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Background: Neurological disorders with dyskinesia would seriously affect older
people’s daily activities, which is not only associated with the degeneration or
injury of the musculoskeletal or the nervous system but also associated with
complex linkage between them. This study aims to review the relationship
between motor performance and cortical activity of typical older neurological
disorder patients with dyskinesia during walking and balance tasks.

Methods: Scopus, PubMed, andWeb of Science databases were searched. Articles
that described gait or balance performance and cortical activity of older
Parkinson’s disease (PD), multiple sclerosis, and stroke patients using functional
near-infrared spectroscopy were screened by the reviewers. A total of 23 full-text
articles were included for review, following an initial yield of 377 studies.

Results: Participants were mostly PD patients, the prefrontal cortex was the
favorite region of interest, and walking was the most popular test motor task,
interventional studies were four. Seven studies used statistical methods to
interpret the relationship between motor performance and cortical activation.
The motor performance and cortical activation were simultaneously affected
under difficult walking and balance task conditions. The concurrent changes of
motor performance and cortical activation in reviewed studies contained the
same direction change and different direction change.

Conclusion:Most of the reviewed studies reported poor motor performance and
increased cortical activation of PD, stroke and multiple sclerosis older patients.
The external motor performance such as step speed were analyzed only. The
design and results were not comprehensive and profound. More than 5 weeks
walking training or physiotherapy can contribute to motor function promotion as
well as cortices activation of PD and stroke patients. Thus, further study is needed
for more statistical analysis on the relationship between motor performance and
activation of the motor-related cortex. More different type and program sports
training intervention studies are needed to perform.
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1 Introduction

Neurological disorders encompass diseases of the brain and
nervous system are the leading cause of disability (Murray et al.,
2013) and contribute to 3% of disability-adjusted life years (Murray
et al., 2012; Caliandro et al., 2020). Cerebrovascular injury (51%),
neuromuscular disorders (7%), cognitive disorders (25%), and
central nervous system infections (0.6%) are the common symptoms
of older patients with neurological disorders (Bacellar et al., 2017),
which would lead to dyskinesia (Defebvre and Krystkowiak, 2016;
Harmon et al., 2019; Reich and Savitt, 2019). Dyskinesia would seriously
affect older peoples’ daily activities, especially walking and balance
disability (Osoba et al., 2019). The expensive healthcare costs and
additional neurology resource needs of longitudinal intervention
burden the family and society. Parkinson’s disease (PD), multiple
sclerosis (MS), and stroke are common age-related neurological
diseases interrelated with dyskinesia (Bonilauri et al., 2020).

The abnormal motor performance of stroke, PD, and MS
patients, such as the step speed, step length, step width, step
frequency, gait variability, stance time has been investigated
(Hausdorff et al., 2007; Nutt et al., 2011; Socie and Sosnoff, 2013;
Chisholm et al., 2014; Maidan et al., 2015; Belluscio et al., 2019).
However, the investigation was not enough. Dyskinesia means
impairment of control over ordinary muscle movement, which is
not only associated with the degeneration or injury of the
musculoskeletal or the nervous system but also associated with
the complex linkage between them. Motor performance is one of
the external representation of the musculoskeletal system, and brain
cortical activity is one of the external representation of the central
nervous system. If the changes and relationship of motor
performance and cortical activity can be analyzed during the
patients’ movement, it would help probe the mechanism of
dyskinesia and efficient rehabilitation methods for neurological
disorder patients. However, testing the cortical activity of the
brain during actual human movement is difficult.

The recent advancement in technologies such as Functional near-
infrared spectroscopy (fNIRS), and portable electroencephalography
has allowed for the investigation of brain function during realtime
human movements in the natural environment freely. fNIRS is a non-
invasive, repeatable, and reliable functional neuroimaging technology
based on the theory of neurovascular coupling and optical spectroscopy
(Villringer and Chance, 1997; Leff et al., 2011). An increase in neural
activity of brain causes an increase in oxygen metabolism (Liao et al.,
2013; Scholkmann et al., 2014; Pinti et al., 2020), leading to a decrease
and increase in the concentration of oxygenated hemoglobin and
deoxygenated hemoglobin (Lindauer et al., 2010; Liao et al., 2013;
Scholkmann et al., 2014). The results of fNIRS has higher spatial
resolution than portable electroencephalography, and has the highest
correlation to functional magnetic resonance imaging BOLD measures
(Strangman et al., 2002). In addition, fNIRS has been used to detect the
cortical activity of the prefrontal cortex (PFC), primary cortex (M1),
pre-motor cortex (PMC), supplementary motor area (SMA), and
sensory-motor cortex (SMC) of the healthy or unhealthy population
under single or dual-tasks during walking, turning, or balance
intervention (Mihara et al., 2007; Al-Yahya et al., 2018; Stuart et al.,
2018; Pelicioni et al., 2022), while portable electroencephalography
based on neuroelectric signals of neurons is rarely used in dual-task
gait activities compared with fNIRS. PFC takes part in planning,

