Check for
updates

ﬁ OPEN ACCESS

https://doi.org/10.20463/pan.2024.0006

Physical Activity and Nutrition | 2024;28(1):037-044

Review

Received: 2024/03/04, Revised: 2024/03/22,
Accepted: 2024/03/25, Published: 2024/03/31

©2024 Heehyun Shin et al.; Licence Physical Activity and
Nutrition. This is an open access article distributed under
the terms of the creative commons attribution license (https://
creativecommons.org/licenses/by-nc/2.0/), which permits
unrestricted use, distribution, and reproduction in any medi-

Role of exercise in modulating
prefrontal cortical activation for
improved gait and cognition in
Parkinson’s disease patients

um, provided the orginal work is properly cited.
*Corresponding author : Kyeongho Byun

28-224, Academy-ro 119, Incheon National University,
Yeonsu-gu, Incheon, Republic of Korea.

Tel: +82-32-835-8648
E-mail: kbyun21@inu.ackr
©2024 The Korean Society for Exercise Nutrition

[Purpose] This narrative review evaluated the impact
of exercise on gait and cognitive functions in patients
with Parkinson’s disease (PD), focusing on prefrontal
cortical (PFC) activation assessed using near-infrared
spectroscopy (NIRS).

[Methods] A literature search was conducted in the
PubMed and Web of Science databases using key-
words such as “Parkinson’s disease,” “gait,” “cognitive
functions,” “exercise,” and “NIRS,” focusing on publi-
cations from the last decade. Studies measuring PFC
activity using NIRS during gait tasks in patients with PD
were selected.

[Results] The review indicated that patients with PD
demonstrate increased PFC activity during gait tasks
compared to healthy controls, suggesting a greater
cognitive demand for movement control. Exercise has
been shown to enhance neural efficiency, thus improv-
ing gait and cognitive functions.

[Conclusion] Exercise is crucial for improving gait
and cognitive functions in patients with PD through
increased PFC activation. This emphasizes the impor-
tance of incorporating exercise into PD management
plans and highlights the need for further studies on its
long-term effects and the neurobiological mechanisms
underlying its benefits, with the aim of optimizing thera-
peutic strategies and improving patients’ quality of life.
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INTRODUCTION

As South Korea rapidly progresses into a super-aged society, the
prevalence of neurodegenerative disorders such as Parkinson’s disease
(PD) is increasing, challenging both research and healthcare paradigms.
A comprehensive analysis utilizing data from the Korean National Health
Insurance Service underscores this trend, revealing a continuous increase
in PD incidence from 2007 to 2018, with the disease incidence notably
rising with age, peaking at 80 years'. This demographic shift highlights
the need to address conditions characterized by a complex interplay of
motor and cognitive dysfunction that critically undermine activities of
daily living and independence2. PD is characterized by classic motor
symptoms, such as tremors, rigidity, bradykinesia (slow movement), and
postural instability, as well as cognitive impairments in executive func-
tions and gait control, all of which are essential for maintaining a sustain-
able quality of life34.

The interplay between motor and cognitive declines in PD delineates
a complex clinical landscape that significantly deteriorates patients’
quality of life, necessitating targeted interventions for managing both
the physical and cognitive domains of the disease®7. At the core of PD’s
neurobiology is the degeneration of dopamine-producing neurons in the
substantia nigra, resulting in diminished signaling crucial for movement
control® and disruption of various neural pathways and neurotransmitter
systems, contributing to the wide range of PD symptoms experienced
by patients®". This complex neurobiological foundation underscores the
need for a profound understanding of the mechanisms underlying PD to
develop holistic care strategies to manage diverse symptomatologies and
enhance patient well-being'?12,

Gait control, a fundamental aspect of mobility, significantly affects
the autonomy and safety of patients with PD. Gait disturbances in PD are
characterized by shuffling steps, freezing episodes, and a higher risk of
falls, reflecting not only the progression of the disease but also its cogni-
tive implications. Notably, deterioration in gait control is closely linked
to cognitive decline, particularly in executive functions. This link high-
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lights a bidirectional relationship in which impairments in by increased neural efficiency in the prefrontal cortex, a
each domain exacerbate impairments in others, underscor- brain region critical for executive functions. NIRS is a non-
ing the intertwined nature of motor and cognitive functions invasive method for observing these neural changes, thereby
in PD. Recent studies have provided compelling evidence providing a window into the underlying brain mechanisms
for this complex relationship. Research conducted on gait affected by exercise. This review aims to synthesize findings
patterns in patients with PD, with and without cognitive from diverse original studies and critically assess the con-
impairment, revealed that those with cognitive impairment sistencies and discrepancies to outline future research path-
exhibit significant reductions in gait speed, step length, and ways. By highlighting the role of NIRS in evaluating PD’s
stride length'. Furthermore, specific cognitive functions, impact on gait control, executive functions, and frontal lobe
such as “registration,” “attention/calculation,” and “visuo- activity, we sought to deepen our understanding of PD and
spatial function,” were found to be significantly associated inform the development of effective non-pharmacological
with these gait parameters, demonstrating the profound im- interventions to improve the quality of life of patients with
pact of cognitive abilities on gait control''S. Similarly, an- PD.

