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Abstract—Parkinson’s disease (PD) causes impairments
in cortical structures leading to motor and cognitive symp-
toms. While common disease management and treat-
ment strategies mainly depend on the subjective assess-
ment of clinical scales and patients’ diaries, research in
recent years has focused on advances in automatic and
objective tools to help with diagnosing PD and determin-
ing its severity. Due to the link between brain structure
deficits and physical symptoms in PD, objective brain ac-
tivity and body motion assessment of patients have been
studied in the literature. This study aimed to explore the
relationship between brain activity and body motion mea-
sures of people with PD to look at the feasibility of di-
agnosis or assessment of PD using these measures. In
this study, we summarised the findings of 24 selected pa-
pers from the complete literature review using the Scopus
database. Selected studies used both brain activity record-
ing using functional near-infrared spectroscopy (fNIRS) and
motion assessment using sensors for people with PD in
their experiments. Results include 1) the most common
study protocol is a combination of single tasks. 2) Pre-
frontal cortex is mostly studied region of interest in the
literature. 3) Oxygenated haemoglobin (HbO2) concentra-
tion is the predominant metric utilised in fNIRS, compared
to deoxygenated haemoglobin (HHb). 4) Motion assess-
ment in people with PD is mostly done with inertial mea-
surement units (IMUs) and electronic walkway. 5) The re-
lationship between brain activity and body motion mea-
sures is an important factor that has been neglected in the
literature.

Index Terms—Brain activity assessment, functional near-
infrared spectroscopy (fNIRS), gait assessment, motion
assessment, Parkinson’s disease (PD).
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LIST OF ABBREVIATIONS

PD Parkinson’s Disease.
fNIRS Functional Near Infrared Spectroscopy.
M1 Primary motor cortex.
MDS-UPDRS Movement Disorder Society Unified Parkin-

sons Disease Rating Scale.
FoG Freezing of gait.
IMU Inertial measurement unit.
CoP Center of pressure.
HHb Deoxygenated haemoglobin.
ML Machine learning.
fMRI Functional magnetic resonance imagery.
PFC Prefrontal cortex.
SMA Supplementary Motor Area.
PMC Premotor Cortex.
HbO2 Oxygenated haemoglobin.
DLPFC Dorso-lateral Prefrontal Cortex.
PRISMA Preferred Reporting Items for Systematic Re-

views and Meta-Analyses.
ROI Regions of interest.
H&Y Hoehn and Yahr scale.
NT Neurotypical.
EEG Electroencephalography.

I. INTRODUCTION

PARKINSON’S disease (PD) is the second most common
neurodegenerative disorder of the central nervous system,

with millions of people worldwide suffering from this condi-
tion [1]. This disease affects nerve cells in the brain responsible
for body movement. PD causes uncontrollable movements, in-
cluding tremor, muscle rigidity, and difficulty with balance and
coordination [2]. Almost 80% of people with PD eventually
develop freezing of gait (FoG), which is characterised by brief
episodes of inability to initiate or continue walking [3]. In addi-
tion to FoG, postural instability is another important symptom
of PD. These two symptoms contribute to a gait disorder, and
postural impairment, and in turn may cause falling in people
with PD [4]. Gait impairments in people with PD are exac-
erbated when performing a simultaneous cognitive task while
walking known as dual-task walking. During dual tasking, the
requested additional attention load affects the patient’s motor
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functions, and in turn may cause an increased risk of falls,
reduced functional capacities, leading to disabling consequences
during daily life activities [5], [6]. All these complications make
PD a critical clinical issue. However, research shows that the
early-stage diagnosis leads to positive results in the management
of PD symptoms [7].

Monitoring the progression of PD can provide clinicians and
physical therapists with valuable information regarding changes
in motor performance [7]. Various clinical scoring systems and
tools have been developed for the evaluation of symptoms and
disease severity in people with PD. For instance, the Movement
Disorder Society-Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS), and the Hoehn and Yahr scale (H&Y) are
standard clinical rating scales for the diagnosis and specification
of the disease stage [8]. Most of these scales and scores are
well-known and widely used in clinical practice. However, these
clinical ratings are subjective and have limitations regarding
accurate measures of the symptoms [9], [10]. For instance, in a
study by Mancini et al. [11], it was observed that PD patients ex-
perienced a gradual decline in their postural control over a period
of 12 months when assessed using quantitative measurements.
In contrast, no changes were evident in the motor section (III) of
the UPDRS over the same time frame. These findings indicate
that objective measurements of postural sway may be more
effective in detecting changes and are more sensitive compared
to scores obtained from the UPDRS III [12]. In addition, some of
these evaluation tools are time-consuming and require lengthy
processing time [9]. Therefore, there is a vital need for objective
and accurate assessment methods of PD symptoms.

Objective assessment of PD involves utilising specific tests
and measures to evaluate various aspects of the patient’s condi-
tion such as their motor symptoms. Motor symptom assessments
such as gait or tremor assessment can be conducted using sen-
sors [13]. Several technologies are used to assess motor function
in individuals with PD, including wearable sensors such as iner-
tial measurement units (IMUs) and non-wearable technologies
or ground platforms such as force-plate [13]. These sensors
could be used to monitor the disease progression quantitatively,
provide unbiased measurements, and enable detection of sub-
tle changes that would otherwise go unnoticed [9]. Although
sensor-based assessment of motor symptoms in PD has provided
valuable insights into the literature, there is a growing interest in
exploring various modalities for PD assessment and diagnosis.

In addition to physical symptom assessment, neuroimaging
has been proposed as a potential marker in early-stage PD [14].
These techniques can provide an indirect reflection of the
neural impairments that contribute to motor alterations [14].
Neuroimaging techniques have traditionally been used to study
brain structure and function. Assessment of brain activation
patterns of people with PD during movement can advance the
understanding of potential cortical mechanisms associated with
underlying motor impairments in this cohort of people [15].
Various neuroimaging techniques such as functional magnetic
resonance imagery (fMRI), electroencephalography (EEG), and
functional near-infrared spectroscopy (fNIRS) have been used
to investigate changes in brain activation in people with PD [16].
Compared to other methods, fMRI exhibits superior spatial
resolution [17]. However, fMRI is highly susceptible to

movement artifacts and not portable, which makes the
recording of changes in brain activation during walking
impossible [18]. Portable technologies such as EEG or fNIRS
are preferred in applications for real-time monitoring that
involve movement tasks like walking. While EEG has better
temporal resolution compared to fNIRS, it has relatively lower
spatial resolution [16]. This limits its ability in discriminating
between brain regions with greater accuracy [19]. In this context,
fNIRS offers better spatial resolution allowing for more accurate
identification of the activated cortical areas, and is also less
sensitive to movement artifacts than EEG [16]. fNIRS has been a
widely used technique for recording brain activation patterns in
patients with gait disorders, and PD [15], [20]. Therefore fNIRS
has been recognised as a promising tool for understanding the
contribution of cortical areas during movement activities [16].

