for their
reliable, repeatable, and objective assessment outcomes [7].

Balance control is represented as a closed loop. The posi-
tion of the human body is perceived by the sensory inputs
from the somatosensory, visual, and vestibular systems. The
sensory information is sent to the central nervous system
consisting of the brain and spinal cord [8], [9]. Here, the infor-
mation is combined, processed, and a command is signaled to
the musculoskeletal system, which will contract and change
the body position [9]. Different approaches use alterations to
the balance control loop to change the relationships between
sensory systems, central nervous system, and musculoskele-
tal system [8]. These alterations to the balance control loop
provide unique opportunities to reveal how sensory, ner-
vous, and motor signals are integrated to control the postural
balance [10].

The brain cortical areas play an important role in maintain-
ing balance [11]. Hence, the assessment of cortical activity
concurrent with quantitative balance assessment can help
with the identification of neuromotor control of balance.
Different neuroimaging technologies, such as functional
magnetic resonance imaging (fMRI), electroencephalog-
raphy (EEG), positron-emission-tomography (PET), mag-
netoencephalography (MEG), and functional near-infrared
spectroscopy (fNIRS) have been developed to monitor brain
activity. (All the abbreviations used in this paper are shown
in Table 1.) Each of these techniques has its own strengths
and limitations and may be used in different contexts or
applications. Functional MRI is relatively expensive and
has a relatively low temporal resolution [12], [13]. To use
EEG, it is often required to use gels or saline solutions to
improve the signal-to-noise ratio [14], [15]. Use of radioac-
tive tracer substances in PET makes it not suitable for
experiments involving repetitive testing [16]. Compared to
these neuroimaging techniques, fNIRS offers good spa-
tial and temporal resolution, wireless settings, and a small
size [3], [17], [18], [19], [20]. In comparison to MEG, fNIRS
has advantages in terms of portability, cost-effectiveness, and
ease of use [21], [22]. fNIRS is particularly suitable for
balance assessment tests providing real-time information on
changes in brain activity related to motor function. Moreover,
its portability makes it a convenient option for both research
and clinical settings. Brain activity monitoring using fNIRS
has been shown to be promising for understanding the con-
tribution of cortical areas in the control of different balance
tasks [23], [24], [25].

The fNIRS technique involves projecting near-infrared
light through the scalp and skull into the brain, which is
then diffusely refracted, and the intensity changes are mea-
sured. Neural activation in response to a stimulus results in
an increase in blood flow to the activated area, leading to
changes in local concentrations of oxygenated haemoglobin
(HbO2), deoxygenated haemoglobin (HHb), or the total

FIGURE 1. A schematic presentation of fNIRS.

haemoglobin [26]. The fNIRS technique utilizes the low tis-
sue absorption of near-infrared light between 650 and 950 nm
to detect changes in local concentrations of HbO2 and HHb
during cortical activation [27], respectively. During stimulus
presentation, the cortical activation level is compared with a
baseline event without any stimulus or with a control stimu-
lus. The change relative to the baseline provides information
about the haemodynamic response to brain activation [28].
A schematic presentation of fNIRS is shown in Fig. 1.

According to the important role of fNIRS in understanding
the neuromotor control of balance, different reviews have
summarized fNIRS studies on balance assessment. However,
these reviews have some limitations (Table 2). Some of
these studies have included only specific populations such
as people with or without neurological disorders, older vs.
younger people, and Parkinson’s Disease (PD) patients [3],
[18], [23], [24], [27], [29], [30]. Some of the reviews have not
focused on quantitative balance assessment as an inclusion
criterion [2], [3]. Most of these papers have not focused on
the relationships between brain activity and balance perfor-
mance [2], [3], [18], [29], [30]. In some reviews, the focus
has been on specific balance tasks such as static, dynamic,
and dual tasks [2], [3], [18], [23], [24], [29]. In one study,
the brain region of interest (RoI) was limited to the pre-
frontal cortex (PFC) [24], whereas balance is a whole-brain
phenomenon that can be influenced and impacted by nearly
every regions of the brain [31]. In addition to these limita-
tions, the rapid growth of research in the field necessitates
an updated literature review on fNIRS studies on quantita-
tive balance assessment, which considers different balance
tests, alterations to the balance control loop, RoIs, and
populations.

This systematic review extends the limited reviews on
fNIRS studies that quantitatively assess balance control.
It aims to summarize the included studies as follows. First,
this paper reports on balance assessment protocols includ-
ing balance tests, assessment instruments, and measures,
in fNIRS studies. Second, alterations to the balance control
loop, including dual task interference and sensory manipu-
lation are illustrated. Third, brain RoI and fNIRS settings
are reported. Fourth, the relationships found between brain
activity and balance performance are presented. Lastly, par-
ticipant cohort types and their brain abnormalities studied
in the reviewed literature are assessed. Fig. 2 details the
organization of this paper. This systematic review can lead
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TABLE 1. List of abbreviations used in this systematic review.

TABLE 2. Summary of other review papers identified in the literature.

to a better understanding of approaches used to study the
neuromotor control of balance and identify the current gaps

in the field. Research questions (RQ) and objectives (RO) in
detail can be found in Table 3.
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FIGURE 2. Organization of contents of this systematic review.

II. METHODS
A. SEARCH STRATEGY
All available articles addressing quantitative balance assess-
ment and brain cortical activity pattern identification using
fNIRS were obtained by searching the Scopus and Web of

Science literature databases. Search keywords included three
groups combined with ‘‘AND,’’ and the terms in each group
were linkedwith ‘‘OR’’ to ensure that at least one term of each
group could be found in the results. The first group included
functional near infrared spectroscopyOR fnirsOR functional
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TABLE 3. Research questions and objectives.

near-infrared spectroscopy OR cortical oxygenation. The
second group comprised balance OR balance assessment
OR posture OR postural control OR postural balance OR
motion OR locomotion OR stability OR posturography. The
third group included inertial measurement unit OR IMU OR
force plate OR Nintendo OR balance board OR electronic
walkway OR gaitrite OR camera OR pressure sensor OR
accelerometer OR gyroscopeOR shoe sensor OR foot sensor
OR centre of pressure OR sway OR stride OR gait OR body
sway. The database search comprised search terms found in
the article title, abstracts, and keywords. Filters were applied
to limit the results to the subjects of neuroscience, health
professions, psychology, computer science, and engineering,
as well as the English language. Moreover, articles from
other sources by manual search and reference articles from
included studies were imported.

B. SELECTION CRITERIA
This search was conducted in March 2023. The PRISMA
flowchart in Fig. 3 shows the complete selection procedure.
In the first phase, the title and abstract were screened to select
the articles for full-text reading. Studies having the following
exclusion criteria were removed: (1) not broadly relevant to
the topic; (2) conducted in children/infants; (3) book sections,
review papers, lecture notes, opinion articles, study protocols,
and meeting minutes; (4) the only index of muscle activation
patterns for balance assessment; (5) assisted walking tasks;
and (6) the use of fNIRS for near-infrared spectroscopy-
mediated neurofeedback intervention.

In the second phase, the whole paper was read to be
included or excluded for data extraction. The exclusion cri-
teria in this phase were as follows: (1) articles in which the
balance control was not assessed quantitatively and objec-
tively; (2) studies including an assessment of brain activity
before or after the balance test, but not during the test;
(3) studies with predefined gait speeds without further assess-
ment during walking; (4) papers not using sensors for balance

FIGURE 3. PRISMA flow chart of the search strategy.

assessment; (5) articles not mentioning the balance assess-
ment instrument; and (6) those not in line with the review
objectives. Studies, which met all of the following criteria,
were included in the review: (1) at least one type of bal-
ance assessment instrument such as inertial sensors, force
platforms, balance board, motion capture system, or elec-
tronic walkway was used; and (2) both quantitative balance
assessment and fNIRS measurement were simultaneously
conducted during each balance test. This selection strategy
resulted in a total of 237 articles (54 duplicates). A total of
68 articles matched the inclusion criteria and were examined
for data extraction.

C. DATA EXTRACTION
From the included studies, relevant data were extracted
and summarized for further analysis, such as: (i) balance
assessment protocols including balance assessment tests,
instruments, and measures; (ii) alterations to the balance
control loop; (iii) brain RoI; (iv) fNIRS parameters; (v) rela-
tionships found between RoI and balance performance; and
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(vi) participant cohort types and their brain abnormalities.
These are described and analysed in more detail next.

III. RESULTS
Regarding the research questions and objectives of this sys-
tematic review, the data were extracted from the included
papers, and presented in the following order: (a) balance
assessment tests: static and dynamic balance tests; (b) bal-
ance assessment instruments: wearable and non-wearable
instruments employed in static and dynamic balance tests;
(c) balance assessment measures: parameters used to quantify
and assess balance control; (d) alterations to the balance
control loop: approaches used to manipulate the relation-
ships between sensory, nervous, and motor cues, including
dual task interference and sensory manipulation; (e) brain
RoI: cortical areas investigated through fNIRS; (f) fNIRS
parameters: consideration ofHbO2 or\andHHb concentration
for cortical activity measurement; (g) relationships found
between brain RoI and balance performance: the relation-
ships found between activity of RoIs and balance assessment
measures; and (h) participant cohort types: clinical and
non-clinical groups of participants studied in the literature
and brain abnormalities found in each population. A summary
of the results is shown in Table 6, which also includes the
number of fNIRS channels and fNIRS wavelengths, in each
study. Number of studies in each group of balance assessment
instruments, alterations to the balance control loop, fNIRS
haemodynamic parameters, and participant cohort types are
shown in Fig. 6.

A. BALANCE ASSESSMENT TESTS
Different balance assessment tests have been employed to
evaluate individuals’ balance performance. Balance com-
prises of static and dynamic balance. Static balance is the
ability to retain the centre of mass above the base of support
in a stationary position, whereas dynamic balance is the
ability tomaintain balance under changing conditions of body
movement [32]. In this section, balance tests employed in
fNIRS studies to assess balance performance are explained in
two groups of static and dynamic balance tests. Summaries of
static and dynamic balance assessment protocols, including
balance assessment tests, instruments, and measures, used
in the reviewed literature are shown in Tables 4 and 5,
respectively.

1) STATIC BALANCE TESTS
Twenty-nine out of all 68 articles, included static balance
tests, in which participants were asked to stand upright.
Since the ability to achieve and maintain equilibrium in an
upright stance is an essential and complex lifelong skill [33],
a standing test is frequently employed in the literature.
In these tests, participants were asked to stand on a fixed
(n = 20) or\and sway-reference (n = 9) support. Tests
on a fixed floor varied by feet positions including natural
stance [34], [35], [36], [37], [38], [39], [40], [41], [42], [43],
[44], [45], [46], [47], [48] (Fig. 4), one-leg stance [5], [44],

[49], Romberg’s posture [50], tandem stance [51], and feet
together [43], [52], [53].