regulating and controlling of movement mainly (Szczepanski and
Knight, 2014); SMC and M1 take part in planning, control and
motor execution (Donoghue et al., 1994; Zwergal et al., 2012); SMA
and PMC take part in planning and selecting movement (Gazzaniga,
Ivry, and Mangun, 2009). Therefore, PFC, M1, PMC, SMA and SMC
are all associated with movement.

Cortical activation and gait characteristics of PD patients (Stuart
et al., 2019; Bonilauri et al., 2020), stroke patients (Chen et al., 2017;
Herold et al., 2017), MS patients (Bonilauri et al., 2020), and cognitive
impairment patients (Bishnoi et al., 2021) related to older neurological
disorder patients with dyskinesia have been described under single or
dual tasks during walking or balance intervention in former reviews
touch on fNIRS. However, no review has tackled the relationship
between motor performance and cortical activation of older
neurological disorder patients while performing motor tasks.
Therefore, this study aims to review the relationship between motor
performance and cortical activity of older PD, stroke, and MS patients
during walking and balance tasks. It might help improve patients’
rehabilitation for intervention development to be uncovered.

2 Methods

2.1 Search strategy

Two independent researchers performed a systematic literature
search in Scopus, PubMed, andWeb of Science databases to identify
all relevant studies published from 1 January 2012 to 30 December
2022 after the fNIRS became popular (Menant et al., 2020; Pinti
et al., 2020). The 2020 Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statements were used to
report this systematic review. Key search terms and synonyms of
three database are shown in Figure 1.

2.2 Eligibility criteria

Search and screening process is shown in Figure 2. Herein,
studies were included based on the following criteria: 1) the sample
or subgroup included age 60 years or older adults (Rudnicka et al.,
2020) with neurological diseases such as PD, MS, and stroke, 2)
fNIRS was used as the cortical activation test equipment, 3) gait or
balance performance with kinematic results or score, and cortical
activity were the primary result, 4) articles were written in English.

However, studies were deemed irrelevant based on the following
criteria: 1) it was non-experimental studies (i.e., review and
empirical studies), 2) participants were healthy people only,
people with other diseases or animal, 3) other cortical activation
test equipment (i.e., EEG), was used, 4) main results were not
kinematics and cortical activation, 5) the full text of study was
not available, 6) a brain-computer interface was used, 7) studies were
the conferences, or case reports.

2.3 Study selection

A stepwise process was used to identify articles to be selected
for inclusion in this review. Two authors independently screened
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titles, followed by abstracts, and then full texts. Reviewers (YW,
YD, WW, and YB) extracted the data and synthesized it into pre-
designed tables. If any disagreement arose regarding the inclusion
or exclusion of single studies, it would be resolved through
consultation and confirmed by the reviewers (ZC and YT).

2.4 Data extract process

The following items were extracted from each included study;
the name of author and published year; the type of neurological
disorders (i.e., PD, stroke), age and degree of dyskinesia
(i.e., freezing of gait); the number of fNIRS channels and
region of interest; type of motor task and task paradigms
(i.e., single task, dual task); intervention time; motor
performance and cortical activation results including statistical
correlation results, gait characteristics, balance score, and HbO2

level of region of interest.

2.5 Risk of bias in individual studies

Each full-text article was assessed by two independent reviewers
and scored using the PEDro scale. Any discrepancies were resolved
by discussion and consensus. The PEDro scale was developed to
measure methodological quality and internal validity of randomized
studies (de Morton, 2009). Each of the 10 items is scored as either
presenter absent (0) and a score is then calculated out of 10 with a
larger number indicating better quality (Mason et al., 2016). The
categories that were used to define overall quality of each article are
as follows: & 4 (poor), 5–6 (moderate) and S 7 (high quality)
(Fernandez et al., 2016).

3 Results

3.1 Overview of included studies

As shown in Figure 2, a total of 377 studies were identified through
key terms search, 206 studies were left in removed duplicates and so on,
148 were excluded in the title and abstract screening, 52 studies were
reviewed in full texts, and 29 of themwere excluded for not meeting the
mentioned selection criteria. The remaining 23 studies were included in
this review.