There has been an increasing interest in studies that involve
multi-modal assessment of body movements and brain activity
in the literature, in order to explore the relationship between the
two [21], [22]. Several studies have investigated the coupling
between brain activity and body motion in people with PD [23],
[24], [25]. Combining multiple assessment systems can help
to address the limitations of each individual system, leading to
more robust and accurate parameters [26], [27]. Motor symptom
measures in conjunction with neuroimaging techniques could
help in better understanding the PD progression, monitoring
treatment response, and developing novel therapeutic interven-
tions, as well as finding the interaction between cortical activity
and body movements [21]. Furthermore, the combination of
physical symptoms assessment technologies and neuroimaging
techniques could facilitate the evaluation of motor impairments
during dual-tasking situations that involve higher cognitive loads
in individuals with PD. In order to gain a better understanding
of the recent findings in this field and identifying existing limi-
tations, a more focused review of the literature is necessary.

This article aims to explore the impact of PD on brain activity,
body motion, and balance, as well as the interplay between these
factors. Specifically, we examined studies that employ fNIRS
for brain activity recording and motion assessment devices (i.e.,
sensors) for balance and movement measurements in individuals
with PD. This review provides insights into the methods used
for assessing brain activity and body movements, the metrics for
these assessments, regions of interest for brain activity record-
ing, and the correlation between brain activity and body motion
measures. To identify the most significant limitations and find-
ings in the literature, we conducted a search of existing literature
reviews in the field, which is discussed in the following subsec-
tion. The findings of this review can guide future studies in the
utilisation of objective metrics for PD assessment and diagnosis.

A. Related Works

Among the published literature, there are five related review
papers that explore the relationship between brain activation
and motion assessment. Table I shows a summary of these
articles, including their aims and limitations with respect to the
aim of this study. These review papers have brought consider-
able knowledge into the literature by comparing the existing
studies in several aspects. Some of these review studies do
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TABLE I
SUMMARY OF THE REVIEW PAPERS IN THE FIELD

TABLE II
RESEARCH QUESTIONS

not focus on objective body motion assessment, however, they
have considered brain activity recording. For instance, Stuart
et al. [15] reviewed the activity of cortical areas in older adults
and persons with PD while walking and conducting balance
tasks. However, they did not focus on objective motion assess-
ments and their cohort included people without PD. Similarly,
the three other review studies did not consider objective motion
assessment in their review. On the other hand, Sun et al. [30],
focused on motion assessment methods and sensors, however,
they did not consider the brain recording along with their study
protocol. While all these review articles have addressed various
effective aspects of brain activity or body motion assessments
in people with and without PD, none of them have studied both
brain activity and body motion assessment of patients with PD.

II. METHODOLOGY

A. Research Questions

This research study aimed to investigate the relationship be-
tween brain activity and body motion/balance in people with

PD to look at the feasibility of PD assessment/diagnosis using
these objective metrics. The research questions are outlined in
Table II. To achieve our objectives and answer our research
questions, firstly, this study focused on finding suitable balance
and motion assessment tests in conjunction with fNIRS for
persons with PD. Moreover, we studied the sensor types used for
the movement assessment of PD people. Secondly, we looked
at the reported fNIRS setting and its haemoglobin signals in
the literature for people with PD. Lastly, this study aimed at
exploring the relationship between brain activation and body
motion assessments for this cohort of patients.

B. Search Strategy

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statements [32] to iden-
tify and screen the articles included in this systematic review.
The search was conducted in December 2022 using Scopus
as our database. We used the following Keywords: ((((((near
AND infrared AND spectroscopy) OR functional AND near
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TABLE III
SUMMARY OF COHORT DEMOGRAPHICS IN THE REVIEWED STUDIES

AND infrared AND spectroscopy) OR nirs) OR fnirs) AND
(gait OR walking OR locomotion OR turning OR standing OR
stepping OR movement OR motion OR balance OR (postural
AND sway)) AND (Parkinson OR (PD)))) for our search. The
initial search yielded 75 articles.

C. Selection Criteria

The screening was conducted by one person and cross-
checked by two reviewers. Inclusion criteria for review were as
follows: Publication year was fixed to last ten years (2012-2022).
The subject area was limited to Engineering, Medicine, and Neu-
roscience. Papers only in the English language were included.
Initially, five papers without Parkinson’s disease keywords in the
title or abstract were excluded (Fig. 1). Then, the abstracts, case
studies, reviews, commentaries, discussion papers, editorials,
or conference proceedings were excluded from the list. The
extracted review papers were considered separately to find the
limitations of previous works.

Fig. 1. PRISMA flow chart of study design. This illustrates the yield of
the search strategy at each stage of the study selection process.

At the next stage after a comprehensive screening of the title,
abstract, and full text, papers were excluded if: 1. they had not
considered fNIRS for brain activity recording, 2. the recruited
participants in these studies were not people with PD, and/or
3. quantitative motion assessment using motion sensors had not
been considered in the study. At the end of the review process,
24 papers remained for further review.

D. Data Extraction

Data were extracted and synthesised into tables by one person
and confirmed by two other reviewers. The extracted information
comprised participants’ general and pathological characteristics
(e.g. age, disease stage, medication status), motion assessment
tasks (e.g. usual walking, dual-task walking, standing, turning),
fNIRS data (oxyhaemoglobin, activation area), motion sensor
types (e.g. wearable IMUs, electronic walkway, force plates),
and correlation between brain activation and body motion as-
sessments of the studies.

III. RESULTS

All 24 selected studies have been summarised and presented
in Table IV. The included papers are categorised based on the
main aim of this study which is objective brain activity and body
motion assessment in people with Parkinson’s disease (PD).
Therefore, factors that are described here include movement
assessment tasks, brain regions of interest (ROI), motion assess-
ment sensors, fNIRS haemoglobin signals, and the correlation
of fNIRS and motion measures. These categorisations were
performed with the aim of finding answers to our objectives
which are: 1) appropriate motion assessment tests and motion
sensor type and placement for PD, 2) useful fNIRS setting, and
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TABLE IV
SUMMARY OF THE REVIEWED STUDIES INCLUDED IN THIS LITERATURE REVIEW

3) exploring the relationship between brain activity and body
motion assessment. In addition to these findings participants’
medication status was also recorded. All of these items have
been described in the following sections.