Different variations of feet position while standing on a
fixed support surface affect standing balance [54] and are
common in daily life. For instance, one-leg stance is a practi-
cal balance test, since it comprises a common part of various
activities of daily living such as climbing the stairs, getting on
or off the bus, and simple support stances during walking [55]
(Fig. 4b). Romberg’s posture includes standing with both feet
together and hands by the sides [56] (Fig. 4d). In the tandem
stance, one foot is behind the other with the big toe of the
rear foot touching the heel of the front foot [57] (Fig. 4c).
Balance is maintained when the body’s centre of gravity is
over its base of support [58], and balance control becomes
more challenging as the base of support narrows. Hence,
standing tests such as standing with feet together, Romberg’s
posture, tandem stance, and one-leg stance in which the base
of support is reduced [43], [49], [57], are more challenging.
In general, tests that challenge balance are superior in iden-
tifying balance dysfunction to those which measure balance
control in optimal or less challenging conditions [59].

In nine studies, participants were asked to stand on a sway-
reference support, which is a movable platform that decreases
the contribution of the lower limb receptors to control stand-
ing [10]. In daily life, there are different instances similar to
standing on a sway-reference support such as standing in a
bus while it moves [60]. The ability to maintain balance on
a sway-reference support was tested in different ways in the
literature. For example, in one study, a balance board was
mounted on a central ball joint and was free to rotate. In this
study, participants were asked to move and keep a tracking
ball in the centre of a target zone that was displayed on a
computer screen by subtle shifts in body sway [61]. In five
studies, individuals tried to maintain the sway-reference sup-
port close to horizontal, while it tilted and wobbled [47],
[62], [63], [64], [65]. In two more studies, sway-reference
support was also used in a semi-immersive virtual reality
environment [66], [67]. In one standing test, a temporally
unpredictable external perturbation was applied by a support
base translation [68]. When balance is perturbed by standing
on a movable platform, one must reactively counteract the
perturbations through postural movements that either keep
the centre of pressure (CoP) within the boundary of the base
of support or through reconfiguring the base of support to
establish a new stability limit to avoid imbalance [60].

2) DYNAMIC BALANCE TESTS
Thirty-nine studies considered dynamic balance tests includ-
ing walking (n = 30), turning (n = 1), walking and
turning (n = 1), and obstacle course (n = 7). The most
common dynamic test was walking [6], [69], [70], [71], [72],
[73], [74], [75], [76], [77], [77], [78], [79], [80], [81], [82],
[83], [84], [85], [86], [87], [88], [89], [90], [91], [92], [93],
[94], [95], [96]. Walking is one of the most fundamental
motor functions in humans and essential for independent
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FIGURE 4. Feet positions in different standing tests on a fixed floor.

mobility [29], [97]. Walking performance is assessed based
on different information about the participants’ gait param-
eters, such as gait speed, width, and height [55]. In seven
papers, treadmill walking was employed [69], [71], [74],
[75], [81], [82], [89], whereas in 21 papers over-ground
walking was performed [6], [70], [72], [73], [76], [77],
[77], [78], [79], [80], [83], [84], [86], [87], [88], [91], [92],
[93], [94], [95], [96]. In two other studies, both treadmill
and over-ground walking were performed [85], [90]. The
over-ground walking and treadmill walking mechanisms are
different. A treadmill imposes a known and constant average
velocity; however, in the over-ground walking, participants
walk with their own convenient pace [98]. Among the walk-
ing tests, four studies considered self-selected walking speed
and fast walking speed [70], [75], [87], [89], and two studies
considered forward and backward walking [74], [82]. The
speed and direction of walking influences musculoskele-
tal biomechanics, such as joint kinematics, ground reaction
forces, joint moments of force and powers, muscle activity,
and spatio-temporal gait parameters [99], [100].

Three other dynamic balance tests in the reviewed liter-
ature were turning [101], walking and turning [102], and
obstacle course [103], [104], [105], [106], [107], [108], [109].
Walking and turning are two frequent and essential daily
activities. Turning requires greater centre of mass balance
control, compared to linear walking. This can lead to lat-
eral position instability and, hence, falling [97]. In studies
that used an obstacle course, different types of obstacle
course were studied. An obstacle course demands an indi-
vidual to perform a set of balance tasks, from basic to
fairly challenging, such as obstacle avoidance, or in a
specific environment, such as narrow or curvilinear walk-
ways, uneven grounds, or stairs. Such courses may be more
useful to estimate daily encounters with environmental chal-
lenges [110]. In the reviewed literature, obstacle courses were
considered in seven articles. Two studies included walking
with and without obstacle avoidance condition [103], [104].
One study included three walking road conditions includ-
ing wide, narrow, and with obstacles [105]. In a study by

Belluscio et al. [106], participants were asked to walk on
linear and curvilinear walking paths. In three other stud-
ies, individuals were required to step over obstacles on
their paths [107], [108], [109]. When an obstacle course
is designed based on common environmental challenges,
it may represent a better assessment of real life balance
control [110].

B. BALANCE ASSESSMENT INSTRUMENTS
Due to the complex nature of balance, numerous instru-
ments were used in the reviewed literature. The devices used
for balance evaluation have different resolutions, accura-
cies, and features, which can influence balance assessment
outcomes [111]. These instruments can be non-wearable
and wearable motion sensors. In the following paragraphs,
the instruments utilized in the included articles are pre-
sented. First, instruments used for static balance tests, then,
instruments used for dynamic balance assessment, including
non-wearable and wearable instruments, are explained. Num-
ber of studies using wearable and non-wearable instruments
in static and dynamic tests are shown in Fig. 6.
In this literature, two wearable and 27 non-wearable instru-

ments were employed in static tests. Wearable instruments
were inertial measurement units (IMUs), attached to par-
ticipants’ lower back [64] and pelvis [65] while they were
balancing on a sway-reference support. Among non-wearable
instruments, force platforms were used in 21 studies to assess
static balance performance. These instruments typically mea-
sure ground reaction forces and momentum [112]. There is a
wide range of commercial force platforms for static balance
assessment including typical force platforms and theWii Nin-
tendo balance board [113]. A typical force platform is a plate
under which there are four distributed dynamo-meters tomea-
sure components of force and torque [112]. This instrument
was used in 17 studies [5], [34], [35], [36], [40], [41], [43],
[45], [46], [47], [48], [49], [52], [53], [63], [67], [68]. TheWii
Nintendo balance board resembles a typical force platform,
but is relatively inexpensive and highly accessible [113].
Three studies employed the Wii Nintendo Balance Board to
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assess static postural balance [37], [50], [61]. Another type
of force platform used in the literature was the NeuroTest
platform in a study by Hoppes et al. [38]. Force platforms are
widely used for balance assessment as they provide objective,
reliable, and accurate outcomes [112].

In addition to force platform technologies, other
non-wearable instruments have been developed to mea-
sure static balance parameters. For example, the virtual tilt
board [66], balance plate [42], Super Balance [51], 3D
inclination sensor [61], pressure sensors (installed on force
platforms) [62], reflecting markers [63], electromagnetic
tracking system [38], instrumented walkway [39], and pres-
sure distribution measuring device [44] were used in the
reviewed literature. Balance assessment instruments vary in
terms of different factors such as features, power consump-
tion, price, parameter measurement range, accuracy, and ease
of use; and can be chosen based on each study’s objectives
and aims [114].

Non-wearable and wearable sensors were also used
in dynamic balance tests. Twenty-eight studies utilized
non-wearable sensors including floor sensors, capacitive
pressure sensor matrix, and motion capture system. Floor
sensors, in the reviewed literature, include electronic walk-
ways [6], [77], [77], [78], [79], [80], [86], [87], [88], [91],
[92], [96], [102], [103] and GAITRite [70], [71], [73], [76],
[90], [93], [104], [109]. An electronic walkway is composed
of multiple sensor pads connected to form the desired length
of the walkway. As participants walk along it, sensors are
activated by the pressure of the feet and deactivated when the
pressure is released [115]. The GAITRite system is an elec-
tronic walkway that automates the collection of spatial and
temporal parameters of gait [115]. Walkways and GAITRites
are unobtrusive and do not hinder participants’ natural walk-
ing style.

In this literature, motion capture system, camera, force
platform, and capacitive sensors were the other non-wearable
instruments employed in dynamic balance tests. A motion
capture system typically consists of cameras and sensors that
track the position and orientation of markers attached to an
individual’s body, allowing for the capture of realistic and
precise movement data [116]. This system was used in four
studies [84], [94], [107], [108]. In one of these studies, motion
capture system was coupled with a force platform [94].
In another study by Caliandro et al., [95] a motion capture
camera, SMART-D500, was used to measure participants’
gait parameters. In one study, force platform was located on
treadmill to assess participants’ balance control [90]. Capac-
itive sensors are based on the principle that the condenser
capacity changes depending on different parameters, includ-
ing the distance between the two electrodes [114]. In a study
by Beurskens et al. [81], a capacitive pressure sensor matrix
was used underneath the walking surface of a treadmill for
assessment of gait parameters. Non-wearable sensors are gen-
erally non-intrusive; however, they are relatively expensive
and are mainly used in laboratory settings [114].

In the reviewed literature, 11 studies used wearable motion
sensors to assess dynamic balance control. These sensors
include foot switches [82], pressure sensors [74], force sen-
sor [83], and IMUs [69], [72], [75], [85], [89], [101], [105],
[106]. Wearable sensor systems have made it possible to
obtain different aspects of the human motion in real time
by being placed on different parts of the body [114], [117].
Based on the experimental design, examiners are able to
decide where to locate the sensors on the body. For example,
in a study by Groff et al. [74], participants wore pressure
sensors on their feet for calculation of stride time. Similarly,
force sensors were located underneath participants’ shoes
to measure gait parameters in a study by Koren et al. [83].
Inertial measurement units were also located at different
places, such as hip [105], knee [105], ankle [85], [105], ster-
num [72], [101], [106], shins [106], wrists, shanks, feet [72],
[101], and lower back [69], [75], [85], [89], [106]. In com-
parison with non-wearable sensors, wearable sensors may
provide cheaper gait analysis systems that can be deployed
anywhere [114], [117].