other study demonstrated that mild cognitive impairment in
patients with PD is associated with poor gait performance,
particularly affecting gait velocity and stride length. This METHODS
association is most pronounced for attention and frontal-ex-

ecutive functions, reinforcing the pivotal role of cognitive The current study adopted a narrative review method-
processes in gait regulation’®. Considering these challenges, ology to explore the broad spectrum of interventions that
it is imperative to explore interventions that can simultane- influence prefrontal cortical (PFC) activation and their
ously address the interconnected aspects of PD. effects on gait and cognitive function in patients with PD.
In response to the growing attention paid to targeted in- This includes a particular focus on exercise, assessed using
terventions, including exercise, this review will rigorously NIRS during gait tasks, while also considering the compara-
examine how gait control abilities are compromised in PD tive and contextual effects of dopaminergic medication. The
compared to those of healthy individuals, delving into the literature search was conducted using specific keywords
associated neural activity in the prefrontal cortex, measured such as “Parkinson’s disease,” “gait,” “cognitive functions,”
using near-infrared spectroscopy (NIRS). The questions “exercise,” and “NIRS” in the PubMed and Web of Science
guiding this inquiry are focused on distinguishing gait con- databases for articles published in the last decade.
trol abilities between patients with PD and healthy controls The inclusion and classification criteria for the articles
in relation to neural activity, understanding how PD pro- obtained through the database searches were as follows.
gression affects gait control and the corresponding neural 1. Studies involving patients with PD.
activities, exploring the influence of increased demands on 2. Research measuring PFC activation using NIRS during
the prefrontal cortex on gait control in PD, and investigating gait tasks.
whether structured exercise programs can enhance prefron- 3. Studies that assessed PFC activation using NIRS during
tal cortex efficiency and, in turn, gait control in patients with gait tasks while simultaneously performing cognitive
PD. tasks.
Numerous studies have suggested that exercise can be a 4. Research evaluating the influence of interventions, in-
potent non-pharmacological intervention to improve both cluding medication or exercise, on gait control ability
motor and cognitive functions in PD, potentially mediated and measuring PFC activation using NIRS during tasks.

Records Identified through
database searching (n = 69)
- PubMed n = 38
- Web of Science n = 31

Excluded due to duplicates
(n =20)
Number of results Records excluded
(n=49) (n=9)

- Review (n=8)

l - Case study (n=1)

Full text artlf:l_es_ . Exclusion criteria
assessed for eligibility — (n=22)
(n=40) - No results (n=6)
- No gait functions (n=4)
- Other form of intervention (n=3)
- Focused on subtypes PD symptoms (N =7)
- Not relevant researches (n=2)

Articles included for review
(n=18)

[ Included | | Eligibility | | Screening | [ identification |
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To maintain focus on original empirical research, articles
in the form of reviews or commentaries were excluded from
the selection process. In addition, 20 articles were excluded
for the following reasons: 6 had no results pertinent to our
review’s objectives, 4 did not measure gait function, 3 in-
volved other forms of intervention not relevant to our focus,
7 focused on subtypes of PD symptoms that were not within
our scope, and 2 were deemed not relevant to the research
questions. After a comprehensive screening and eligibility
assessment, 18 articles were selected for inclusion in this
review (Figure 1). The aim of this narrative review was to
synthesize current findings and insights into the role of ex-
ercise in enhancing gait and cognitive functions in patients
with PD, emphasizing the neurophysiological measurements
obtained using NIRS.