A. Movement Assessment Tasks

There are a number of standard movement and balance tests
suggested for objective motion assessment of persons with PD
used in conjunction with fNIRS in the literature [33]. These
standardised motor tasks reflect the characteristics of certain
PD symptoms and are introduced to explore differences be-
tween healthy controls and people with PD, as well as pre
and post-treatment changes. The common movement tests used
for motor performance assessment in older adults and people
with PD include walking tests for gait analysis, standing tests
to look at the postural balance performance, turning tests for
measuring turn features, and various tests for measuring hand
movements [21], [25], [34], [35]. Each of these tests measures a
particular motor symptom in people with PD. Moreover, several
studies have further investigated the link between cognition
and motor control using dual-task paradigms, which assess the
ability to execute two tasks simultaneously. In many cases, a
motor task such as walking is combined with a cognitive task,

like serial subtraction. For a better understanding of these tests,
the movement assessment tasks that were carried out in each
reviewed article have been categorised in this study. Grouping
was based on single tasks, dual tasks, and a combination of single
and dual tasks. Based on our review, the majority of studies have
a single task in their movement assessment protocol (n=13).
While there was only one paper (n=1) considering dual-task
walking for motion assessment, several studies used both single
and dual tasks in their experiments (n=10).

1) Single Task: The mostly used protocol for the assess-
ment of movement in patients with PD is a single task (54%
of reviewed studies). To study the physical symptoms of PD,
different single tasks have been used in the literature, including
simple walking tests (treadmill walking, unobstructed walking,
and overground walking), balance tests (standing), arm and hand
movement tests (finger tapping, hand flipping, arm movement),
turning in place, and complex walking tests (walking and obsta-
cle avoidance, walking and turning in place). Results obtained
from these movement assessment tests depend on various factors
based on the aim of the studies, such as considered symptoms,
interventions that have been examined, number of participants,
and their disease stage.

Studies that have simple walking as a single task in their
study protocol, examined gait features e.g. step time and length,
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cadence, and stride velocity of people with PD with different
interventions such as stimulation, exercise, and medications.
For instance, Thumm et al. [36] assessed the gait measures
of the participants with PD during usual overground walking
and walking on a treadmill. Since gait disorder is one of the
important motor symptoms in people with PD, their aim of
examining two walking conditions was to compare the effect
of these training sessions on the performance of their gait with
respect to fixed and variable paces. Jang et al. [37] measured
the gait features of PD participants during a 10-m walk test to
analyse the effect of acupuncture treatment. Conceição et al. [38]
examined gait in people with PD during overground walking
pre and post-intervention. Hoang et al. [39] studied the effect
of exercise-based training sessions on the gait of a group of PD
participants during a simple walking task. In summary, all of
these studies used simple walking in their motion assessment
to analyse gait impairment in different situations caused by PD
and the results are different based on their aim of research and
interventions.

Among the reviewed articles, there are some studies that have
motor tasks other than walking as their single task for movement
assessment. These tests include hand and arm movements, and
standing tests. One of the reviewed studies focused on hand
and arm movements that consisted of finger tapping, arm move-
ment, and hand flipping [21]. Studies measuring hand and arm
movements in people with PD mainly aim at assessment of hand
tremor. Moreover, a few studies (n=2) examined postural sway
features while performing a standing test [35], [40]. During quiet
standing, the human body experiences postural sway which may
increase due to aging or as the effect of some diseases [41].
Postural instability in people with PD affects postural sway. Thus
sway assessment can help with further understanding of this PD
physical symptom [42]. Overall, considering PD impairments in
each study, there are various movement and balance measures
used in the literature examining fNIRS in people with PD.

Since PD is a multi-symptom disease affecting various body
segments, few studies examined movement in PD subjects with
two different single motor tasks. During the performance of
challenging tasks such as walking while crossing an obstacle,
greater cognitive functions for motor planning, working mem-
ory, and inhibition is used [43]. For instance, Klempir et al. [44]
assessed finger tapping in addition to gait of PD participants in
their experiments. Maidan et al. [45], [46] studied the movement
of people with PD with freezing of gait (FoG) during turning and
usual walking. Turning is usually used for FoG assessment in
PD. Orcioli-Silva et al. [24] assessed motion measures of PD
people during unobstructed walking and obstacle avoidance to
look at the effect of difficulties due to different motor tasks for
this group of people. According to Sharon et al. [43], various
types of obstacles in their protocol resulted in different activation
patterns in people with PD. In a study by Pelcioni et al. [47],
they examined a group of PD and healthy age-matched people
while simple walking and three random gait adaptability tasks
including 1) stepping on targets, 2) negotiating obstacles and 3)
negotiating obstacles and targets. Gait adaptability tasks reflect
the ability to step quickly and appropriately to avoid obstacles
and are dependent on neuropsychological, sensorimotor, and

balance control. Thus the aim of this study was to investigate
underlying neural mechanisms in people with PD while perform-
ing such complex tasks. These parallel measurements allow the
understanding of the underlying mechanisms of various physical
symptoms of PD.

2) Dual Task: In addition to single tasks, there are some
studies that examined participants with dual tasks while walking
or turning.It has been suggested that during simple tasks, cog-
nitive resources attempt to compensate for motor deficits due to
PD, however, under challenging conditions such as dual tasks,
overloading occurs [45]. Dual-tasking causes a cognitive chal-
lenge since it needs the allocation of more attentional resources.
Deficits in executive function due to PD have been linked to
difficulties in walking while dual tasking, such as walking
and talking or walking while paying attention to the passing
traffic. Although there are different types of dual tasks, such as
motor dual tasks and cognitive dual tasks, the focus of reviewed
studies was on cognitive dual tasks. Mainly focused on finding
potential mechanisms underlying dual-task difficulties in PD,
Nieuwhof et al. [48] examined three different cognitive tasks.
Participants were instructed to walk while counting forward,
serially subtracting, and reciting digit spans. In this study, the aim
of the experiment was to look at the effect of different cognitive
tasks on gait performance in people with PD. This is the only
study among the reviewed articles with dual task paradigms in
their experiment. Several studies have a dual task along with a
single task in their protocol, which is explained in the following
paragraph.