FIGURE 1
Search string key terms used for study acquisition.

FIGURE 2
Search and screening process.
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TABLE 1 Summary of motor performance and cortical activation outcomes in studies of Parkinson’s patients.

Authors Participant
characteristics

fNIRS Task paradigms Motor performance and cortical activation
results

Year ROIs

Maidan et al.
(2015)

11 PD (66.2 ± 10.0), FOG
history

Channels (not
mentioned)

ST1: normal walking ↓The turning acceleration, ↑HbO2 level in PFC in FOG
shows under ST2 condition compared to without FOG
shows.

11 HOA (71.2 ± 6.0) PFC ST2: 180° turn

Maidan et al.
(2016)

68 PD (71.7 ± 1.1) 6 channels ST: normal walking A positive correlation between HbO2 level (↑) and step speed
(↑) during obstacle negotiation walking. (*)

38 HOA (70.4 ± 0.9) PFC DT1: ST + n-back

DT2: ST + obstacles negotiation

Mahoney et al.
(2016)

269 non-demented adults
(76.41 ± 6.70):

16 channels stand upright and count silently
for 10 s

↑COP velocity, ↑ HbO2 level in PFC in PS compared
with HOA.

117 MPS

PFC26 PS

126 HOA

Maidan et al.
(2017)

49 PD (71.7 ± 1.0) 3 channels 2 min walk test (straight line + 180°

turns)
A negative correlation between PFC activation (↑) and step
speed (↓) during turning in the PD group. (*)

126 HOA PFC

Al-Yahya et al.
(2018)

29 PD (66.3 ± 5.9) 6 channels ST: self-selected walking speed and
fast walking speed

←Step characteristics, ↑HbO2 level in PFC and M1 during
DT condition compared with ST condition in PD group.

22 HOA (59.5 ± 6.8) PFC, M1 DT: ST + n-back

Maidan et al.
(2018)

64 PD: 6 channels ST1: normal walking ↑Step speed and step length, ↓HbO2 level in PFC during
walking after treadmill training.

34 TT (73.1 ± 1.1) PFC DT1: ST + n-back

30 TT + VR (70.1 ± 1.3) DT2: ST + obstacles negotiation

6 weeks of treadmill training.

Thumm et al.
(2018)

20 PD (69.8 ± 6.5) Channels (not
mentioned)

ST1: overground walking ↓Step speed, ↓Hb02 level in PFC during ST2 condition
compared to ST1 condition.

PFC ST2: treadmill walking

Belluscio et al.
(2019)

15 PD + FOG (66.9 ± 5.0) 8 channels ST: 360° turns in place A negative correlation between PFC activation (↑) and
turning performance (↓) (↓number of turns in PD patients
without FOG in DT during turning). (*)

17PD + nonFOG
(69.9 ± 4.3)

PFC DT: ST + auditory AX-continuous ↓Step speed, ↓HbO2 level in PFC for FOG during DT
compared with ST.

8 HOA (66.5 ± 5.5) ↓Step speed, ↑HbO2 level during turning compared
with HOA.

Stuart and
Mancini (2020)

13 PD FOG (69.7 ± 4.2) 2 channels ST1: 180° and 360° turns while walking ↓Step speed,←PFC activity during walking or turning under
DT condition compared with ST2 condition in the PD
group.12 PD nonFOG (68.7 ± 3.9) PFC ST2: walking back and forth

DT: ST2+ auditoryAX-continuous
with an open-or closed-loop
tactile cue

Vitorio et al.
(2020)

24 PD + FoG (70.3 ± 4.7) 8 channels ST: walking back and forth ↓Step speed and step length, ↓HbO2 level in PFC under DT
condition compared with ST condition in FOG group.

23PD + nonFOG
(70.8 ± 7.6)

PFC DT: ST + auditoryAX-continuous ↑Step time variability, ↑HbO2 level in PFC during walking in
FOG group compared with nonFOG group.

Orcioli-Silva et al.
(2021)

36 PD:
17 TD (70.8 ± 6.8)
19 PIGD (69.4 ± 6.6)

8 channels ST: normal walking ↓Step speed and step length, ↑HbO2 level in PFC during DT
condition compared with ST condition.

PFC DT: obstacle negotiation walking

(Continued on following page)
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TABLE 1 (Continued) Summary of motor performance and cortical activation outcomes in studies of Parkinson’s patients.