C. BALANCE ASSESSMENT MEASURES
In this section, measures employed in the literature to
quantify and assess participants’ balance performance are
presented. The selection of measures plays an important
role in balance assessment, since each measure provides an
estimation of a particular aspect of balance control. In the
following paragraphs, the measures used in both types of
static and dynamic balance assessment are presented.

In most static balance tests, balance performance is mea-
sured through body sway in terms of CoP parameters [112].
The CoP is a point corresponding to the projection of the
centre of gravity onto the base of support. Postural sway can
be quantified using different time- and frequency-based CoP
parameters [118]. In the reviewed articles, time-based param-
eters included sway area [36], [37], [40], [42], [45], [46],
[47], [48], [50], [51], [52], [53], sway displacement in the
anterio-posterior (AP) [5], [34], [35], [41], [43], [46], [48],
[52], [63], [67], [68] and medio-lateral (ML) directions [5],
[35], [41], [43], [46], [48], [52], [63], sway path length [36],
[38], [44], [45], [46], [47], [48], [51], [53], [63], root mean
square (RMS) CoP [38], [49], sway speed [36], [39], [41],
[46], [47], [48], [51], and locus length [38]. The only
frequency-domain sway feature considered in the literature
was sparse density [37], [50]. Sway parameters should be sen-
sitive to small challenges of balance task or changing states
of the loco-motor system; however, frequency-based CoP
parameters have limited sensitivity [119]. Moreover, such
parameters have lower reliability compared with time-based
CoP measures [120].

In standing tests on a sway-reference support, other quan-
tities were also considered. For example, in a study by
Berreta et al. [68], the recovery time after perturbation was
calculated as a static balance assessment measure. It was
determined by the time at which CoP variability after
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perturbation was less than or equal to CoP variability before
the perturbation. In two studies, AP translation of centre
of mass [64] and pelvis RMS acceleration in ML and AP
directions [65] were measured using IMUs. In other tests,
the measurement parameters were mainly developed based
on the participants’ ability to control the support base angle.
For example, Lehman et al. [63] measured the displacement
of the sway-reference platform while participants were asked
to remain as still as possible. In another study, the time that the
participants could keep the support base, represented by a ball
on the screen, in the target zone was measured [61]. In a study
by Hiyamizu et al. [62], the maximal keeping time where one
side of the platform did not come into contact with the floor
was measured. Ferrari et al. [66] and Moro et al. [67] mea-
sured the number of errors. These errors were defined based
on how the participants were supposed to keep the support
base in a specific angle or at a distance from the floor. Since
the principle of standing tests on a sway-reference support
is to analyse the reaction to platform movement [121], the
displacement of the support base and its related features are
studied. These measures can be indicative of an individual’s
ability to balance on a sway-reference support with different
levels of difficulty.

In the reviewed literature, most studies with dynamic tests
are focused on some types of walking tests and one study
includes only a turning test. Vitorio et al. [101] assessed turn-
ing test based on participants’ turn peak velocity and duration.
Studies with walking tests focused on gait assessment mea-
sures. A gait cycle, also known as a stride, is the time period
of events during locomotion, in which one heel makes con-
tact with the ground and that same foot makes contact with
the ground again. Walking is the result of a series of gait
cycles [122]. Different features of gait, including spatial and
temporal parameters and their variabilities, are studied in
the reviewed literature. Spatial parameters of gait and their
variabilities include gait length [70], [71], [72], [73], [76],
[80], [81], [82], [84], [86], [89], [90], [96], [102], [103],
[104], [105], width [73], [95], length variability [86], [90],
[93], [103], [104], [105], and foot strike angle [72]. Tem-
poral parameters of gait and their variabilities include gait
speed [6], [70], [71], [72], [73], [76], [77], [78], [79], [80],
[84], [85], [86], [87], [88], [90], [91], [92], [93], [94], [96],
[102], [103], [104], [105], [106], [107], [108], [109], fre-
quency [106], duration [70], [74], [75], [76], [81], [82], [83],
[84], [85], [86], [96], [104], [105], [106], cadence [69], [76],
[84], [86], time variability [69], [72], [75], [83], [105], stance
time ratio [69], [70], [71], [84], double support time [71],
[90], number of steps within 30s [81], [82], and speed vari-
ability [105]. Different gait parameters are used to assess
walking performance; however, there is no full consensus on
which parameters are the most significant to estimate gait
performance [117]. Overall, the reviewed literature examines
dynamic tests primarily centered on walking and turning,
analyzing various spatial and temporal parameters of gait and
their variabilities.

D. ALTERATIONS TO THE BALANCE CONTROL LOOP
In this section, we present alterations to the balance control
loop implemented in the reviewed literature. These alterations
include manipulations to the sensory and central nervous
systems. Balance control relies on a closed loop. In this loop,
the sensory inputs from somatosensory, visual, and vestibular
systems are sent to the central nervous system [8], [10], where
they are processed, and a signal is sent to the musculoskeletal
system to adjust the body position [10]. Several approaches
can be used to change the relationships between sensory
systems and central nervous system. These alterations of the
balance control loop provide unique opportunities to reveal
how sensory, nervous, and motor signals are integrated to
control the balance [10], [124]. In the following, alterations to
the balance control loop in the included papers are presented.
Alterations to the nervous system are conducted through
dual task interference, and alterations to the sensory systems
are performed through sensory manipulation. Different alter-
ations to the balance control loop during static and dynamic
balance tests and the number of studies in each group are
shown in Fig. 6.

1) DUAL TASK INTERFERENCE
In the reviewed literature, 33 papers investigated the effect of
dual task interference by comparing balance control between
dual task and single task performance. Dual task performance
refers to the accomplishment of two tasks simultaneously.
Everyday life involves numerous situations, in which a
balance or motion task is performed concurrently with a
secondary task such as standing or walking while talking on
the phone. Strong evidence suggests that the central nervous
system supports much of the cognitive control of postural bal-
ance control [58], [125].When postural control requires more
central processing, cognitive resources may be exceeded by
the addition of an attention-demanding task [126]. This may
cause interference between the two tasks, displayed in a
deteriorated performance in one or both tasks, referred as
the dual task cost [126]. In the dual tasks in the reviewed
articles, the primary task was walking or standing, while the
secondary task was either a cognitive or motor task. The dual
tasks considered in the literature are presented in two groups
of dual task standing and dual task walking, as follows.

In eight studies, participants’ balance performance and
brain activity patterns were compared between single task
and dual task standing. Brain spectroscopy using fNIRS
concurrently with behavioral assessment can provide a bet-
ter understanding of what is beyond dual task cost [127].
Different cognitive tasks with different levels of difficulty
including serial subtraction [35], [42], [43], [52], double-
number sequence task [35], [52], reaction task [35], [52],
[64], visual and auditory oddball paradigm [40], and spa-
tial and non-spatial working memory tasks [46], [48], [51]
were considered. In the double-number sequence task, par-
ticipants were requested to count the total number of times
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TABLE 4. Summary of static balance assessment protocols in the reviewed literature.

two pre-selected digits appeared in a random sequence of
three-digit numbers [35], [52]. In the simple reaction time
task, participants were asked to respond as fast as possible
when hearing an auditory stimulus [35], [52], [64]. In one
study, the cognitive tasks included visual and auditory oddball
paradigm [40]. The oddball paradigm is usually an active
paradigm, which requires an action from the participant, such
as pressing the button in response to deviants or counting
silently the number of deviants. Altogether, eight studies
compared participants’ balance performance and brain activ-
ity patterns during single and dual task standing, using
various cognitive tasks of different difficulty levels.

In 29 studies, participants were asked to perform dual task
walking concurrent with dynamic balance task. In dual task
walking, dual task costs included the deterioration of gait
features such as speed [72], [73], [105], length [72], [73],

[105], time, variability [105], and width [73]. In some studies,
the second task included pressing a handheld button after a
2-paired letters sequence [72], [101], serial subtraction [73],
[75], [76], [86], [92], [96], [103], [105], [106], [108], calcu-
lations [107], backward spelling [87], counting forward [96],
and visual or verbal-memory demanding tasks [44], [81].
In four studies, the cognitive task was reciting alternate letters
of the alphabet which is reciting every other letter of the
alphabet in order, starting from a given letter [77], [88],
[91], [92]. Two studies included n-back test as the cognitive
task [84], [93]. This test consists of a sequence of symbols,
and the participants need to indicate if the current symbol
is the same as the presented n steps before. In a study by
Hawkins et al. [109], the second task was verbal fluency task
requiring the participant to say as many words as possi-
ble beginning with a randomly selected letter. In another
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TABLE 5. Summary of dynamic balance assessment protocols in the reviewed literature.

study, participants performed a cognitive task on a smart-
phone while walking [94]. In one study, the cognitive task
was a vigilance task, which required participants to state
the number of odd or even numbers they had heard while
walking [69]. In four studies, the dual task included walking
while talking [6], [78], [79], [80]. In two studies, a motor task
including carrying a tray with a bottle of water on the tray was
considered [76], [86]. Studies including dual task indicated
that the dual task cost varies dependant on the inter-individual

differences and the level of the difficulty of the task [73], [75],
[76], [78], [79], [80], [103].

2) SENSORY MANIPULATION
Sensory manipulation requires the nervous system to inter-
pret the new sensory conditions and increase reliance on the
sensory inputs which have more useful and accurate feedback
about balance control [9], [10]. Postural balance mainly relies

VOLUME 11, 2023 66651



Y. Baradaran et al.: Systematic Review on fNIRS Concurrent With Quantitative Balance Assessment

on the inputs from visual, vestibular, and somatosensory
systems. The somatosensory system refers to a group of
receptors found throughout the muscles, joints, and skin of
the body. Several of these mechano-receptors relay position
and motion cues referenced to the body and its different
segments, also known as proprioception [128]. All together,
muscle and joint receptors encode static and dynamic joint
angle and muscle force. Several of the receptors located in
the skin of the foot sole act as an interface between the
external world and the body. They can sense the contact
forces and texture of the support surface that may be used for
standing balance [129]. The visual system encodes cues refer-
enced to the external world derived from field of view. From
the visual inflow, motion signals of the surrounding world
(object-motion) and body within the world (self-motion) are
extracted and provide cues to stabilize the upright body [130].
Visual signals also provide cues on the spatial orientation of
objects in our surroundings that may be used for controlling
posture and responding to disturbances [131]. The vestibular
end organs, within the inner ears, sense three dimensional
(3D) orientation and inertial cues of the head-in-space [132].
Altogether, cues from these three sensory systems help main-
tain balance and adjust posture in response to changes in the
surroundings.