3) Single and Dual Task: The last group of studies in our
review combined different activities in their motion assessment
protocol to examine the motor performance of people with PD
during challenging conditions. In this group, all of the experi-
ments existed of single and dual tasks to compare the changes in
movement measures. In a study by Orcioli-Silva et al. [49], gait
was assessed in two walking conditions of single task and dual
task. The cognitive dual task in their experiment consisted of a
digit vigilance task, which required participants to walk while
listening to random numbers played over a speaker and answer
questions at the end of each trial. Ranchet et al. [18] examined the
motion and balance of PD participants during walking, standing,
and cognitive dual task of subtracting and counting forward.
Belluscio et al. [34] measured the turn features of people with PD
during a turning-in-place under single and dual-task conditions.
The dual-task condition consisted of executing the turning task
while pushing a handheld button when the participants heard
a two-paired letters sequence. In a similar manner, Vitorio
et al. [50], assessed gait and turn measures of participants while
executing a walking and turning task along with the cognitive
dual task. In another study by Vitorio et al. [51], they assessed
PD people while single and dual task turning in place. Maidan
et al. [52], [53] measured gait features of PD subjects while
walking, walking while negotiating obstacles, and walking while
serially subtracting. Stuart et al. [54] assessed PD participants
while performing walking and turning tasks and walking while
involved in a secondary cognitive task. The aim of their study
was to investigate the effect of open and closed-loop tactile cue-
ing on people with PD. The study protocol for motion assessment
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Fig. 2. Sensor placements in the reviewed articles.

in Maidan et al. [23] consisted of usual, single-task walking
(comfortable preferred speed) and dual-task walking (serial
subtraction of 3 starting from a 3-digit number). Dagan et al. [25]
assessed gait features of the participants in a similar manner.
Studies considering single and dual-task paradigms for people
with PD mainly aim at studying the link between cognition
and motor impairments in these people to find the underlying
mechanisms of mobility deficits during concurrent tasks.

B. Sensors Used in Movement Assessment

Many studies focused on objective and continuous motion
assessment using technology-based devices to examine the
disease-related physical symptoms in PD [13]. Two types of
motion assessment sensors were found in the literature, wear-
able motion sensors (n=11), and non-wearable sensors (ground
platforms) (n=13). Wearable devices were defined as electronic
devices designed to be worn on the body or embedded into
watches or clothes. These devices enable the assessment of
different outcomes such as postural sway (velocity, frequency,
distance), gait (cadence, stride length, stride velocity, gait cycle
time), postural transitions (number of steps, duration, step time),
and tremor measures [13], [55]. In the studies assessing body
motion using wearable devices, sensors were attached or worn
on the body in a predefined position and orientation as shown in
Fig. 2. Non-wearable devices that have been used for movement
assessment in people with PD included electronic walkway and
force-plates. An electronic walkway is a portable carpet that
contains pressure sensors and can be rolled up for transportation.
It is used for laboratory and clinical investigations and provides
information regarding several gait parameters, such as walking
speed, cadence, and step length [13]. Force-plates can be used
to measure postural instability in people with PD. This device
has pressure sensors that analyse force distribution and measure
center of pressure (CoP) movement during standing tests [13].
Based on the motion and balance task, different sensors were

used to assess body motion in people with PD in each reviewed
study.

1) Wearable Sensors: Studies that used wearable sensors for
the assessment of movements in people with PD have extracted
different measures with regard to the performed test. Moreover,
based on the location and type of sensors, there are various
extracted features in the reviewed articles. For instance, a group
of studies performed walking tasks to examine gait features
such as gait speed, stride time and length, and cadence using
IMUs [18], [23], [25], [36], [39]. In these studies sensors were
located on the feet or ankles to measure gait features. The second
movement task used in few studies is turning in place. This group
of studies extract turning measures such as fluidity of turning,
the number of turns, peak speed of the turns, and jerkiness of the
turns using IMUs placed on the lumbar region [34], [51]. Overall,
IMUs are used in various studies to assess several motion tests
and find measures for different body parts.

2) Non-wearable Sensors: The second group of studies used
non-wearable sensors to measure body motion of PD partici-
pants while performing different tasks. In order to measure gait
features, a group of studies used an electronic walkway [24],
[35], [37], [38], [43], [44], [45], [47], [48], [49], [52], [53]. In
addition, two studies performed standing tests to extract postural
sway measures using ground platforms such as a force-plate
and electronic walkway [35], [40]. Overall, depending on the
protocol of study for movement assessment of people with PD,
and also considering the interventions or aim of study, sensors
vary in terms of type and location.

C. Regions of Interest

Recording the brain activity of people with PD using fNIRS
needs an understanding of different regions in the brain which
are related to movements and motor symptoms of PD. Evidence
denotes that goal-directed behaviours, such as walking, are
always accompanied by automatic processes of postural control
involving balance adjustment and muscle activation regulation
that rely more on sub-cortical structures [56]. PD impacts sub-
cortical circuits leading to dysfunctional automatic movement
control. Therefore, walking may rely heavily on compensation
from cortical structures in PD [52]. Changes in brain structure
and connectivity with PD, impact cognitive processes, walking,
and balance [57]. Therefore, impairments of brain activity, mo-
tor control, and cognition due to PD potentially mediate task
performance. Examining underlying cortical activity involved
in walking and balance in PD will allow further clarification of
disease-specific links between these features. Different cortical
areas have been considered for investigating the activation pat-
terns during various tasks in people with PD. Two main groups
for regions of interest were found based on the reviewed studies.
Prefrontal Cortex (PFC) was the most commonly studied region
(n=21) among the reviewed studies. Only a few studies (n=3)
examined the haemodynamic response of the multiple areas such
as motor regions (Supplementary Motor Area (SMA), Premotor
Cortex (PMC), primary motor cortex (M1)), and the whole
Cerebral Cortex. Depending on the special role of each part
in the brain, and also the aim of study, different cortical areas
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Fig. 3. Summary of activated cortical regions in the reviewed stud-
ies while different movement tasks recorded with fNIRS. In this figure,
different cortical areas include the prefrontal cortex (PFC), dorsolateral
prefrontal cortex (DLPFC), supplementary motor area (SMA), premotor
cortex (PMC), and primary motor cortex (M1).

have been considered in the reviewed studies. These areas are
summarised in Fig. 3.

1) Prefrontal Cortex (PFC): Since the PFC is involved in
human balance and locomotion, it plays an important role in
the assessment of the brain activation pattern in patients with
PD [58]. Findings from reviewed studies indicate increased
activation of the PFC while single-task walking in people with
PD compared to the healthy age-matched control group [36],
[38]. Several studies considered activation of the PFC while
participants performed dual-task walking [23], [24], [25], [43],
[48], [49], [52], [53], [53], [54]. Results in these studies showed
increased activation of the PFC for people with PD while per-
forming dual tasks compared to healthy age-matched control
group. Previous research showed that increased activation in the
PFC might be due to deficits in executive function which causes
reduced movement automaticity and consequently increased
dependence on executive control of movements [52]. Another
group of studies examined prefrontal activation of PD people
with and without FoG while performing walking and turning
tasks [34], [45], [46], [50]. Results of these studies showed
that people with PD with FoG had greater PFC activation in
different movement conditions compared to patients without
FoG. Moreover, two studies that considered activation of the
PFC during standing tests [35], [40] found that patients with PD
demonstrated significantly higher prefrontal oxygenation levels
to maintain postural stability. Abtahi et al. [21] considered PFC
activation and features of hand movement tests from people with
PD and a healthy age-matched control group to create a model
for PD diagnosis.