Authors Participant
characteristics

fNIRS Task paradigms Motor performance and cortical activation
results

Year ROIs

Hoang et al.
(2022)

14 PD (67 ± 9) 8 channels
DLPFC

ST: walking A positive correlation between ΔHbO2 of DLPFC (↓) and
coefficient of variation of step length (↓). (*) ↑Step speed and
step length, ↓HbO2 level in DLPFC during T2 compared
with T1.

5 weeks of Sirocco training

T0 and T1: before training

T2: after training

Pelicioni et al.
(2022)

49 PD (69.5 ± 7.9) 6 channels ST1: simple 60 s-walking trial ↓Step length and step speed, ↑PMC activation in PD group
compared with HOA. ↓Step length and step speed, ↑SMA
activation in ST2 condition compared with ST1 condition in
PD group.

ST2: obstacle negotiation

21 HOA (69.0 ± 5.9) DLPFC,
SMA, PMC

ST3: short and long target stepping

DT: ST1+ST2+ST3

Abbreviations: HOA = healthy older adult, PD = Parkinson’s disease, FOG = freezing of gait, PS = Parkinsonian syndromes, MPS = mild parkinsonian signs, TD = tremor dominant, PIGD =

postural instability step disorder, Age = Mean ± SD, fNIRS = functional near infrared spectroscopy, PFC = prefrontal cortex, DLPFC = Dorsolateral prefrontal cortex, SMA = supplementary

motor area, PMC = premotor cortex, ST = single-task, DT = dual-task, TT = treadmill training, VR = virtual reality, ↑:increase significantly, ↓:decrease significantly,←: no significant differences,

(*): Statistical correlation.

TABLE 2 Summary of motor performance and cortical activation outcomes in studies of stroke patients.

Authors Participant
characteristics

fNIRS Task paradigms Motor performance and cortical activation results

Year ROIs

Mihara et al.
(2012)

20 Stroke (61.9 ± 11.9) 50 channels balance control task A positive correlation between BBS score (↑) and the changes in
HbO2 (↑). (*)

PFC, SMA

Fujimoto et al.
(2014)

20 Stroke (60.2 ± 9.5) 50 channels balance control task ↑BBS score (postural stability) and ↑HbO2 level in bilateral SMA
after the intervention compared with before the intervention.

PFC, SMA about 6 weeks

Mori et al. (2018) 14 Stroke (61.1 ± 9.3) 16 channels ST: walking around a circle ↓Step speed and ↓HbO2 level in PFC under DT condition in stroke
group compared with HOA group.

14 HOA (66.3 ± 13.3) PFC DT: ST + n-back

Hawkins et al.
(2018)

24 Stroke (58 ± 9.3) 4 channels ST: normal walking ↓Step speed and ↑HbO2 level in PFC under DT2 condition in
stroke group compared with HOA group.

15 HOA (77.2 ± 5.6) PFC DT1: ST + verbal letter fluency

DT2: ST + obstacles negotiation

Caliandro et al.
(2020)

22 Stroke (60 ± 8.1) 2 channels walking with and without the
wearable powered exoskeletons

A positive correlation between Knutsson score (↑) (abnormal
muscle activation) of non-paretic limb and HbO2 level in PFC (↑)
during walking. (*)15 HOA (43–69) PFC

Collett et al.
(2021)

45 Stroke (62 ± 14):
21 Good walker

32 channels ST: normal walking ↓Step speed and step length, and↑HbO2 level in PFC under DT
condition, compare ST.

24 Limited walker PFC DT: ST + stroop treadmill walking
for approximately 10 weeks

Lim et al. (2022a) 20 Stroke (64 ± 7.6) 54 channels ST: normal walking ↓Step speed and ↑HbO2 level in PFC, SMC, and PMC under DT
condition compared with ST condition.

PFC,
SMC, PMC

DT: ST + verbal letter fluency

Lim et al.
(2022b)

20 Stroke (64 ± 7.6) 54 channels normal walking A positive correlation between step speed (↑) and cortical activity
of PFC, SMC, and PMC (↑) of stroke under the acceleration stage of
walking. (*)PFC,

SMC, PMC

Abbreviations: HOA = healthy older adult, Age =Mean ± SD, fNIRS = functional near infrared spectroscopy, PFC = prefrontal cortex, SMC = sensorimotor cortex, SMA= supplementarymotor

area, PMC = premotor cortex, ST = single-task., DT = dual-task, Berg Balance Scale = BBS, ↑: increase significantly, ↓: decrease significantly, (*): Statistical correlation.
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Tables 1–3 showed the 23 studies included in this study. Of these,
studies assessed patients with PD (N = 13), with a previous history of
stroke (N = 8), and with MS (N = 2). The age of older patients in these
studies was widely distributed from 56 ± 5 to 73 ± 1 year. Studies
contain cross-sectional (N = 19) and longitudinal designs (N = 4).