In the reviewed literature, 12 studies investigated the effect
of sensory manipulation by comparing balance test results
between different variations of sensory inputs. Alterations
to visual, somatosensory, and vestibular inputs were applied
through different ways such as changing or removing the
visual input, standing on different textures, and standing on
a movable platform, respectively. Some studies applied sin-
gle sensory manipulation, while some other studies applied
multiple sensory manipulations. These studies are further
explained in the following.

In seven studies, single sensory manipulations were
applied during static and dynamic tests. In four of these
studies, the influence of the size of the visual field, velocity
of the visual target [50], objective flow speed [34], video
clip resolution [37], as well as standing with closed eyes [47]
were investigated. In one study, the effect of vestibular input
on standing balance performance was investigated through
different neck and trunk rotation speeds [53]. In two stud-
ies, somatosensory manipulation was applied during walking
tasks. In one of these studies, participants were asked to wear
normal shoes, textured insoles, and no shoes [90]. In the other
study, the sensory manipulation was a mismatch between
visuospatial perception and lower-extremity proprioception.
In this study, a system was used which had four pistons
underneath each shoe. During the swing phase of the gait, the
pistons could change their length to create a plane oblique to
the sole’s plane, causing a mismatch between visual predic-
tion and perceived terrain during the stance phase [83].

In five studies, multiple sensory manipulations including
visual and somatosensory manipulations (n = 2) and visual
and vestibular manipulations (n = 3) were applied. In a
study by Helmich et al. [45], the effect of visual feed back

was studied through closed eyes, open eyes, and blurred
visual input; and the effect of somatosensory feed back was
studied through standing on foam. In a similar study, eyes
closed vs. eyes open and standing on a foam vs. solid surface
were applied [43]. Helmich et al. [36] investigated the effects
of visual and vestibular feed backs by eyes closed vs. eyes
opened conditions and stable vs. unstable surface conditions,
respectively. In another study, individuals stood in a virtual
reality environment and viewed AP optic flow on a fixed or a
sway-reference support [38]. These studies provide valuable
insights into the nervous system’s interpretation of sensory
conditions and its reliance on accurate feedback for balance
control.

Another multiple sensory manipulation was conducted
through The Sensory Organization Test (SOT). This test is
a systematic postural test that evaluates balance by altering
sensory cues. The SOT allows postural sway to be assessed
in six conditions including combinations of movable visual
surround, movable support base, and having the participants
stand with eyes open or closed [133]. In one study, four
conditions of the SOT, including SOT I (fixed floor, eyes open
in light), SOT II (fixed floor, eyes open in the dark), SOT IV
(sway-reference floor, eyes open in light), and SOT V (sway-
reference floor, eyes open in the dark) were applied [41].
The SOT is a systematic and comprehensive postural test
that can evaluate balance by altering sensory cues in various
conditions.

E. REGION OF INTEREST (RoI)
In this section, brain cortical RoIs studied in the literature are
reviewed. Brain cortical areas, located in the cerebral cortex,
play an important role in the balance control of daily motor
tasks [2]. Four lobes are used to designate specific anatomical
locations and functions of the brain including frontal lobe,
parietal lobe, temporal lobe, and the occipital lobe [134]
(Fig. 5). The study of brain cortical regions and their role
in balance control is of great importance as any alteration in
the functioning of these structures can lead to altered balance
control of an individual [135]. Across all included papers,
52 papers studied activity pattern in the frontal cortex; three
papers studied activity in the frontal, temporal, and occipital
cortices; nine papers studied the frontal and parietal cortices;
two papers studied frontal and temporal cortices; one paper
studied the frontal, parietal, and temporal cortices; and one
paper studied the temporal and parietal cortices. In one study,
temporoparietal region was studied, which is categorized as
belonging to the parietal cortex, in this review paper (Fig. 5).
In the following, RoIs studied through fNIRS during the
performance of balance tasks are presented.

1) FRONTAL CORTEX
In 66 studies, activities of the frontal cortex (n = 8) or
a frontal cortex sub-region (n = 58) were studied. The
frontal lobe extends from the back of the forehead to the
parietal lobe [134]. This area primarily supports higher-level
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FIGURE 5. Brain regions of interest and the number of reviewed studies (n) focusing on each region. (a) four main brain areas identified in the
reviewed studies including frontal, temporal, parietal, and occipital cortex; and temporoparietal area, (b) sub-regions of frontal cortex including
prefrontal cortex, frontopolar cortex, premotor cortex, dorsolateral prefrontal cortex, supplementary motor area, and primary motor cortex,
(c) other sub-regions of frontal cortex studied in the literature including superior frontal gyrus and middle frontal gyrus, (d) sub-regions of
parietal cortex including primary somatosensory cortex and postcentral gyrus, superior parietal cortex, and inferior parietal cortex, and
(e) sub-region of temporal cortex, superior temporal cortex.
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FIGURE 6. Number of studies in each group including: wearable and non-wearable balance assessment instruments in static and dynamic tests;
alterations to the balance control loop including dual task interference and sensory manipulation in static and dynamic tests; fNIRS haemoglobin
parameters including oxygenated, deoxygenated, and total haemoglobin; and participant cohort types including single-type, non-clinical, and
clinical cohorts.

cognitive processes, comprising executive skills and work-
ing memory [136], [137]. Executive functions include vital
cognitive activities including decision-making, planning, sus-
tained attention, judgment, awareness, and insight [138].
Eight studies investigated frontal cortex activity in the pres-
ence of sensory manipulation [37], [41], [45], [50], [53]
and dual tasks [40], [51], [96]. The frontal cortex contains
different sub-regions among which prefrontal cortex (PFC),
premotor cortex (PMC), supplementary motor area (SMA),
primary motor cortex, dorsolateral PFC (DLPFC), middle
frontal gyrus, and superior frontal gyrus (SFG) are studied
in the reviewed literature, details of which are presented in
the following. Sub-regions of frontal cortex on the brain are
shown in Fig. 5b and Fig. 5c.

The PFC was examined in 43 studies. This area, cover-
ing the front of the frontal lobe, plays an important role
in cognitive control and the ability to arrange thought and
action in accordance with internal goals [139]. The PFC
is also a part of the indirect postural pathway; this area is
activated when automaticity is reduced, and compensatory
executive-attentional resources are required for postural con-
trol. Reduction in automacity can rise due to factors such as
an individual’s lower intrinsic balance ability or challenging
perturbations or situations [2], [39], [75]. On that account,
in several studies, PFC activity was studied concurrent with
dual task performance [6], [35], [42], [43], [46], [48], [52],
[69], [72], [73], [75], [76], [77], [77], [78], [79], [80], [84],
[86], [88], [91], [92], [93], [94], [103], [105], [106], [107],
[108], [109] or in presence of sensorymanipulation [66], [67],
[68], [83], [90]. In some studies, PFC activity was studied
to address prefrontal neural correlates of postural control in
PD patients [39], [71], [85], [101], [102]. This area was also

investigated during walking with different speeds [70], [89],
obstacle avoidance [104], and simple task walking [95].

The DLPFC, a sub-region of PFC, studied in 10 articles,
is involved in allocating attentional resources to maintain
postural control and integrating external information with
information on body position [140]. In one study, this
sub-region was studied when participants were performing a
one-leg stance [49]. Dorsolateral PFC is involved in executive
function and attention. Accordingly, this area was studied
concurrent with visual sensory manipulation [34], [47] and
dual task performance [44], [64], [84], [87], [103]. Due to
the greater activity of DLPFC during the early stages of motor
learning [141], this area was studied before and after standing
balance learning [62]. Altogether, DLPFC was frequently
selected because of its well-established link to executive
functioning and balance control [135], [142].

The SMA and primary motor cortex are two RoIs stud-
ied in the reviewed literature, which play an important role
in motor tasks [143], [144]. The primary motor cortex,
located posterior to the precentral sulcus [143], was studied
in 13 studies. This area receives and processes inputs from
almost all cortical areas implicated in motor control and
sends motor commands through the corticospinal tract to
modulate postural control [145]. In three studies, the primary
motor cortex was studied during dual task walking [75],
[104] and before and after motor learning [61]. The SMA,
studied in 19 articles, is another important structure in the
preparation of foot movement, motor-planning, and move-
ment strategies [146]. In two studies, this area was examined
before and after standing balance learning, since it is activated
when a previously learned sequence is executed [61], [62].
In four other studies, SMA was studied during dual task
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walking [44], [69], [76], [86]. Both primary motor cortex and
SMA were also studied during one-leg stance [5], [49] and
standing on a sway-reference support [65], in the presence
of sensory manipulation [47], [63], backward walking [74],
[82], walking with different speeds [89], dual task walk-
ing [64], [84], and in PD patients [71]. In general, SMA was
considered due to its involvement in complexly organized
motor tasks and programming voluntary movements with
a high degree of complexity [147], and the primary motor
cortex was studied in different balance assessment protocols
because of its important responsibility in motor control [148].

Two other sub-regions of frontal cortex studied in this
literature were the PMC and frontopolar cortex. The PMC,
studied in 11 studies [44], [47], [61], [62], [64], [69], [71],
[76], [84], [86], [89] is involved in orienting the body
and preparing the postural muscles for upcoming move-
ments [149]. The frontopolar cortex occupies the anterior
portion of the brain’s frontal lobe and is involved in imag-
ination [150]. Accordingly, after closing eyes, the mental
activity shifts from an exteroceptive state to an interoceptive
state, characterized by imagination andmulti-sensory activity
depending on information from frontopolar cortices [151].
Hence, in one study, this area was studied with eyes closed
vs. eyes opened and fixed vs. sway-reference support condi-
tions [36].

The middle frontal gyrus and SFG are two other frontal
sub-regions studied in the included papers. The middle
frontal gyrus, studied in three papers, spans from the SFG
to the inferior frontal gyrus [38]. According to the reports
of middle frontal gyrus abnormalities in clinical vestibular
syndromes [152] as well as the important role of the middle
frontal gyrus in balance control [153], this area was studied in
people with visual vertigo (VV) [38], in presence of sensory
manipulation [63] and during dual task walking [81]. The
SFG, studied in two articles, is involved in complex move-
ments including several muscle groups [154]. This area was
studied during standing on a sway-reference support [63] and
through dual task walking [81]. Each RoI can be investigated
based on its function in a specific task.