There are two more studies that have assessed activation pat-
terns in the Dorsolateral Prefrontal Cortex (DLPFC) area [18],
[39]. DLPFC is a small part in the PFC and has a known

role in the control of executive functions, including inhibitory
control [59]. According to Ranchet et al. [18] people with PD
had higher DLPFC activity during walking and cognitive dual
tasking compared to the age-matched healthy group. In a study
by Hoang et al. [39], it was shown that exercise-based training
caused a decrease in the cortical activity of the DLPFC in people
with PD. Overall, the PFC is the main target of most studies
assessing brain activation for people with PD during movement
due to its role in motor control.

2) Multiple Cortical Regions: Studies examining activation
patterns of multiple cortical regions for people with PD while
performing movement tasks, reported various results regard-
ing their aim of research. As suggested by existing research,
SMA controls executive planning and motor coordination, and
M1 is responsible for motor execution. Additionally, executive
planning control and movement initiation are carried out by
PMC [60], [61], [62], [63]. All the considered areas relate to the
functions that are usually impaired in people with PD. Pelcioni
et al. [47] reported greater PMC activation and similar activation
in SMA and DLPFC during simple walking for subjects with
PD compared to healthy aged-matched controls. Examining
activation patterns of cerebral cortex in PD participants during
movements, the aim of Jang et al. [37] was to investigate the
effect of acupuncture of dorsal side in different cortical areas
including PFC, and SMA in this cohort. Klempir et al. [44]
also detected changes in motor cortex activity during gait and
finger tapping in PD subjects treated with bilateral deep brain
stimulation of subthalamic nucleus (DBS-STN). This study
examined upper and lower extremities and found that finger
tapping (upper limb) resulted in activation of the left side motor
and sensorimotor regions. Furthermore, activation values were
twice as high during lower limb movements compared to upper
limb. Although both of these studies aimed at investigating
the effect of applied stimulation on whole cerebral areas, their
results show significant activation of areas that are commonly
targeted in other studies such as PFC, PMC, SMA, and M1.
All of these studies investigated cortical activation in cognitive
(DLPFC) and motor (PMC, SMA, M1) cortical regions for
people with PD to look at the behaviour of cortical areas other
than the PFC.

D. fNIRS Haemoglobin Signals

fNIRS uses optical absorption to monitor heamodynamic
responses to brain activation (i.e., changes in oxygenated
haemoglobin (HbO2) and deoxygenated haemoglobin (HHb))
in cortical regions while participants are moving freely [20].
In the reviewed articles, one group of studies considered only
HbO2 concentrations (n= 10). While another group of studies
extracted the concentration of HbO2 and HHb from their fNIRS
data (n=14).

1) HbO2: There is a group of studies that measured only
HbO2 for brain activation recording of people with PD using
fNIRS. Results of this group show that HbO2 is more sensitive
to alterations in cerebral blood flow during movement tasks [24],
[25], [35], [36], [37], [40], [49], [51], [53], [54]. This group
analysed their fNIRS data based on HbO2 level to investigate the
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activation pattern of different cortical regions while participants
were performing various gait and balance tests.

2) HbO2 and HHb: The second group of studies considered
both HbO2 and HHb in their analyses to measure the brain
activation of people with PD during movements. Results from
these studies show typical cortical activity patterns of increased
HbO2 and stable HHb concentrations during different movement
tasks [18], [34], [38], [43], [44], [47], [48], [50]. Among the
studies that measured both HbO2 and HHb, there were several
studies that analysed only HbO2 concentration in their final
results [21], [23], [39], [45], [46], [52]. This group of studies
considered HbO2 concentration due to its higher sensitivity
and signal-to-noise ratio compared to HHb. According to their
results, HHb amount remains stable during cognitive activity.
Based on these results, concentration of HbO2 is more reliable
as the outcome of fNIRS in the brain activity assessment of
people with PD.

E. Association of fNIRS Data and Motion Outcome
Measure

Understanding the relationship between brain activity and
body motion gives useful information about the underlying
mechanisms of PD and its symptoms. Among the reviewed
studies, only 10 articles addressed this relationship. These stud-
ies reported the relationship between measures of body motion
and brain activity in different ways. We categorised the papers
that reported the correlation measure in their study as three
groups. Two groups of studies reported the relation between
fNIRS outcome and objective motion assessment while walking
and turning tasks. One group of studies found no correlation
between these two measures. In addition, two studies considered
the association of brain activity and body motion measures,
however, they did not report their final results. In addition, three
studies highlighted the correlation between fNIRS measures and
UPDRS III scores that provides valuable insights regarding the
underlying neural correlates of motor symptoms in PD.

Those studies that found a correlation between brain activ-
ity and body motion measures while participants performed
a walking task reported the relations with respect to different
gait measures. For instance, results of a study by Orcioli-Silva
et al. [24] showed that during unobstructed walking, changes in
HbO2 concentrations are negatively associated with changes in
step length variability (r = −0.468, p = 0.028). While during
the obstacle avoidance condition, changes in step time variability
are positively associated with changes in the HbO2 level (r =
0.481, p = 0.026). Findings of Maidan et al. [52], show that
higher cortical activation is related to higher gait speed for people
with PD during obstacle negotiation (r = 0.326, p = 0.008),
which is consistent with the findings of Sharon et al. [43]. Vitorio
et al. [50] reported that a higher HbO2 concentration is related
to lower FoG severity and lower step time variability during
dual-task walking (r = −0.526, p = 0.011). However, they did
not find significant correlations involving PFC activity and FoG
severity for people with FoG during single-task walking. In a
study by Hoang et al. [39], the brain activity of a group of PD
patients following a session of exercise-based training during

single-task walking is tested. It has been reported that the right
hemisphere HbO2 changes of this group of participants were
negatively correlated with their stride length (r = −0.588, p =
0.035), whereas there were positive correlations between the left
hemisphere HbO2 changes and their stride length (r = 0.670, p
= 0.012) and stride speed (r = 0.703, p = 0.007). Overall, the
majority of studies considering correlations between fNIRS and
motion assessment found a relation between the two measures
during simple and dual-task walking. In addition, Jang et al. [37]
found a positive correlation between swing (r=0.640, p=0.019)
and single support times (r=0.652, p= 0.016) with PFC activity
while walking during the first to last weeks of intervention
application.