Among the 23 studies, walking was used as a test task in
20 studies, including straight walking (N = 15), turning (N = 5),
obstacles (N = 5), and treadmill walking (N = 4). Meanwhile, the
balance was used as a test task in the other three studies, including
normal standing (N = 1) and postural intervention standing (N = 2).

TABLE 3 Summary of motor performance and cortical activation outcomes in studies of MS patients.

Authors Participant
characteristics

fNIRS Task paradigms Motor performance and cortical activation
results

Year ROIs

Hernandez et al.
(2016)

8 MS (61 ± 4) 2 channels ST: normal walking ↓Step speed and ↑HbO2 level in PFC under DT condition
compared with HOA or ST condition in MS group.

8 HOA (57 ± 5) PFC DT: ST + reciting alternate letters

Chaparro et al.
(2017)

10 MS (56.2 ± 5.1) 16 channels ST: walking on a treadmill with no or
partial body weight support

↓Step speed and ↑HbO2 level in PFC during walking compared
with HOA.

12 HOA (63.1 ± 4.4) PFC DT: ST + reciting alternate letters

Abbreviations: HOA = healthy older adult, MS = multiple sclerosis, Age =Mean ± SD, fNIRS = functional near infrared spectroscopy, PFC = prefrontal cortex, ST = single-task, DT = dual-task,

↑: increase significantly, ↓: decrease significantly, (*): Statistical correlation.

TABLE 4 Hysiotherapy evidence database (PEDro) Scale scores of the reviewed studies.

PEDro criteria 1 2 3 4 5 6 7 8 9 10 Total

Maidan et al. (2015) Yes No No Yes No No Yes Yes Yes Yes 6

Maidan et al. (2016) Yes No No Yes No No No Yes Yes Yes 5

Mahoney et al. (2016) Yes No No Yes No No Yes Yes Yes Yes 6

Maidan et al. (2017) Yes No Yes Yes No No No Yes Yes Yes 6

Al-Yahya et al. (2018) Yes No No Yes No No No Yes Yes Yes 5

Maidan et al. (2018) Yes Yes Yes Yes No No Yes Yes Yes Yes 8

Thumm et al. (2018) Yes No No Yes No No No Yes Yes Yes 5

Belluscio et al. (2019) Yes No No Yes No No No Yes Yes Yes 5

Stuart and Mancini (2020) Yes No No Yes No No No Yes Yes Yes 5

Vitorio et al. (2020) Yes No No Yes No No No Yes Yes Yes 5

Orcioli-Silva et al. (2021) Yes No No Yes No No No Yes Yes Yes 5

Hoang et al. (2022) Yes No No Yes No No No Yes Yes Yes 5

Pelicioni et al. (2022) Yes Yes No Yes No No No Yes Yes Yes 5

Mihara et al. (2012) Yes Yes No Yes No No No Yes No Yes 5

Fujimoto et al. (2014) Yes Yes No Yes No No No Yes No Yes 5

Mori et al. (2018) Yes No No Yes No No No Yes Yes Yes 5

Hawkins et al. (2018) Yes No No Yes No No No Yes Yes Yes 5

Caliandro et al. (2020) Yes No No Yes No No No Yes Yes Yes 5

Collett et al. (2021) Yes No Yes Yes Yes No No Yes Yes Yes 7

Lim et al. (2022a) Yes No No Yes No No No Yes Yes Yes 5

Lim et al. (2022b) Yes Yes No Yes No No No Yes No Yes 5

Hernandez et al. (2016) Yes No No Yes No No Yes Yes Yes Yes 6

Chaparro et al. (2017) Yes No No Yes No No Yes Yes Yes Yes 6

Criteira: 1) Eligibility; 2) Randomized allocation; 3) Concealed allocation; 4) Baseline similarity; 5) Blinded subjects; 6) Blinded therapists; 7) Blinded assessors; 8) Key outcomes; 9) Comparison

between groups; 10) Point measures and measures of variability.
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Gait and posture stability were the primary behavioral outcomes of
walking and balance tasks. PFC was the most popular region of
interest (N = 19) which was tested by 2–32 channels in fNIRS
systems. Other region of interest in the frontal and parietal cortices
were tested by six channels (N = 2) or more than 40 channels in the
fNIRS system (N = 4).