Interactions of neural activation during walking in
PD patients

Following the pioneering work of Nieuwhof et al. (2016),
which demonstrated the feasibility of monitoring PFC acti-
vation in real-world settings using portable functional NIRS,
several studies have emerged focusing on neural activity
during walking in patients with PD (Table 1). These studies
suggest that a significant cognitive burden is associated with
motor control in patients with PD, where activities such as
walking, turning, and dual-task walking elicit heightened
cortical activation'-?!. Notably, compared to healthy con-
trols, patients with PD have been shown to exhibit increased
prefrontal and frontal cortical activation during walking
and complex gait tasks'®'®, Stuart et al. (2019) further
demonstrated that PFC activity during walking and turning
tasks distinctively differentiates patients with PD from both
younger and older adults, emphasizing the augmented cog-
nitive effort that patients with PD expend for motor control.
This surge in neural activation may be interpreted as a com-
pensatory response to the combined motor and cognitive
challenges associated with PD. The use of prefrontal brain
regions suggests that patients need extra cognitive resources
to control movement, especially in conditions requiring gait
adaptability and executive function engagement.

Regarding neural variability and cognitive-motor inter-
ference, several studies have explored the increased neural
variability in the prefrontal cortex and the neural substrates
of cognitive-motor interference???®. These findings suggest
that the observed neural variability in the prefrontal cortex
of patients with PD represents a delicate balance between
neural flexibility and stability, potentially affecting their
ability to manage cognitive-motor interference during walk-
ing. Such variability may serve as an adaptive mechanism
for maintaining gait control despite PD-related motor and
cognitive deficits.

Furthermore, research focusing on cortical activation pat-
terns in relation to gait adaptability, hemodynamic respons-
es, and obstacle negotiation offers additional insights?4-26,
For instance, Pelicionie et al. (2022) examined how patients
with PD adjust their gait in response to varying walking
conditions, such as changing speeds or avoiding obstacles,
and found that these patients exhibit altered cortical acti-
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vation, particularly in brain regions associated with motor
planning and execution, during gait adaptability tasks. This
alteration suggests a need for patients with PD to exert ad-
ditional cognitive efforts to modify their gait in dynamic
environments, potentially reflecting compensatory neural
mechanisms for motor deficits. Moreover, Wang et al. (2023)
utilized functional NIRS to measure frontal hemodynamic
patterns in patients with PD performing the Timed-Up-and-
Go test, revealing distinctive frontal hemodynamic patterns
in these patients compared to controls, characterized by
differences in oxygenation levels in the prefrontal cortex.
These differences indicate that patients with PD may utilize
different neural circuits or employ more cognitive control
to perform the same physical tasks as controls. Assad et al.
(2022) further investigated the impact of disease severity on
PFC activation during obstacle negotiation, a task requiring
both cognitive planning and motor execution. Interestingly,
they found that the association between disease severity and
cortical activation is not linear, suggesting that individual
variability in compensatory neural mechanisms can signifi-
cantly influence how the disease manifests as cortical activi-
ty patterns.

In summary, these studies collectively emphasize the
pivotal role of increased activity in the prefrontal and fron-
tal cortices in managing gait and cognitive tasks in patients
with PD, indicating a pronounced cognitive burden for
motor control. They revealed a nuanced interplay among
neural variability, flexibility, and compensatory mechanisms
in gait control in patients with PD. While some studies have
emphasized the involvement of the prefrontal cortex, others
have pointed to broader neural network changes, including
enhanced connectivity in the left parietal lobe. These find-
ings elucidate the complex neural dynamics underlying gait
control in PD and highlight the necessity for personalized
interventions to effectively address the multifaceted nature
of PD-related gait impairments.

Effect of intervention type on prefrontal activation
during walking in PD patients

This section describes research on the impact of various
interventions, including dopaminergic therapy and exercise,
on PFC activation during walking in individuals with PD. It
delves into the neural mechanisms and implications of these
interventions, highlighting their significance in enhancing
cognitive and motor performance (Table 2).