On the other hand, some studies reported a correlation be-
tween brain activity and body motion during the turning test.
For instance, in a study by Maidan et al. [45], they revealed the
lower gait speed is associated with higher levels of HbO2 (r =
−0.441, p = 0.002). In addition, Belluscio et al. [34] found a
direct correlation between PFC activation and FoG ratio while
turning in people with PD. The FoG ratio is calculated based on
shank acceleration signals and is an indicator of FoG severity. In
PD people with FoG, Higher PFC activation is associated with a
higher FoG Ratio while turning (r = 0.567, p = 0.048). The few
studies considering the relation between brain activation patterns
and movement assessments while turning limit the conclusions
due to these results.

In addition, two studies found no correlations between brain
activation measures and motion assessments. For instance, Stu-
art and Mancini [54], reported no relationships between body
measures and PFC activation during different movement tasks.
Similarly, Maidan et al. [23], found no significant correlations
among gait performance and PFC measures. These findings
are opposed to the previously mentioned results of studies that
show direct relations between brain activation and body motion
measures.

In the last group, three studies examined the correlation
between brain activity and UPDRS III scores to study the neural
basis of motor symptoms in PD. Maidan et al. [23], showed
there was a mid-significant correlation (r = 0.142, p = 0.050)
between higher MDS-UPDRS III scores, indicating more severe
disease, and increased variability in HbO2 levels specifically
during the simple walking task. According to Klempir et al. [44],
increased activity of HbO2 in motor areas during finger tapping
coincides with clinical improvement in UPDRS-III score during
ON stimulation. In another study by Maidan et al., [52], they
found reduced HbO2 levels during regular walking (r=−0.280,
p = 0.022) and obstacle negotiation walking (r = −0.355, p =
0.003) were linked to more severe disease symptoms evaluated
by UPDRS III scores.

F. Participant’s Medication Status

One major difference between the reviewed studies was the
medication status of recruited PD participants during experi-
ments. The reviewed studies considered the daily intake of Lev-
odopa among participants with PD. Levodopa is considered as
the most effective drug for managing the symptoms of PD [25].
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Almost 15 out of 24 papers tested patients ON medication. More-
over, there are four studies considering people with PD while
OFF anti-parkinsonian medications (12 hours withdrawal) [34],
[44], [50], [54]. In addition, few studies have examined patients
in both states of ON and OFF medication [24], [25], [49]. Among
the reviewed studies, there are some inconsistent results for ON
and OFF medication states during single and dual-task condi-
tions. For instance, Stuart and Mancini [54] did not observe a
difference in PFC activity between single and dual-task in people
with PD in the OFF medication (levodopa) state. Meanwhile,
Dagan et al. [25] showed higher PFC activation in the OFF
medication state (levodopa) during dual-task walking compared
to single task. Moreover, Orcioli-Silva et al. [49] found increased
HbO2 levels during dual-task compared with single task in
the ON medication state (levodopa). Based on the findings of
Orcioli-Silva et al. [24], dopaminergic medication (levodopa)
may facilitate PFC activation during challenging walking tasks.
In general, there are significant differences between the results
of studies considering people with PD ON or OFF medication.
However, the majority of studies have tested patients ON anti-
parkinsonian medications.

These contradictory results during ON and OFF medication
during single and dual-task performance of people with PD
could have different reasons. In addition to the potential effect
of anti-Parkinsonian medications on brain activity and body
movements [25], [49], [54], the severity of symptoms while OFF
medication is more observable, and the results are more similar
to those of advanced PD levels [54]. However, because of the
experimental limitations during OFF medication states, in that
people with PD will face substantial difficulties in their daily
life, the majority of studies considered people with PD while
ON medication. These difficulties could limit their participation
in studies. To conclude, despite apparent differences in results
during different medication statuses, the majority of studies have
tested people with PD in the ON state, which is possibly because
of the difficulties of people with PD during OFF dopaminergic
medications.

IV. DISCUSSION

In this review, we summarised 24 published articles that
incorporate objective assessment of brain activity and movement
in people with PD using fNIRS and motion sensors (Table IV).
In this study, we aimed to answer the research questions outlined
in Table II. The summarised data from the reviewed papers
included motion and balance tests and sensor types, fNIRS
regions of interest and haemoglobin signals, and the relation
between brain activity and body motion measures.

RQ1. What are the most common balance and motor task tests
for quantitative motion assessment in fNIRS studies in PD?:
To answer this question, we reviewed the performed movement
assessment tests for people with PD in the literature. We grouped
the motion assessment protocol of the reviewed studies into three
categories of single tasks, dual tasks, and those with both single
and dual tasks. According to our findings, a combination of
different single tasks is the mostly used test in the reviewed
studies.

The majority of studies used only single tasks in their exper-
iments, including simple walking, complex walking (walking
and obstacle avoidance, walking and turning), hand and arm
movements, and standing. Among various single motor tasks,
studies with complex walking in their experiments were more
common. After complex walking tasks, the next common single
task in the literature is simple walking. Only a few studies
examined participants performing standing or hand movement
tests.

Decreased automaticity in patients with PD, results in the
recruitment of additional brain networks - specifically cognitive
prefrontal areas, even during simple tasks, as a form of com-
pensation. When walking demands exceed prefrontal capacity,
under complex walking conditions, like obstacle negotiation, the
system may fail and a fall occurs. This highlights the importance
of studying PD motor symptoms and their impact on people’s
life. Different balance and motor tasks in the reviewed studies
were designed to extract features that are affected by PD. For in-
stance, studies considering walking tasks in different conditions,
are mostly aimed at exploring gait impairments [36], [37], [38],
[39]. The main target of the studies which included a turning
task was to examine FoG in people with PD [25], [34], [45],
[46], [50]. Furthermore, postural instability and any impairment
in postural control have been tested by standing tasks [35],
[40]. Other symptoms such as tremor have been examined in
a few studies with hand movement measurements [21], [44].
Our findings suggest that the aim of the study influences the
motor task measured; the aims varied from developing suitable
interventions, to diagnosing the disorder or its symptoms, to
assessing disease severity.