3.2 Risk of bias in individual studies

Scores on the PEDro scale ranged from five to eight for the
selected articles (Table 4). Twenty one studies were of moderate
quality; and two studies were high quality.

3.3 Co-direction change of motor
performance and cortical activation

Seven studies reported increased gait or balance results and
increased cortical activation. One of them found a positive
correlation between step speed and cortical activation of PFC
during obstacle negotiation walking of PD patients via Pearson’s
correlation methods (Maidan et al., 2016). Three of them found a
positive correlation between Berg Balance Scale, and cortical
activation of PFC and SMA of stroke patients via Spearman’s
correlation methods (Mihara et al., 2012), Knutsson score
(abnormal muscle activation) and cortical activation of PFC of
stroke patients with exoskeletons by multiple regression methods
(Caliandro et al., 2020); and step speed and cortical activity of PFC,
SMC, and PMC of stroke patients via Pearson’s correlation methods
(Lim et al., 2022b). Three studies found that Center of Pressure
velocity and cortical activation of PFC were increased (Mahoney
et al., 2016); step time variability and cortical activation of PFC of
PD patients with freezing of gait compared with non-freezing of gait
during walking were increased (Vitorio et al., 2020); BBS score and
cortical activation of SMA were increased during balance task after
neuro-modulative therapies rehabilitation (Fujimoto et al., 2014).

Five studies reported decreased gait or balance results and
decreased cortical activation. One of them found a positive
correlation between coefficient of variation of step length, and
cortical activation of dorsolateral prefrontal cortex of PD patients
via Pearson’s correlation methods (Hoang et al., 2022). Three of
them found step speed and PFC cortical activation of PD patients
were decreased during dual-task condition compared with single-
task condition (Belluscio et al., 2019; Vitorio et al., 2020), and during
treadmill walking compared with over-ground walking (Thumm
et al., 2018). One of them found step speed and cortical activation of
PFC were decreased under dual-task condition of stroke patients
compared with healthy older adults (Mori., 2018).

3.4 Inverse change of motor performance
and cortical activity

Ten studies reported decreased gait or balance results and
increased cortical activation. Two of them found negative
correlations between increased PFC activation and decreased step
speed (Maidan et al., 2017), and the decreased number of turns

(Belluscio et al., 2019) of PD patients under dual-task conditions via
Pearson’s correlation methods. Two of them found that step speed
was decreased (Belluscio et al., 2019; Pelicioni et al., 2022), cortical
activation was increased in PFC (Belluscio et al., 2019) and PMC
(Pelicioni et al., 2022) of PD patients compared with healthy
participants. One of them found that turning acceleration was
decreased during turning, and cortical activation of PFC was
increased in PD patients with freezing of gait compared with
non-freezing of gait (Maidan et al., 2015). Two of them found
that step speed and length were decreased, cortical activation of PFC
(Orcioli-Silva et al., 2021) and SMA (Pelicioni et al., 2022) were
increased under obstacle negotiation dual-task conditions compared
with single task condition. Three of them found step speed was
decreased, cortical activation of PFC (Hawkins et al., 2018; Collett
et al., 2021; Lim et al., 2022a), SMC (Lim et al., 2022a), and PMC
(Lim et al., 2022a) were increased in stroke patients during walking
under dual-task conditions compared with single-task condition
(Collett et al., 2021; Lim et al., 2022a) or compared with healthy
older adults (Hawkins et al., 2018). Two studies of MS patients found
that step speed was decreased and cortical activation of PFC was
increased under dual-task conditions (Hernandez et al., 2016)
during walking compared to healthy older adults (Chaparro
et al., 2017).

Two longitudinal studies reported step speed and length were
increased, cortical activation of PFC or dorsolateral PFC was
decreased after intervention (Maidan et al., 2018; Hoang et al., 2022).

One study reported gait characteristics did not change while
cortical activation of PFC and M1 were increased of PD patients
under dual-task conditions compared with single task condition or
healthy older adults (Al-Yahya et al., 2018); the other one study
reported step speed was decreased while cortical activation of PFC
did not change of PD patients under dual-task conditions compared
with single-task condition (Stuart and Mancini, 2020).

4 Discussion

A total of 23 studies that investigated the motor performance
and cortical activity via fNIRS were systematically reviewed in this
study. It showed varied relationships between motor performance
and cortical activity of older adults with PD, stroke, and MS patients
under walking and balance tasks.