2) PARIETAL CORTEX
The parietal cortex (n = 2) and its sub-regions including
the primary somatosensory cortex (n = 6), superior pari-
etal cortex (n = 3), inferior parietal lobe (n = 2), and
temporoparietal area (n = 1) were studied in the reviewed
literature (Fig. 5d). The parietal cortex is located posterior to
the frontal lobe and superior to the temporal lobe. This area
is involved in determining spatial sense, navigation, informa-
tion integration, and several aspects of the complex motor
repertoire [155]. Accordingly, the parietal cortex was studied
in the presence of sensory manipulation [41] and during dual
task standing [51]. The primary somatosensory cortex (also
known as postcentral gyrus) is on the lateral surface of the
parietal lobes. This area perceives various somatic sensations
from the body, including touch, pressure, temperature, and

pain [156]. The primary somatosensory cortex was studied
during one-leg stance [5], standing on a sway-reference sup-
port [47], [65], and backward walking [74], [82]. In one
study, this area was studied in PD patients and healthy
controls [71].

The superior parietal cortex, inferior parietal lobe, and
temporoparietal area are the other sub-regions of the pari-
etal cortex studied in this review. The superior parietal lobe,
bounded in front by the upper part of the postcentral sulcus
connected with the postcentral gyrus, plays a key role in
sensorimotor integration by actively maintaining an internal
representation of one’s body [157]. In the reviewed literature,
this area was studied through one-leg stance [5], backward
walking [82], and standing on a fixed floor [61]. Another
sub-region of the parietal cortex included in the reviewed
literature was the inferior parietal cortex. This area codes
motor acts in a specific way according to the action, in which
they are embedded [158]. The inferior parietal lobe was
studied during standing on a fixed floor [61] and backward
walking [74]. The temporoparietal area, dealing with the
integration of visual, somatosensory, and vestibular inputs for
balance control [159], was studied for multi-sensory integra-
tion in the presence of optic flow stimulation [34]. Overall,
different regions of the parietal cortex were investigated with
respect to their functions and involvement in the tasks.

3) TEMPORAL CORTEX
In six studies, the activity pattern in the temporal cortex
(n = 5) or its sub-region, the superior temporal cortex
(n = 1), were studied (Fig. 5e). The temporal cortex lies
posterior to the frontal lobe and inferior to the parietal lobe.
In four studies, this area was investigated in the presence
of sensory manipulation [37], [41], [50], [53], while in one
study this area was investigated through dual task stand-
ing [64]. In one paper, the activity pattern of the superior
temporal gyrus, which is involved in auditory processing,
was studied in the presence of visual and vestibular sensory
manipulation [38]. This region spans an area from the inferior
frontal gyrus to the middle temporal gyrus [38]. Based on the
role of temporal cortex and its sub-regions in sensory input
processing, these areas were mainly considered in studies
including sensory manipulation.

4) OCCIPITAL CORTEX
The occipital cortex, studied in three papers, is located in
the most posterior region of the brain, posterior to the pari-
etal lobe and temporal lobe. In two studies, this area was
investigated in the presence of visual input manipulation [37],
[50]. The extrastriate cortex processes visual information
about body parts, and it lies across the occipito-temporal
cortex [160]. This area was studied in patients with VV [38].
Due to the important role of occipital cortex in visual
perception, including colour, form, and motion [161], this
area was investigated in the presence of visual sensory
manipulation.
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F. FNIRS HAEMOGLOBIN PARAMETERS
In the included studies, 28 studies used both HbO2 and HHb
concentrations [34], [35], [37], [38], [41], [43], [46], [48],
[52], [63], [64], [66], [67], [72], [74], [75], [76], [77], [82],
[83], [84], [86], [92], [94], [95], [102], [108], [109], 38 stud-
ies used only HbO2 concentration [5], [6], [36], [39], [40],
[44], [45], [47], [49], [50], [51], [53], [62], [65], [68], [69],
[70], [71], [73], [77], [78], [79], [80], [81], [85], [87], [88],
[89], [90], [91], [93], [96], [101], [103], [104], [105], [106],
[107], and two studies used only HHb concentration [42],
[61] to describe cortical activation. The number of studies
using each of these haemoglobin parameters is also shown
in Fig. 6. Using fNIRS, activation can be defined by either
an increase in HbO2 or a decrease in HHb. Oxygenated
haemoglobin measures are more expressive of change due to
a higher signal-to-noise ratio than HHb [162], [163]. How-
ever, HbO2 has shown to be more vulnerable to systemic
contributions such as increased heart rate and respiration,
which may not be associated with the task performed [164].
Assessment of both HHb and HbO2 might correlate closely
with the blood-oxygen-level-dependent signal [165].

G. RELATIONSHIPS FOUND BETWEEN BRAIN RoI AND
BALANCE PERFORMANCE
In 22 reviewed papers, the relationships between balance
assessment measures and activity of PFC, PMC, SMA, pri-
mary motor cortex, frontal gyri, and primary somatosensory
cortexwere investigated and found. Based on the involvement
of cortical areas in control of balance [29], these findings are
of great importance in better understanding of the neuromotor
control of balance. In the following, these relationships are
reviewed.

1) PREFRONTAL CORTEX AND BALANCE PERFORMANCE
The relationships between PFC activity and static and
dynamic balance performance were studied in four and
12 studies, respectively. In one study, in the presence of sen-
sory manipulations, there were positive correlations between
PFC activity and both sway area and sway frequency,
in healthy older and younger adults [43]. In another study
on different age groups, the prefrontal brain activity was
positively correlated with CoP path length [63]. Moro et
al. [67] found a positive correlation between returning time,
defined as the time required to bring back the centre of mass
on the sway-reference board, and the PFC activity. In another
study, a positive correlation was found between right DLPFC
activation and CoP sway length as well as CoP velocity in
AP direction in people with chronic low back pain while they
were balancing on a sway-reference support [47]. In the same
study, a positive correlation was found between left DLPFC
and sway area during natural stance.

In 12 studies, the correlations between PFC activity and
gait parameters were studied. Some studies showed that there
is a positive correlation between PFC activity and stride
duration [106], gait length variability in older adults during

obstacle negotiation [103], stride length in dual task walk-
ing [80], walking speed during obstacle course [107], and
step width [95]. In some other studies, activity in PFC was
negatively correlated with walking speed and stride length
in dual task walking [73], stride frequency [106], step length
variability [89], [104], step velocity variability [89], and gait
speed during turning in PD patients [102]. In fast walking,
negative correlations were observed between activity in the
left PFC and stride length variability [69], step length, step
velocity, and swing time [70]. In PD patients, PFC activity
was negatively correlated with step time variability during
dual task walking [72], and positively correlated with swing
time [71]. In a study by Holtzer et al. [6], the association
between PFC activity and gait velocity was found to be posi-
tive in people with peripheral neurological gait abnormalities
(NGA), but negative in those without NGA. In summary,
different relationships between brain activity and balance
performance were found based on differences in the balance
assessment measures, participant cohorts, and balance tests.

2) SUPPLEMENTARY MOTOR AREA AND BALANCE
PERFORMANCE
In seven studies, the relationships between SMA and balance
assessment measures were found. Negative correlations were
noted between activity in SMA and RMS rambling in the ML
direction during some of yoga and Tai Chi one-leg stance
postures [49], gait performance during dual taskwalking [86],
sway in ML direction [65], and ML sway velocity [47].
In one study in stroke patients, positive correlations were
found between lesioned SMA and speed and stride length
during waling, walking and cognitive task, and walking and
motor task [76]. In these participants, positive correlations
were found between non-lesioned SMA and speed during
walking and secondary motor task. Kurz et al. [82] reported
positive correlations between the amount of variation in the
stride-time intervals and the maximum HbO2 response found
in SMA. Positive correlation was also found between right
SMA and sway area [47].

3) PRIMARY MOTOR CORTEX AND BALANCE
PERFORMANCE
In three papers, the relationships between primary motor cor-
tex activity and balance performancewere studied. According
to these studies, a positive correlation was found between
activity in the primary motor cortex and stride time vari-
ability [74], whereas the correlation was negative between
primary motor cortex activity and RMS rambling in the ML
direction during one-leg stance [49] as well as step length
variability and step velocity variability [89].

4) PREMOTOR CORTEX AND BALANCE PERFORMANCE
In four papers, the relationships between PMC and balance
performance were studied. In stroke patients, negative cor-
relations were observed between PMC and cadence during
both single task and dual task walking [76]. In addition,
positive correlations were found between PMC and stride
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time during walking, walking and cognitive task, and walk-
ing and motor task. In this study, a positive correlation was
also found between PMC and cadence during walking and
motor task [76]. In other studies, negative correlations were
found between PMC activity and gait performance during
dual task [86], step length variability and step velocity vari-
ability [89], and ML sway velocity [47]. Moreover, positive
correlation was found between activity in right PMC and
sway area [47].

5) FRONTAL GYRI AND BALANCE PERFORMANCE
In two studies, the correlations between frontal gyri and bal-
ance performance were studied. The amount of variation in
the stride-time intervals while walking was positively corre-
lated with the activity of the pre-central gyrus [82]. Beurskens
et al. [81] also reported positive correlation between the
activity recorded through one channel on SFG and the number
of steps in 30 seconds.

6) PRIMARY SOMATOSENSORY CORTEX AND BALANCE
PERFORMANCE
In one study positive correlation was found between left
primary somatosensory cortex and sway area during natural
stance [47].

H. PARTICIPANT COHORT TYPES
This section presents participant cohorts studied in the
reviewed literature. The ability to control balance can change
by different factors such as ageing as well as neurologi-
cal and musculoskeletal disorders [5], [43], [68]. On that
account, 32 papers aimed at comparing balance performance
and brain activity between different participant cohort types.
However, in 36 studies, single type of participant cohort was
considered. In the following, multi-type of participant cohorts
studied in the literature are categorized into two groups of
non-clinical and clinical cohorts. Non-clinical cohorts consist
of healthy people such as men vs. women, endurance athletes
vs. non-athletes, older adults vs. younger adults, people with
different working memory capacities, and older people with
and without fear of falling. Clinical cohorts consist of neu-
rological patients, people with musculoskeletal conditions,
chronic obstructive pulmonary disease (COPD), and diabetes.
The number of studies in each of single-type, clinical, and
non-clinical cohorts is shown in Fig. 6.