While one of the reviewed studies considered only dual-
tasking, there are studies that combine single and dual tasks
in their experiments for more challenging test protocols. It has
been shown that in people with PD due to impaired automaticity,
more reliance on cognitive resources is needed to maintain
performance during activities such as walking [53]. Studies
using dual-tasking or challenging walking tests have provided
extensive evidence linking gait to cognitive function in PD [25].
Dual-task performance involves the execution of a primary task,
such as walking, and a secondary task performed at the same
time. During more challenging conditions such as complex
walking or dual tasks, allocation of more attentional resources
is needed for planning, monitoring and executing a sequence of
complex actions. Therefore, studies that consider challenging
tests with single and dual cognitive tasks in their experiments,
try to find an understanding of the underlying deficits due to PD
by investigating motor and cognitive impairments. Results from
these studies show that addition of a secondary task negatively
affects different features like gait speed, step length, and stride
time in people with PD [18], [25], [44], [50]. Studies with the
combination of single and dual tasks showed that results could
be task-specific. For instance, there are differences between
the performance of patients while dual-task walking, dual-task
turning, and walking while negotiating obstacles [25], [47], [51].
In general, various aspects in dual tasks such as difficulty level
(e.g. size of obstacles), and type of secondary task (motor and
cognitive) were considered in the reviewed studies.
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RQ2. What motion sensors and metrics are more useful in
PD assessment in fNIRS studies?: From the performed literature
review, the sensors that are used for objective motion assessment
of patients with PD are categorised in two groups: wearable
and non-wearable technologies. Taking the limitations of PD
participants into consideration, the selection of the appropriate
sensor type is of great importance. Our findings show that
number of studies that use non-wearable sensors in their ex-
periments are more than those using wearable sensors. The
difficulties caused by attaching wearable sensors to older adults
especially people with PD, such as inconvenient placement
locations, might have been the main reason of the tendency to
use non-wearable sensors such as ground platforms. However,
due to the difficulty of mobility in people with severe symptoms
of PD, performing movement tests in patients’ living areas might
be safer than asking patients to move to clinics, especially during
OFF medication status. This point highlights the importance of
the portability of wearable sensors compared to non-wearable
ground platforms. Moreover, wearable sensors can measure a
wider range of features compared to non-wearable. For instance,
in the group of wearable sensors, IMUs are commonly utilised
for the assessment of gait during walking tests, turn measures
during turning tasks, and hand and arm measures while finger
tapping or hand flipping. However, non-wearable devices such
as electronic walkway are mostly used for the assessment of gait
while walking and in some cases for measuring postural sway
during standing tests. Overall, based on the aims and objectives
of each study, the advantages and limitations of each sensor
should be considered such as size, weight, and sensitivity to
artifacts and movements.

In the reviewed studies the extracted motion features are
different based on sensor types, sensor locations, and motion
assessment tests. Studied metrics in our review include gait
features such as speed and time, cadence, and step length;
turn measures like turns peak speed and jerkiness; and postu-
ral sway measures such as center of pressure. By considering
the results of objective motion assessment of PD using wear-
able and non-wearable sensors, it is clear that gait measures
are the most common motion measures among the reviewed
studies, regardless of the sensor type. This finding could be
linked to the motion assessment protocol and the common
motion test between the studies which is walking. To sum up,
regardless of sensor types, gait features are the most studied
measures of motion in the literature for movement assessment
of people with PD. This finding highlights the importance of
investigations related to one of the most common limitations of
PD which is gait disorders.

RQ3.Which brain areas have been examined in fNIRS studies
for people with PD?: Regions of interest (ROI) for examining the
cortical activation patterns in the reviewed studies are divided in
two main groups of the prefrontal cortex (PFC) and multiple
cortical regions, although the PFC was the most commonly
investigated region. Among those studies which examined the
PFC, two of them recorded the DLPFC activity which is a small
part in the PFC, (Fig. 3), and controls the executive functions.
The majority of the fNIRS studies examined the PFC, which
might be due to the headband nature of the devices not allowing

examination of other ROIs. Moreover, many studies have been
restricted to the PFC, as there is low hair density in this area,
and hair causes poor optical contact [64]. Overall, since the PFC
is an easily accessible target through fNIRS [28] and due to its
known role in planning, organization, and execution of walking,
it has been considered as the main ROI in the literature.

In our review, there were only a few studies considering
multiple cortical regions in their recordings of brain activity. In
this group, Pelcioni et al. [28] investigated the activation of motor
control areas such as SMA, PMC, and M1. Two studies [37], [44]
that considered the whole cerebral cortex, found the activated
areas (SMA, PMC, M1) were the same as the ROIs in the
study by Pelcioni et al. [47]. The neural control of walking and
complex tasks such as dual-task walking or obstacle negotiation
is mediated by various regions in the brain, among them the
frontal lobe. Because of the deficits in executive function caused
by PD, patients experience difficulties while performing tasks
such as walking or dual tasking. Therefore, investigation of
cortical activities related to impaired function caused by PD
will help in gaining more understanding of this disorder. In
short, selection of ROIs mostly depends on PD-related deficits
or it could be task-specific. In other words, depending on the
nature of the study, one may consider a special part to investigate
changes in brain activation while applying interventions, or
while performing a specific movement test.

RQ4.Which fNIRS haemoglobin signals are more useful in
studying PD?: After careful consideration of reviewed pa-
pers, there were differences in the studies in terms of fNIRS
haemoglobin concentrations. Some studies measured HbO2 and
HHb concentrations in their analysis, and another group only
considered HbO2. It was observed that HHb concentration
shows no significant changes compared to HbO2 in studies that
have measured both of the parameters but only changes in HbO2

were found [21], [23], [39], [45], [46], [52]. These findings
suggest that HbO2 concentration could be considered as the main
haemoglobin concentration of fNIRS and measurement of HHb
would not provide considerable information to the research.

RQ5. What is the most appropriate way to assess the motion
and balance measures using sensors and the brain activity
measures using fNIRS together?: When considering the brain
activity and motion analysis of the body, linking these two
measures together will help in understanding their underlying
relations. The link between brain activity and body motion has
been investigated in different terms such as correlation, fusion,
and coherence in the literature [21]. Our findings showed the
relationship between brain activity and body movement was one
of the most important limitations in the literature as only 10 out
of 24 studies addressed this factor.