4.1 Poor performance with changed cortical
activation

Among the 23 studies, it was found that step speed and length as
well as the number of turns were decreased, and the Center of
Pressure velocity, step time variability, Knutsson score were
increased. Those results usually used to indicate poor motor
performance (Mancini et al., 2017; Belluscio et al., 2019; Kahya
et al., 2019; Caliandro et al., 2020). However, the cortical activation
of PFC, PMC, SMC, and SMA was increased or decreased during
different motor and balance task.

Poor motor performance accompanied by increased PFC, PMC,
SMC, and SMA activation indicated that automatic walking
function was affected by the disease (Herold et al., 2017; Maidan
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et al., 2017; Pelicioni et al., 2022), because walking was controlled by
two pathways in the brain (la Fougère et al., 2010; Zwergal et al.,
2012; Zwergal et al., 2013; Herold et al., 2017). The direct and
normal pathways relevant to automatic movement are controlled by
the striatum and activated in the case of low-challenging walking
and the absence of pathology. The indirect pathway relevant to
motor-related cognitive resources involving the PFC, PMC, and
SMC areas is activated in the impaired automatic walking caused by
aging or disease (Vandenbossche et al., 2012; Clark, 2015; Herold
et al., 2017; Al-Yahya et al., 2018). SMA cortex was also involved in
inter-limb coordination, gait, and postural control (Fujimoto et al.,
2014), which might activate in the complex obstacle
negotiation task.

Therefore, poor motor performance with increased cortical
activation might indicate that automatic walking turns into
voluntary cortical control walking (Maidan et al., 2015), which
might be a cognition and postural compensation to counter the
motor or neuron dysfunction of neurological disorder patients with
dyskinesia.

However, poor motor performance accompanied by decreased
PFC activation indicates that once the compensatory is over-
activated, the cognitive resources would reach the limit (Holtzer
and Izzetoglu, 2020). Dual-task and circle walking are both difficult
tasks for neurological disorder patients with dyskinesia. The changes
in brain structure and function caused by that disease might easily
induce the inflexibility or overburdening of executive attention
cognitive resources (Stuart and Mancini, 2020). Consequently,
the neural efficiency of PFC becomes lower, the executive
function goes down, the cortical activation of PFC reaches the
ceiling, the impaired motor function cannot get support from the
cortex, and the motor performance becomes poor.

4.2 Better performance with changed
cortical activation

Among the 23 studies, it was found that step speed, BBS score
and length were increased, and the coefficient of variation of step
length and step speed were decreased. Those results usually used to
indicate improved motor performance (Collett et al., 2021; Hoang
et al., 2022), and improved balance control (Fujimoto et al., 2014).
However, sometimes the cortical activation of PFC decreased,
sometimes the cortical activation of PFC, SMA, PMC, and SMC
increased during different motor task.

Better motor performance accompanied by decreased PFC
activation showed a positive effect of sports training on neurological
disorder patients with dyskinesia. It indicates that the automaticity of
walking was improved, the dependence on cognitive resources was
reduced, and the patients could make better use of their executive
resources to walk normally (Hoang et al., 2022). It might be because
sports training enhances neural plasticity to a certain extent, thereby
promoting angiogenesis, neurogenesis, and synaptogenesis, all of which
led to an increased efficiency and help reduce the required levels of
cortex activation (Maidan et al., 2018).

Better motor performance accompanied by increased PFC,
PMC, SMA, and SMC activation also showed positive effects on
balance and normal walking tasks. Based on the compensatory
reallocation model (Verghese et al., 2017), the brain recruits

neural-related area and allocates more neural resources to the
motor program when the task was slightly difficult for patients,
thereby resulting in near-normal and safe motor performance
finally. Therefore, higher cortical activation caused by balance
and walking helped patients with limited motor ability to
improve their motor performance.

Better motor performance accompanied by increased SMA
activation showed a positive effect on balance task skills. SMA
was related to inter-limb coordination and postural control
(Fujimoto et al., 2014), and was a potential target of neuro-
modulative therapies which can promote recovery of motor
function (Hummel and Cohen, 2006). Therefore, the advanced
SMA cortical activation would help recover the balance function
of stroke patients.

4.3 Changed performance or cortical
activation versus unchanged

Among the 23 studies, one study reported unchanged step
character accompanied by increased cortical activation of PFC
and M1, the other one reported decreased step speed
accompanied by unchanged cortical activation of PFC under
dual-task conditions during walking.