1) NON-CLINICAL COHORTS
Fifteen studies investigated the effect of age (n = 10), fear
of falling in older people (n = 1), gender (n = 2), motor
expertise (prior physical activity) (n = 1), and working
memory capacity (n = 1) on balance performance and brain
activity. The most frequent cohorts studied among healthy
participants were older vs. younger people. In these stud-
ies PFC has been found less active in younger participants
compared to the older ones [34], [43], [63], [64], [69], [70],
[81], [89], [92], [103]. Prefrontal cortex is affected by age-
ing leading to deficits in executive functions. Higher PFC

activation in older adults can be attributed to functional com-
pensation [166]. Fear of falling is defined as an exaggerated
concern about falling or as low perceived self efficacy at
avoiding falls [167]. In this regard, Holtzer et al. [123] com-
pared the results between older people with and without fear
of falling. In this study, they showed that the presence of
fear of falling is associated with higher and inefficient PFC
activation in older adults. This study interprets that people
with fear of falling need to allocate more attentional resources
to maintain their balance and reduce the risk of falling.
To summarize, the PFC is more active in older individuals
compared to younger ones, and fear of falling in older adults
is associated with higher and inefficient PFC activation

Gender, long-term physical activity, and memory capacity
are the other factors studied among non-clinical cohorts.
Gender can cause differences in balance performance and
age-related cognitive decline [168]. This effect may be
attributed to functional and structural differences in brain
regions that are involved in cognitively demanding tasks [80].
Accordingly in two studies, comparisons between older men
and women through dual task walking showed higher cor-
tical activity in men than women [78], [80]. Long-term
physical activity is shown to be another factor that leads
to specific functional and structural brain alterations [169],
which are specific to the individual training regime [170].
In this regard, Seidel et al. [61] examined the difference in
cortical activity and standing balance between endurance
athletes and non-athletes, and observed stronger cortical
activity in endurance athletes. Studies reveal that attentional
allocation is considered to be a key function of working
memory [171], and impaired motor performance is associ-
ated with decreased working memory performance [172].
Accordingly, Fujita et al. [44] compared cortical activity and
dual task standing performance between groups with low and
high spans. In their study, levels of activity were markedly
increased in the right DLPFC and SMA in the high-span
group during a dual-task. Multi-factorial components con-
tribute to postural balance [173], among which age, fear of
falling, gender, motor expertise, and working memory have
been investigated among non-clinical cohorts in the reviewed
literature.

2) CLINICAL COHORTS
In this section, clinical cohorts studied in the reviewed lit-
erature are presented. It has been shown that people with
decreased physical function or general health are more likely
to have poor balance and an increased risks of falling [174],
[175]. For that reason, several studies have been conducted
in the reviewed literature to investigate the effects of such
factors on balance performance and cortical activity. These
factors include neurological disorders, musculoskeletal con-
ditions, chronic obstructive pulmonary disease (COPD), and
diabetes which are presented in more detail in the following.

In 14 studies, balance control and cortical activities were
compared between neurological patients and control groups.
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Various neurological disorders deteriorate specific nervous
system functions contributing to balance, leading to an
increased risk of falls [176], [177]. Neurological disor-
ders studied in the reviewed literature include concussions
(n = 2), VV (n = 1), NGA (n = 1), multiple
sclerosis (MS) (n = 2), post stroke (n = 3), and
PD (n = 5). Helmich et al. [36] studied symptomatic vs.
asymptomatic athletes with sport-related concussions (SRC)
causing long-term physical impairments in gait or posture
control. In their study, the activity within the left hemispheric
frontopolar cortex was significantly reduced in symptomatic
athletes compared to asymptomatic athletes. Helmich et
al. [45] also compared the results between patients with per-
sistent postconcussion symptoms (pPCS), individuals with
a history of mild traumatic brain injury but without pPCS,
and healthy controls. Individuals with pPCS had significantly
greater activation in frontopolar areas of the right hemisphere.

Visual vertigo and NGA are two other neurological dis-
orders studied in this literature. Visual vertigo is a disease
with the symptoms of disorientation and impaired balance
induced by conflicting visual and vestibular information or
complex visual stimuli in the environment. Individuals with
VVmay display increased postural swaywith full-field visual
motion stimuli. Therefore, Hoppes et al. [38] compared indi-
viduals with and without VV when viewing optical flow.
They observed that the VV group had less increase in the
right frontal area in comparison to healthy controls. They
concluded that this reduced activation may contribute to
the symptoms of VV such as dizziness and disorientation
during tasks involving optic flow. Holtzer et al. [6] studied
participants with and without NGA through dual task and
single task walking. In this study, NGA was defined by the
presence of neuropathic gait or gait abnormalities attributed
to brain dysfunction. The study showed that the NGA group
had reduced activation in the SMA and the precentral gyrus
during gait compared to the healthy group.

Another neurological disorder studied in the reviewed liter-
ature is MS. Multiple sclerosis is another chronic neurolog-
ical disease characterized by damage in the central nervous
system [178]. Mobility impairments presented as reduced
walking performance are a common symptom of MS [178].
Accordingly, Hernandez et al. [79] and Aratanha et al. [84]
compared patients withMS and healthy controls during walk-
ing. They found higher frontal activity in MS patients and
concluded that individuals with MS may require greater neu-
ral resources to execute motor tasks.

Stroke is another neurological disorder studied in this
reviewed literature. Stroke causes long-term physical disabil-
ity which can lead to loss of independent locomotion [2].
Hence, Chatterjee et al. [73] recruited adults with chronic
post-stroke hemiparesis and subdivided them into low and
high balance confidence groups to compare their balance
control and brain activity. The group with low balance confi-
dence showed greater prefrontal activity. Hermand et al. [93]
also compared low Barthel stroke patients with high Barthel

stroke patients, and found lower PFC activity in patients
with high Barthel. In another study, a comparison was con-
ducted between post stroke patients with moderate to severe
walking deficits, older adults with mild gait deficits, and
younger healthy adults [109]. In this study, individuals with
walking deficits showed greater PFC activation compared to
healthy controls during walking. Altogether, stroke-related
mobility deficits require greater neural resources during
walking.

Parkinson’s Disease is a common disorder among neuro-
logical patients. In five studies, cortical activity and balance
performance were compared between people with PD [75],
[104], or Parkinson’s syndrome [39], and healthy control
groups; or between subgroups of PD patients [72], [102].
In one study, PFC activity found to be more in PD patients
in comparison with healthy adults [39]. In another study,
Maidan et al. [102] divided recruited PD patients into two
subgroups based on limitations in community ambulation.
They observed that patients with relatively better ambulation
decreased prefrontal activation compared to patients with
relatively worse ambulation. Vitorio et al. [72] recruited PD
patients with and without freezing of gait to investigate the
influence of freezing of the gait status on the automaticity of
walking. They found that PD patients with freezing of gait
had greater PFC activation and interpreted that the increase
in PFC activity might be a compensatory mechanism to
overcome neural deficiencies in PD patients. Moreover, this
increase in activity may be associated with greater disease
severity.

Musculoskeletal conditions studied in the reviewed lit-
erature include chronic ankle instability (CAI) in athletes,
chronic low back pain, and chronic gait ataxia. Chronic
ankle instability is characterized by repetitive ankle sprains,
perceived instability, and feelings of giving way [179].
Rosen et al. [5] considered three groups of individuals with
CAI, healthy controls, and coper. Coper was defined as an
individual who had sustained an initial ankle sprain, fully
recovered, and not developed CAI. In this study, they found
no differences in average HbO2 for any cortical areas. Since
postural control deficits are a potential cause of persistent and
recurrent pain in patients with chronic low back pain, Li et
al. [47] compared patients with chronic low back pain with
healthy controls. The results showed that individuals with
chronic low back pain had increased activation in the PFC
compared to healthy individuals. This increased activation
was interpreted as greater cognitive demand and attentional
control needed to maintain upright posture in individuals
with chronic low back pain. Since ataxia makes gait unsta-
ble, Caliandro et al. [95], investigated walking performance
and cortical activity between chronic gait ataxia patients
and healthy adults. They found increased cortical activity
in chronic gait ataxia patients, while there was no activa-
tion observed in the healthy participants. According to the
reviewed studies, different musculoskeletal conditions can
affect cortical activity during balance tasks.
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Apart from neurological and musculoskeletal disorders,
other clinical conditions such as diabetes (n = 1) and COPD
(n = 1) are investigated in the reviewed literature. Diabetes is
another clinical condition that affects balance, which is com-
mon in the general population, notably among older adults.
The presence of gait alterations has been observed in diabetic
patients [180]. Holtzer et al. [77] compared brain activity and
gait parameters between diabetic and healthy older adults
and found more cortical activity in diabetic patients during
walking. Hassan et al. [87] compared COPD patients with
healthy controls, and found higher DLPFC activity in patients
with COPD. These studies show that diabetes and COPD
affect cortical activity in the context of balance control.

IV. DISCUSSION
The aim of this systematic review is to report on fNIRS stud-
ies on quantitative balance assessment. A total of 68 studies
were reviewed and further illustrated in the Results section
and Table 6. In these studies, fNIRS has been used to
explore brain cortical activation during different static and
dynamic balance assessment tests. In several studies, dif-
ferent approaches including sensory manipulation and dual
task interference have been employed to alter the balance
control loop. In this paper, the cortical RoIs and haemoglobin
parameters studied through fNIRS have been reported. More-
over, the relationships found between fNIRS parameters
and balance assessment measures have been presented. Dif-
ferent cohort types of participants including clinical and
non-clinical populations were recruited in the reviewed lit-
erature. Based on the findings presented in the results, the
answers to the research questions are presented and discussed
in the following.

A. RQ1-WHAT KIND OF BALANCE ASSESSMENT TESTS,
INSTRUMENTS, AND MEASURES ARE INCLUDED IN fNIRS
STUDIES?
A variety of balance assessment tests, instruments and mea-
sures were employed in the reviewed literature as follows.

1) BALANCE ASSESSMENT TESTS
In the reviewed literature, 29 studies employed static tests
and 39 studies employed dynamic tests. All 29 static tests
were focused on different standing tests; 20 of which were
conducted on a fixed floor and 9 of them were performed
on a sway-reference support. Most standing tests on a fixed
floor were natural stance, whereas a few of them varied in
terms of feet positions. Out of 39 dynamic tests, 30 tests were
walking, seven tests included an obstacle course, one test was
turning, and one consisted of walking and turning. Out of all
walking tests, 21 tests were performed on ground and seven
tests were performed on a treadmill. These tests were mainly
normal walking while a few varied by backward walking and
fast walking tasks. The static and dynamic tests studied in the
reviewed literature are further discussed in the following.

Out of 68 reviewed studies, 29 papers included a variety
of standing tests indicating the importance of this test in

fNIRS studies. This test is practical in use as it takes only
30-60 seconds, does not require specific training, and is not
a demanding task. A standing test is used to evaluate an
individual’s stability, which is indispensable for daily living.
The central nervous system, musculoskeletal system and sen-
sory systems are simultaneously involved in controlling one’s
postural stability. It has been shown that postural stability
highly relies on neuronal networks including cortical brain
structures [2]. Hence, standing tests in fNIRS studies are used
to decode themechanism throughwhich cortical areas control
postural balance.