Dopaminergic therapy

Dopaminergic therapy, especially the administration of
levodopa, is pivotal in enhancing PFC activation during
walking tasks in patients with PD. Research has consistently
demonstrated that levodopa significantly improves cognitive
and motor performance in complex walking scenarios, such
as dual-task walking and obstacle avoidance, by address-
ing dopaminergic deficits inherent to PD?-30, Specifically,
Dagan et al. (2021) explored the effect of levodopa on PFC
activation and examined its role within the framework of
the levodopa overdose hypothesis. This hypothesis posits
that while levodopa is crucial for symptom management in
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8 5 5 . PD, its dosing requires meticulous calibration to
E g § _ g mitigate potential adverse effects, such as mo-
3 g % % g £ i3 tor and cognitive impairment®"32, The findings
3 ; ‘;5 ‘g g g £ g % g 2 % affirm the hypothesis, suggesting that although
£ 58 : : 58 58 5%% levodopa boosts cortical activity for improved
executive function, dosage management is
g 3 essential to mitigate overdosing risks, such as
_ % g 5 s increased risk of falls or dyskinesia.
5 i 5 % 82 gess | 2 The dual function of levodopa in facilitating
O I - TR I 88 £ L£% R motor control and cognitive processing during
§ | Ze3i| figes e 3 frr5s | 28 walking tasks has been further elucidated. Orci-
§685 | g2:85 i3 z Sp¥sf | Z& oli-Silva et al. (2020) demonstrated that levodo-
Bgif | § s523 3: i Bised 3 pa therapy aids prefrontal activation during
=658 | Sisnek 25 3 sisef | B3 dual-tasking walking, suggesting enhanced
g 3 3 functional mobility. This emphasizes levodopa’s
E“ :% g g utility in improving the quality of life of patients
. : s : s : ) [ with PD by ensuring better navigation through
g NS NS 3£} 1§ complex environments via augmented cogni-
g 333 333 23 | f g% R tive-motor integration. Furthermore, research on
H ;f H é Zf H g g § g E Zf *—; gait improvements and obstacle avoidance has
gas gas §3° 3 £43¢3s 3 revealed that levodopa increases PFC activation,
B - - promoting efficient motor control and reducing
[N E E 2 | g the cognitive load associated with complex
= ; — walking tasks®.
2 £ £ The collective findings from these studies
— — — r elucidate the underlying mechanism by which
Sls|f g g g dopaminergic therapy, particularly levodopa,
3 5 3§ JE 5 £ ~E g 2. enhances PFC activation, thereby ameliorating
4 B 25 °g ¢% s 8% both cognitive and motor aspects of walking
S 3 . L E s g R in patients with PD. The principal mechanism
2 §e g e £ gis| 5| ss ° seems to be the medication’s ability to counter-
5 8 H E 2% 2% ¢ i ; E £ g ji act PD-related dopaminergic deficits, enhancing
E ) i} i} 73 = E executive function and attention during walking.
8 - | 8|88 & §| ¢ - - These insights suggest that the optimal dosing of
é § § é § % g 3 g g dopaminergic therapy can significantly improve
5 R I N T i _ gait control and cognitive function, potentially
‘§_ 3¢ i ; N I elevating the quality of life of patients with PD.
= e g However, this study also cautions against the
- ; LB g & 5 g potential risks of overdose and emphasizes the
G|: i * @ @ g @ - 2 . need for personalized medication management
%‘ < 2 : : 2 2] 8 5 : & to maximize benefits while minimizing adverse
§ 3 € g 2 g z | s B g s effects.
ot g g ] 2 ] g | = 3 @ S
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S ° _ | = | = L N1 In light of the concerns regarding the adverse
‘g i % s s % & 3 effects of dopaminergic therapy, the explo-
‘-5 £ s g ] 25 s % gg ration of non-pharmacological interventions,
S 5 2 2 g 3 g such as exercise, has become highly relevant.
g 5 D»a o 3 s 2“ z i jﬁ Exercise emerges as a complementary and al-
§ g H ; i s i”—; 3 g § 5 ternative therapeutic strategy with minimal side
E 55 58 25 =1, s £58 effects®34, capable of enhancing PFC activa-
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collectively focused on how different intervention strategies
modulate the neural mechanisms underlying motor and
cognitive functions in PD, suggesting a path toward more
effective and personalized therapeutic approaches!38-40,

The essential role of physical exercise in modulating
brain activity and improving motor function in patients with
PD is evident in several studies. For instance, Hoang et al.
(2021) demonstrated that an intensive, multidisciplinary ex-
ercise-based training program is effective in reducing PFC
activity during typical walking tasks. This finding suggests
that exercise alone can enhance the automaticity of walking
in patients with PD, reducing the cognitive load required for
basic gait tasks and potentially freeing up executive resourc-
es for more complex motor functions. The inherent benefits
of exercise highlight its importance as a fundamental com-
ponent of PD management, promoting more effective pre-
frontal plasticity and improving gait performance.

Building upon the benefits of exercise in PD, many
researchers have attempted to integrate cognitive or neu-
romodulatory interventions to further enhance prefrontal
plasticity and improve overall therapeutic outcomes®®%,
Interestingly, Maidan et al. (2018) examined the effects of
a treadmill, with and without the addition of virtual reality,
and revealed how adding a cognitive challenge can modify
PFC activation not only by reducing its magnitude but also
by affecting its lateralization and significantly impacting
fall rates. These findings suggest that targeting motor and
cognitive functions simultaneously can produce distinct
neural and functional benefits, enhance plasticity, and poten-
tially reduce the risk of falls in patients with PD. Moreover,
Conceigao et al. (2021) examined the synergistic effects of
combining aerobic exercise with transcranial direct current
stimulation (tDCS) over the prefrontal cortex and focused
on the potential of tDCS to amplify the cognitive and motor
benefits of physical exercise. They found that this combina-
tion led to immediate improvements in gait variability, pro-
cessing speed, and executive control, along with an increase
in PFC activity. These results also highlight the added value
of neuromodulation in conjunction with exercise, indicating
a potentiating effect on both cognitive function and gait con-
trol in patients with PD.