Based on the compensatory reallocation model, in some motor
tasks, the brain recruits neural network tissue in the motor-related
cortex and allocates more neural resources to the motor program,
thereby resulting in near-normal motor performance and high
cortical activation (Verghese et al., 2017). Therefore, the brain
would regulate the cortex resources and help patients to
complete difficult walking. Patients with limited motor ability can
maintain motor performance through improved cortical activation.
However, if the resources of PFC are occupied by the additional task
and reach the ceiling, it might be hard for patients to maintain motor
performance well (Holtzer and Izzetoglu, 2020).

4.4 Learning from the change of
relationships

Human movement is executed by the muscles and controlled by
the Nervous system (Clark et al., 2014). The muscle fibers receive the
input information from alpha neurons. The alpha neurons receive
the input information from spinal fibers and neurons. The spinal
receives input from extra-pyramidal tracts. The extra-pyramidal
tracts receive the input from the cortical (i.e., PFC, M1, PMC, and
SMA) and subcortical structure (Gazzaniga et al., 2009). Therefore
one of symptom of neurological disorder patient is dyskinesia. The
dyskinesia is associated with the abnormal of motor control which
showed abnormal cortical activation and motor performance.

With the development of the realtime humanmovement cortical
activation test equipment, more and more studies follow the interest
of abnormal motor control of dyskinesia neurological disorder
patients. However, the design and results were not
comprehensive and profound. Most of the reviewed studies
reported poor motor performance and increased cortical
activation of PD, stroke and MS older patients under simple
motor task conditions, compare with healthy older adults or
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difficult motor task conditions. Few studies discussed the exact
relationship between motor performance and cortical activation,
or used statistical analysis. The external motor performance such as
step speed and step length were analyzed only. The sports
biomechanics variables (i.e., muscle activation, segment
movement) and its relationship with cortical activation were left
behind.

Our review results showed that motor performance has improved
after sports training or occupational therapy intervention. However, the
type of sports training was simple, the difficulty, intensity, time interval
of sports training intervention needs further study. The expanded and
specific study would promote the clinical rehabilitation intervention
therapy of neurological disorder patient with dyskinesia.

5 Conclusion

From the 23 included publications, four were interventional studies,
seven studies used statistical methods to interpret the relationship
between motor performance and cortical activation, participants
were mostly PD patients, PFC was the favorite region of interest,
and walking was the most popular test motor task. The motor
performance and cortical activation of frontal and parietal cortices
were simultaneously affected during difficult walking and balance tasks
of the neurological disorder patients with dyskinesia. Most reviewed
studies reported poor motor performance and increased cortical
activation of PD, stroke and MS older patients, compare with
healthy older adults or difficult motor task conditions. Few studies
discussed the exact relationship of motor performance and cortical
activation by statistical analysis. The design and results were not
comprehensive and profound. The sports biomechanics variables
and its relationship with cortical activation variables were left
behind. More than 5 weeks of walking training or physiotherapy can
contribute to motor function promotion as well as frontal and parietal
cortices activation of PD and stroke patients.

6 Limitation

There are several limitations in the present review. Firstly, it was
limited to studies published in English. As such, studies with relevant
findings may have been ommited. Secondly, the search time period for
this review was the recent 10 years while fNIRS became popular. As
such, wemight not identify all relevant articles. Thirdly, it was limited to
studies containing walking and balance motor tasks. As such, studies
relevant to upper extremity motor tasks were excluded. Fourthly, the
other cortical activation detected methods, such as portable
electroencephalography were not included in this review, it is not
known if a different detected method could have different results.
Last but not least, the various study design made it difficult to
summarize and discuss the different neural pathway changes of
walking and balance control.

7 Future scope

Further study is needed to do more statistical analysis on the
relationship between motor performance and activation of

motor-related cortex. It would help analyze their relationship
accurately. And dual task walking, obstacle walking and turning
might be used as a sports training method. Intervention studies
should be conducted to distinguish the intervention time,
intensity and effects of dual-task walking, obstacle walking,
over ground walking, and treadmill walking for neurological
disorder patients with dyskinesia. It would help to look for
new sport rehabilitation methods for those patients.
Meanwhile, body performance such as trunk or head
movement, electromyography, and ground reaction force
should be synchronized with cortical activation test to evaluate
the posture control of patients during walking and balance task. It
would help to investigate the common change in musculoskeletal
and nervous system, then further discuss their collaboration.
Finally, the relationship between the different neural pathways
of movement and the corresponding motor performance should
be considered. It would help to investigate the different
coordinate mechanisms of the musculoskeletal and nervous
system in diverse patients movements.
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