The relationship between brain activity and body motion has
been studied in terms of correlation in some of the reviewed stud-
ies. However, there are inconsistencies in the motion measures
included in different studies and their results. First, while some
studies found no correlations between brain activity and body
motion measures [23], [54], other studies have reported positive
or negative correlations [24], [34], [37], [39], [43], [45], [50],
[52]. Second, studies that have reported the correlation between
brain activity and body motion, have considered different motion
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measures. This prevents deep understanding of the results as
the measured features are not comparable. For instance, in the
reviewed studies, Jang et al. [37] and Hoang et al. [39], included
the same of walking test in their protocol. While Hoang et al. [39]
found the correlation between HbO2 and stride length and speed,
Jang et al. [37] reported the correlation for HbO2 and two
features of swing and single support time. In another example,
Sharon et al. [43], reported a correlation between changes of
HbO2 and obstacle avoidance features, such as the amplitude
of foot trajectories over the obstacle, while Orcioli-Silva et
al. [24], reported a relationship between changes of HbO2 and
gait parameters such as step time variability. Third, some studies
reported on the relation between brain activity and behavioural
measures, such as number of falls or UPDRS III measure. Since
other studies are reporting the relation between brain activity
and body motion, behavioural measures could not be considered
as a direct correlation factor between brain activity and body
movements. Thus interpretation of the results might be difficult
for further study. For instance, Maidan et al. [53] did not find
a correlation between brain activity and body motion, however,
they reported correlation between brain activity and the number
of prospective falls in participants. Overall, all these inconsis-
tencies in the literature prevent further understanding of the rela-
tionship between brain activity and body motion measures in PD.

Assessing the relationships between brain activity and body
motion using measures such as correlation, coherence, and
fusion furthers our understanding of brain impairments and
physical symptoms caused by PD. However, there is a vital
need to use more advanced methods for data analysis such
as machine learning (ML) techniques to study larger and var-
ied types of data [65]. For investigating PD, researchers are
interested in assessing the severity of symptoms and disease
progression, classifying patients for diagnostic and therapeu-
tic purposes. With access to increased volumes and types of
data, there is an increasing need to use ML techniques for
the purpose of predictions and classifications. ML algorithms
are specifically suited for these tasks given their ability to
leverage non-linearities and handle large data sets more effi-
ciently, in particular with large numbers of sensors such as
fNIRS. For example, neural networks are powerful tools that
can be used to uncover complex, non-linear relationships be-
tween quantitative (e.g.,gait measures) and qualitative (e.g.,
medication adherence) data to classify different stages of the
disease [66]. Among the reviewed studies, only one study by
Abtahi et al. [21], used ML techniques to classify data obtained
from brain activity using EEG and fNIRS and also body motion
measures recorded by a set of IMUs. Using the classified data
they created a model for distinguishing between PD and non-PD
people. This study showed the increased accuracy of their model
using all of the obtained data from the assessment of brain
activity and body movements compared to considering only a
single measure. In brief, we believe that there is a vital need
for the use of new techniques such as ML for data analysis and
classification of large datasets for finding relations between brain
activity and body motion.

Contributions of this study: This review focused on summaris-
ing the objective brain activity and body motion assessment of

patients with PD. For the purpose of this study, we summarised
the existing experiments based on the assessment of brain ac-
tivity using fNIRS and body movements using sensors. The
contributions of this study sit in three groups; 1) summarising the
most common motion and balance test for people with PD and
the type of considered sensors for this aim, 2) finding the com-
monly tracked target area for recording of brain activation using
fNIRS and its optimum haemoglobin signals as concentration of
HbO2, and 3) exploring the relationship between brain activity
and body motion analysis which has been widely neglected in
the literature. Overall, the contribution of this study would help
with the development of more standardised experimental design
and data assessment analysis in future studies.

Limitations of this study: Despite its findings, there are some
limitations in this study. First, only one data base (Scopus)
has been considered which could limit the number of reviewed
studies. However, Scopus was used for our searches as it is the
largest database of peer-reviewed literature containing abstract
and citations. Second, due to some differences in the exper-
imental design of the reviewed studies such as sample sizes,
number of fNIRS channels, and various processing methods of
data, we limited the considered factors in our summary table
(Table IV). However, the mentioned factors are important and
should be taken into account. The diversity of final results out
of these factors hinders a direct comparison between the studies
and generalisability of findings. Thus we did not address the final
results of these studies in this review. Third, there was consid-
erable heterogeneity of study protocols in the reviewed studies
that were not considered in the present study. As such, variations
in baseline conditions (e.g., sitting/standing/unspecified), and
duration and amount of trials. Although these factors have an
important role in the study protocols, interpretations of the final
results are out of scope of this review and we focused only on
objective brain activity and body motion assessments of people
with PD. In our future work, complementary studies and reviews
are required to elucidate the influence of mentioned factors and
limitations on the results of brain activity and body motion
assessments in people with PD.

Opportunities in the field: Upon careful consideration of the
reviewed studies, it is important to note certain limitations that
need to be addressed in future research. First, the literature
largely focuses on the effect of PD during movements on the
prefrontal cortex, while other brain regions involved in motor
and cognitive tasks have been largely neglected. Second, most
of the studies that were reviewed focused on the activation
of various brain regions in relation to lower limb movements,
indicating a need for further exploration of the relation between
upper limb movements and activation of brain areas. Third,
among the reviewed studies, only one study has addressed the
most affected side of the body of the patients [49]. Recent studies
have illustrated how motor symptom asymmetry in PD impacts
both cognitive and motor functions [67]. Hence, future investi-
gations should consider the asymmetry of motor symptoms in
PD when assessing brain activity and body motion measures
depending on the aim of the study. Fourth, investigating the
relation between UPDRS III and fNIRS measures has been
neglected in the literature. Understanding this relationship can
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provide valuable insight in terms of underlying neural correlates
of motor symptoms. Within the 24 reviewed studies, only three
have considered this. Therefore, additional research is required
to explore the relationship between these two metrics. Fifth, all
studies have included participant cohorts with mild to moderate
disease, but it is recommended that future studies should also
consider participants with more severe symptoms to investigate
their brain activation and body motion measures. It will shed
light on how the progression of the disease affects brain activa-
tion and body motion measures. Finally, for future research using
state-of-the-art methods of data classification and analysis such
as ML would allow the research community to design models for
the objective assessment and diagnosis of Parkinson’s disease.

V. CONCLUSION

This review article summarised existing findings regarding
brain activity and body motion assessment in people with Parkin-
son’s disease to find the appropriate setting for the objective as-
sessment/diagnosis of PD. In summary, according to our findings
1) A combination of simple walking tasks is the most common
study protocol in the literature. 2) The prefrontal cortex is the
most commonly recorded region of interest for investigations of
people with PD’s brain activity. 3) Our findings show that HbO2

concentration is a more effective haemoglobin signal for fNIRS
compared to HHb. 4) Among various sensor types, IMUs and
electronic walkway are more commonly used technologies for
motion assessment in people with PD depending on the study
design. 5) In this review, we summarised findings about the
correlation between brain activity and body motion measures
for a better understanding of the underlying mechanisms of PD
physical symptoms.
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