Most of the included fNIRS studies with standing tests
were focused on older people or neurological patients. These
studies are of great importance as changes in brain structure
caused by ageing or neurological disorder affect the cognitive
processes involved in standing [181]. Moreover, in a standing
test, fNIRS motion-related and physiology-related artefacts
are minimized according to the participant’s least head move-
ments and body activities. Head motion might cause changes
in light detection and cortical haemodynamic levels, while
physiology-related artefacts can cause false haemodynamic
responses [182], [183].

In the reviewed literature, most standing tests were con-
ducted on a fixed floor rather than on a sway-reference sup-
port. Standing on a sway-reference support can be more chal-
lenging, since it involves neural and muscular efforts [184]
and demands more functional compensations [185]. Mean-
while, standing on a fixed floor demands less instrumentation
and is easier to conduct. In general, standing tests in fNIRS
studies are important tests for postural balance assessment
and are practical in use.

Among 39 studies including dynamic tests, those having
variations of a walking test were the most common. In some
studies, obstacle course, walking, and/or turning were con-
sidered, in which the motor task is still walking. Walking is
one of the most common activities of daily living in which
brain cortical areas play an important role. The reviewed
studies on walking used fNIRS to record brain activation to
investigate neural bases of cognitive contributions in gait and
foster a better understanding of the neuromotor control during
walking. Some of these studies have introduced a dual task
walking, walking tasks that require processing speed and gait
adaptability, an obstacle course, or turning to highlight the
relative cognitive demand of gait cognitive control. An obsta-
cle course affects the amount of information that must be
processed in order to achieve both balance and the motor
goal [184]. Turning is another complex walking task that
utilizes cognitive resources such as attention, visual spatial
function, and executive function [102]. In summary, many
fNIRS studies employed more challenging walking tasks to
investigate the contribution of cognitive resources to dynamic
balance control.

In the reviewed fNIRS studies, similar to standing tests,
most of the dynamic tests were taken from older people and
neurological patients. In these populations, changes in brain
structure lead to changes in gait parameters [181]. Hence,
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TABLE 6. Summary of data extracted from the reviewed papers.
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TABLE 6. (Continued.) Summary of data extracted from the reviewed papers.
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TABLE 6. (Continued.) Summary of data extracted from the reviewed papers.

examining the cortical activity involved in gait performance
may allow further clarification of links between cortical struc-
ture and walking performance. Among the included dynamic
tests, most walking tasks were over-ground walking rather
than treadmill walking. Walking on a treadmill needs less
space, and installing floor sensors on treadmill provides a
longer range of gait assessment by non-wearable sensors.
However, it affects the biomechanics of walking and demands
access to a treadmill. In conclusion, different walking tests are
themost common dynamic tests in fNIRS studies, which have
the potential to provide a good understanding of neuromotor
control in different populations.

2) BALANCE ASSESSMENT INSTRUMENTS
In the reviewed literature, 13 wearable and 55 non-wearable
instruments were employed to assess participants’ balance
control. In static tests, non-wearable instruments were mainly
used among which force platforms were most common.
In dynamic tests, 28 papers used non-wearable instruments,
while 11 studies used wearable instruments. Non-wearable
sensors mainly included walkways, whereas most wearable
sensors were inertial sensors. Wearable and non-wearable
balance assessment instruments are discussed in the follow-
ing paragraphs, respectively.

Most assessment devices in the reviewed literature were
non-wearable instruments. These sensors are more expensive
than the non-wearable ones, whereas their common usemight
be justified in two ways. First, the non-intrusiveness of these
instruments might have led to their common application,
more specifically for participants with balance impairment.
Second, as shown in the reviewed articles, dual task is com-
mon in fNIRS studies on balance performance. Non-wearable
instruments do not interfere with the attention of the partici-
pants on the second task; however, extra sensations from the
attached wearable sensors might distract them.

Among non-wearable instruments, force platforms and
floor sensors were most commonly used for standing and
walking tests, respectively. A force platform is utilized for
sway measurement and is considered as the gold standard
in the field [110], whereas a walkway is mainly used for
gait assessment. These instruments are portable, whereas they

require a significant amount of space [114]. On walkways,
participants can walk only for 4 to 5 steps, so to overcome
this problem, an electronic walkway can be installed on a
treadmill [71]. However, the biomechanics of over-ground
walking are different from those of treadmill walking, which
might affect gait parameters [98]. Although non-wearable
sensors are more expensive than wearable sensors, their
non-intrusiveness might have led to their widespread use in
the literature [114].

In 11 studies including dynamic tests, wearable sensors,
mainly inertial sensors, were employed to assess gait mea-
sures. The usage of these sensors in dynamic balance tests
can be explained in different ways. These sensors are useful in
challenging walking tasks or those in which the walking path
is not straight. For example, in one study, gait parameters in
fast walking were obtained through inertial sensors mounted
on the upper body limbs [75]. Since this task demands upper
limb movements for compensation, gait measures obtained
from upper body motions might be more accurate compared
with those obtained from the feet. Moreover, in some of
studies, participants had to change their walking direction
according to a curvilinear path [106] or to avoid obsta-
cles [103], [104], in which the measurement instruments
should not limit the walking area.

Furthermore, wearable sensors are less expensive than
non-wearable sensors and do not require excessive space for
normal operation. They can be used outside of laboratory
settings and can be integrated with every day devices such
as smart watches and phones [114]. On the other hand, wear-
able sensors are susceptible to noise and interference from
external factors [114]. Moreover, they need to be mounted
on the participant’s body, which may be uncomfortable or
intrusive [114].

3) BALANCE ASSESSMENT MEASURES
The most common measures of balance assessment in the
reviewed literature were gait and sway parameters. Postu-
ral sway during standing, frequently assessed using CoP,
is considered to be an effective measure of postural sta-
bility [186]. The centre of pressure is a point representing
the projection of the centre of gravity on the base of
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support. Here, CoP parameters were most commonly mea-
sured since they are the gold standard assessment in the
standing test. These parameters include time- and frequency-
based ones. All except one sway parameters in the literature
were time-based quantities. Compared with frequency-based
parameters, time-based quantities enjoy better sensitivity and
reliability. Moreover, frequency-based CoP parameters have
limited sensitivity [119], [187].

In the dynamic balance tests, the balance assessment mea-
sures were gait parameters, which can be explained in two
ways. First, in fNIRS studies, gait analysis is of great inter-
est as gait performance relies on complex sensory-motor
coordination requiring both automated and voluntary loco-
motive tasks [188]. Thus, gait parameters can provide a better
understanding of sensory-motor coordination in walking.
Second, neurodegenerative diseases and ageing can impact
gait parameters [189]. In this regard, the effect of alterations
to the brain structure can be detected through analysing gait
parameters. In summary, gait parameters can be indicative of
dynamic balance control in fNIRS studies.

B. RQ2- WHAT ALTERATIONS TO THE BALANCE CONTROL
LOOP HAVE BEEN EXAMINED, IN THE REVIEWED fNIRS
STUDIES?
In the reviewed literature, alterations to the balance control
loop, including sensory manipulation and dual task interfer-
ence, were considered in 49 studies. Maintaining balance
requires a well coordinated action of the sensory, nervous,
and motor systems. These systems affect each other mutu-
ally by cause and effect within a closed loop [65]. In the
reviewed fNIRS studies, the effect of alteration to the balance
control loop on both brain activity and balance performance
was analysed based on objective quantitative data. Such an
analysis can lead to a better understanding of relations and
compensation strategies in balance control.

Here, sensory manipulation was applied in 10 studies with
standing tests and 2 studies with dynamic tests including
alteration to visual, vestibular, and somatosensory inputs.
Alterations to the visual input were the most common
manipulations including changes to the image elements or
removing the input by closing eyes. Alteration to the vestibu-
lar input was also common in the literature, applied by
unexpected movements of the support base or different neck
and trunk rotation speeds. In two studies, alteration to the
somatosensory system was applied by standing on two dif-
ferent surfaces; foam and solid. Such studies may reveal
how the relative contribution of each sensory system changes
depending on environmental conditions.

In the reviewed fNIRS studies, dual task interference
was considered in 8 studies with static tests and 29 studies
with dynamic tests. The second task was mainly a cognitive
one with different levels of difficulty and neural demands;
however, in two studies, a motor task was also considered.
In dual task interference, alterations to the nervous system are
caused by the allocation of attentional resources towards the

performance of the cognitive task. The fNIRS measurements
combinedwith balance assessment outcomesmight reveal the
contribution of cognitive resources to balance control.

The frequent use of dual task in fNIRS studies can be
further explained by identifying the neural circuits engaged
by the cognitive task in relation to those engaged during
motor task performance. Moreover, the dual task interference
replicates the features of real world daily activities when a
person performs several motor and cognitive tasks concur-
rently. On the other hand, different dual task interference (e.g.
second task, number of trials, and physical activity), partic-
ipants’ characteristics (e.g. background in the second task,
level of stress, motor repertoire, and hemispheric asymme-
try), and environmental conditions (e.g. time of day and room
lighting) among or within studies hinder the interpretation
of the findings [127]. Dual task interference is found to be
of interest in fNIRS studies; however, there is no standard-
ized dual task protocol that leads to a better interpretation
of the dual task cost on behavioral and neurophysiological
outcomes.

C. RQ3-HOW IS fNIRS USED WITH REGARDS TO
CORTICAL AREAS IN QUANTITATIVE BALANCE
ASSESSMENT STUDIES?
1) REGION OF INTEREST
In the reviewed literature, all cortical areas including the
frontal, temporal, parietal, and occipital cortex were studied.
Our findings suggest that RoIs are mainly chosen based on
their functions in the task, alteration to the balance control
loop, and participant cohort type. Accordingly, the frontal
cortex and its sub-regions were the most commonly studied
RoI, based on the dominant role of the frontal cortex in the
balance function. Since the PFC plays an important role in
cognitive functions [153], [181], this area was frequently
studied in dual task tests. Moreover, measurement of PFC
activity involve less motion artifacts and signal attenuation
due to the slippage in hairs. Also, it is likely to be more effec-
tive in the case of motor-function related disability [190].
Overall, the frontal cortex is responsible for several tasks
amongwhich executive functions, voluntarymovement, deci-
sion making, and cognitive behaviour [191] are essential for
balance control.