DISCUSSION

This narrative review elucidates the pivotal role of exer-
cise in modulating PFC activity in patients with PD, which
is a critical factor in the management of both gait control
and executive functions. The increased reliance on PFC
activation in patients with PD, as indicated in the reviewed
studies, suggests an elevated cognitive demand for motor
control, necessitating additional cognitive resources’®2041,
These findings emphasize the importance of exercise as a
fundamental component of therapeutic strategies to improve
the quality of life of patients with PD. Moreover, the vari-
ability in response to exercise intervention points to the need
for personalized approaches to manage PD, considering
individual differences in disease progression, baseline motor
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and cognitive abilities, and personal preference?®.

Emerging research has revealed a critical adaptive re-
sponse in the prefrontal cortex of patients with PD, charac-
terized by increased cortical activation during gait control.
This suggests a compensatory mechanism to counterbalance
the neurodegenerative effects of the disease. Dopaminer-
gic therapy, notably levodopa, enhances cortical activation
during walking tasks, thereby improving cognitive and mo-
tor performance by counteracting dopaminergic deficits?83,
This increase in cortical activity reflects a compensatory
attempt to maintain motor control and cognitive processing
efficiency despite the inherent neural inefficiencies of PD.
Furthermore, exercise interventions have emerged as a piv-
otal non-pharmacological approach that enhances cortical
activation, particularly in the dorsolateral prefrontal cortex,
and consequently improves cognitive and motor func-
tions®-3742, For instance, an intensive, multidisciplinary ex-
ercise program has demonstrated effectiveness in reducing
the cognitive load required for gait tasks*, suggesting the
potential for exercise to bolster the automaticity of walking
and preserve the functional reserve in patients with PD.

Further analysis of the association between cognitive
impairment and gait control in patients with PD reveals a
complex, bidirectional interplay, where impairments in one
domain can exacerbate challenges in others. Studies have
shown that cognitive deficits, particularly in executive func-
tion and attention, significantly contribute to the complexity
of gait disturbance, increasing the cognitive load during
motor tasks such as walking''5. This heightened demand
for cognitive resources necessitates an increased PFC acti-
vation, indicative of a compensatory mechanism for main-
taining gait stability'®2%, Conversely, efforts to manage gait
control in patients with PD can strain cognitive resources,
further impairing cognitive functions and creating a cycle
that accelerates symptom progression?®. Understanding
this bidirectional relationship is crucial for developing PD
management strategies that simultaneously target cognitive
functions and gait control.

Although the short-term benefits of exercise are
well-documented, the sustainability of these effects over
time remains underexplored. Future research should delve
into longitudinal studies to assess the enduring impact of
exercise on PFC activation and consequent improvements in
gait and cognitive function in patients with PD. In addition,
comparative studies examining the effectiveness of different
exercise modalities could provide critical insights into op-
timizing exercise prescriptions for patients with PD, poten-
tially leading to tailored exercise programs that cater to the
unique needs of individual patients333443,

Although this review sheds light on the role of enhanced
neural efficiency, the specific pathways involved in these
processes remain unclear. Further exploration is warranted
into the underlying neurobiological mechanisms through
which exercise exerts its beneficial effects on the prefrontal
cortex and, consequently, on motor and cognitive functions
in PD. A deeper understanding of these neurobiological
mechanisms could pave the way for the development of
targeted interventions that effectively leverage the neuropro-
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tective and neurorestorative potentials of exercise?>*

This narrative review emphasizes the importance of
exercise in improving PFC activation and consequently en-
hancing gait and cognitive function in patients with PD. It
advocates for the integration of exercise into comprehensive
PD management plans, tailored to the individual needs of
patients. The findings from the current review call for future
research to focus on the long-term effects of exercise, com-
parative efficacy of different exercise types, and elucidation
of the neurobiological mechanisms underlying the beneficial
effects of exercise. Such endeavors will not only enhance
our understanding of PD but also contribute to the develop-
ment of more effective, personalized therapeutic strategies
for managing this complex condition, ultimately improving
the quality of life of patients with PD.
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