After the frontal cortex, the parietal cortex was the sec-
ond most commonly studied area in the reviewed literature,
and some studies investigated temporal and occipital areas.
The parietal cortex was studied in challenging tasks such
as one-leg stance and backward walking, or those with sen-
sory manipulation and dual task interference. This area was
studied because of its fundamental role in spatial orientation,
navigation, complex motor repertoire, and various somatic
sensations from the body [155]. The temporal cortex, which
embraces auditory and visual association areas [192], was
mainly studied in articles including sensory manipulation.
In two studies, occipital cortex activity was investigated in the
presence of alterations to the visual elements because of its
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role in visual processing and interpretation such as determin-
ing, recognizing, and comparing objects to each other [193].
In summary, the frontal cortex was studied in almost all
included articles because of its important role in balance
control, and other cortical areaswere included in some studies
due to their specific roles in the tasks.

2) FNIRS PARAMETERS
In the reviewed articles, different numbers of fNIRS channels
ranging from 3 to 64 were employed as reported in Table 6.
Some studies used a few channels to measure from specific
RoIs, whereas others used many channels to cover broader
areas of the scalp; both approaches have advantages and
limitations. Multi-channel units record the activity of more
cortical regions; however, they suffer from lower sampling
rates as a result of the signal multiplexing needed to dis-
tinguish between channels. This can have a negative impact
on data quality. Moreover, low sampling rates preclude the
ability to apply some of the recommended signal process-
ing steps. A single channel, however, focuses on a single
RoI. This limits the understanding of the network of regions
involved and important changes across them that may occur
in complex functions. In conclusion, the number of fNIRS
channels should be decided by the specific research ques-
tions [182].

In the reviewed literature, 38 papers studied HbO2 concen-
tration, 28 papers studied both HbO2 and HHb concentration,
and two papers only studied HHb concentration. By defi-
nition, HbO2 and HHb exist in equilibrium, such that an
increase in one causes a stoichiometric decrease in the other.
However, this explanation is only valid if local blood volume
is constant, which is not necessarily true in some populations
such as older people and neurological patients. Asymmetrical
neural pathologies and vascular disease in these populations
can affect haemodynamics. Here, many participant cohorts
included older adults and neurological patients. Hence, addi-
tional measures such as the total haemoglobin (HbO2+HHb),
the tissue oxygenation index (the change in HbO2 relative to
the change in HHb), the ratio of HbO2 to total haemoglobin,
the difference between haemoglobin species (HbO2 – HHb),
and the regional cortical activation ratio (HbO2 measured at
a single channel over the RoI divided by average HbO2 of
all channels multiplied by 100) could have been calculated to
provide additional insight into task activity and performance.
However, to choose only from HbO2 and HHb, the former is
indicated to be more desirable according to the results. This
parameter is shown to be more expressive of change due to a
higher signal-to noise ratio than HHb [182].

Out of 68 studies in the reviewed literature, 14 studies
reported three wavelengths, 43 papers reported two wave-
lengths, and 11 papers have not reported the wavelengths
considered for fNIRS. According to the reported wave-
lengths, a range of 690 to 850 nm was used. (Wavelengths
used in each study are shown in Table 6.) Instrumental config-
urations such as wavelength selection can influence the signal

quality; however, it cannot be easily changed by the operator.
Hence, it is important to carefully report them in sufficient
detail and follow the manufacturers’ instructions. To reduce
cross-talk, for example incorrect separation of changes in
HbO2 and HHb which heavily depends on the wavelength
selection, an optimal combination of wavelengths should
be used [28]. Even though there is currently no consensus
as to which combination of wavelengths is optimal [182],
the degree of cross-talk has been deemed to be relatively
minimal when using one wavelength >730 nm and another
<720 nm [194]. Commonly used commercial systems do
not allow changing these parameters and typically report one
wavelength between 705 nm and 760 nm and another around
850 nm [24].

D. RQ4-WHAT RELATIONSHIPS HAVE BEEN FOUND
BETWEEN CORTICAL ACTIVITY AND BALANCE
PERFORMANCE IN THE REVIEWED LITERATURE?
In the reviewed literature, the relationships between activ-
ity of cortical areas and balance assessment measures were
investigated. These findings can help in developing a better
understanding of the neuromotor control of balance; however,
the number of papers studying these relationships is limited
to 22, out of 68. Moreover, these findings are limited to the
relationships between balance measures and a small number
of frontal areas including the PFC, SMA, premotor cor-
tex, primary somatosensory cortex, frontal gyri, and primary
somatosensory cortex.Meanwhile, more investigations on the
role of other cortical areas in balance control are required.
Hence, fNIRS studies on the relationships between other
sub-regions of the frontal cortex and balance performance
parameters are needed.

There are several differences among the included stud-
ies investigating the relationships between cortical activity
and balance measures, and their results cannot be gener-
alized. First, each relationship is found through a specific
balance test and/or study design. Even among studies includ-
ing similar balance tests, different balance parameters were
considered. For example, in different studies including walk-
ing tasks, different balance parameters such as stride duration,
length, and frequency were considered. Besides, the rela-
tionships were mainly found between different populations,
which might lead to inconsistent results. For example, the
relationships between PFC activity and gait velocity are
found to be in opposition between healthy adults and those
with NGA [6]. Contradictory relationships were also found
between stride length and PFC activity among older peo-
ple [80] and adults with chronic post-stroke hemispheres [73].
In summary, a general outline for the relationship between
brain activity patterns and balance control cannot be extracted
from the associations found in the reviewed literature. Among
the aforementioned studies, most relationships were found
based on correlation analysis. This method is influenced by
the range of observations, cannot be interpreted as causal,
and assumes a linear association [195]. On the other hand,
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more comprehensive methods such as data fusion or machine
learning might be better suited methods for discovering the
neuromotor control of balance in humans.

E. RQ5-WHAT TYPES OF PARTICIPANT COHORTS ARE
INVESTIGATED IN fNIRS STUDIES ON BALANCE CONTROL?
Two groups of clinical and non-clinical cohorts were stud-
ied in the reviewed articles. The factors studied among
non-clinical cohorts included gender, age, fear of falling in
older people, working memory capacity, and prior physical
activity. Neurological disorders, diabetes, chronic obstruc-
tive pulmonary disease, and musculoskeletal disorders were
the factors studied among clinical cohorts. According to the
reviewed articles, the brain structure, neuralmapping, cortical
activation, and subsequently balance performance can change
due to long-term factors such as prior physical activity, neu-
rological disorders, chronic diseases, and injuries. Moreover,
the brain structure and balance performance can be different
between people based on biological and psychological factors
such as age and gender. fNIRS studies on these factors can
be useful to decode their effect on the brain activity and
consequent changes in balance performance.

In the reviewed literature, ageing and neurological disor-
ders were the most common factors among non-clinical and
clinical cohorts, respectively. Older people and neurologi-
cal patients are susceptible to balance disorders and risk of
falling. Therefore, studying fNIRS in these populations might
help in better understanding of their neuromotor control.
This, in turn, can help with early detection of balance disorder
and lead to better intervention and rehabilitation methods.

F. LIMITATIONS
We acknowledge some limitations in the reviewed literature.
First, the included studies were different in additional factors,
such as balance test conditions, number and duration of trials,
which might have affected the results. Second, participants’
co-factors such as motor repertoire, physical activity, prac-
tice and skill levels, general health conditions, and chronic
disease, which can affect cortical activity, were beyond the
scope of this review. Third, the fNIRS cap and band in long
experiments might cause discomfort, extra pain, perspira-
tion, or vasodilation, which contaminate the signal [196].
The recorded cortical activity could be biased by attention
to the discomfort and further limit the tolerable duration of
the testing time. Furthermore, the presence and type of hair
(colour, thickness, and density) between the scalp and the
fNIRS optodes can generate large motion artefacts through
reflection of light and increased decoupling of the optodes
from the scalp [197]. The number of channels was not men-
tioned in some studies. It should also be noted that fNIRS
is an indirect optical measurement technique that measures
haemodynamic changes instead of neural activity. Accord-
ingly, there is always a delay between an activity performed
and a detected response; thus, in such decoding tasks, data
analysis accuracy is compromised [198]. These factors may

affect the accuracy and reliability of the results. Last but not
least, small sample sizes in the reviewed articles are another
limitation of the reviewed literature. Complementary studies
and reviews are required to elucidate the influence of the
above-mentioned factors on cortical activity and associated
balance control.

G. FUTURE WORK
In this review, we summarized 68 fNIRS studies on quanti-
tative balance assessment. The findings of these studies have
led to a better understanding of neuromotor control of bal-
ance. Included articles varied in balance tests, alterations to
the balance control loop, brain region of interest, participant
cohort types, and fNIRS application and settings. In order
to derive general theory of neuromotor control of balance in
different participant cohorts and under different conditions,
more studies are needed. fNIRS research on balance perfor-
mance is in its relative infancy and requires to be expanded
from different aspects. First, balance tests in the reviewed
literature were limited to standing- and walking-base tasks;
however, future fNIRS studies can consider a broader range
of and more challenging balance tasks. Moreover, both static
and dynamic tasks can be used in a particular study and
compared for cortical activation. In future work, alterations
to the balance control loop can include further strategies
such as playing computer games for dual task and additional
somatosensory manipulations. Besides, a broader range of
populations such as low vision people or people with other
chronic musculoskeletal system disorders can be studied. The
effect of confounding variables such as age, biological sex,
physical activity levels, and regular sporting activity might
be addressed further. Moreover, in future studies, larger brain
areas and a greater number of channels must be used in order
to show a clearer picture of cortical activation during balance
tasks.

V. CONCLUSION
In summary, the results of this review showed that the main
balance tests in fNIRS studies include standing and walking
tasks. In these tests, standing balance control is mainly mea-
sured through sway parameters using force platforms, and
walking performance is evaluated through gait parameters,
mostly assessed by floor sensors or inertial sensors. More-
over, in several studies participants’ balance was challenged
by alterations to the balance control loop. These alterations
were mainly sensory manipulation and dual task interference
in some standing and dynamic tests. Our findings also showed
that the effects of biological, psychological, musculoskeletal
disorders, and long-term factors on brain activity and balance
performance have been studied among different populations.
Among these factors, age and neurological disorders were
the most common. fNIRS parameters studied in the reviewed
literature were mainly oxygenated haemoglobin; however,
total haemoglobin and deoxygenated haemoglobin were also
included in some studies. In addition, fNIRS was utilized
to measure activity in different brain cortical areas, most
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commonly frontal cortex. Furthermore, in some studies, the
relationships between sub-regions of frontal cortex and bal-
ance measures were investigated and found. Taken together,
our findings support that fNIRS measurement in conjunction
with quantitative balance assessment have been employed
to provide a better understanding of neuromotor control of
balance in different populations.
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