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Abstract.

Background: In Parkinson’s disease (PD), walking may depend on the activation of the cerebral cortex. Understanding the
patterns of interaction between cortical regions during walking tasks is of great importance.

Objective: This study investigated differences in the effective connectivity (EC) of the cerebral cortex during walking tasks
in individuals with PD and healthy controls.

Methods: We evaluated 30 individuals with PD (62.4 & 7.2 years) and 22 age-matched healthy controls (61.0 £ 6.4 years). A
mobile functional near-infrared spectroscopy (fNIRS) was used to record cerebral oxygenation signals in the left prefrontal
cortex (LPFC), right prefrontal cortex (RPFC), left parietal lobe (LPL), and right parietal lobe (RPL) and analyze the EC of
the cerebral cortex. A wireless movement monitor was used to measure the gait parameters.

Results: Individuals with PD demonstrated a primary coupling direction from LPL to LPFC during walking tasks, whereas
healthy controls did not demonstrate any main coupling direction. Compared with healthy controls, individuals with PD
showed statistically significantly increased EC coupling strength from LPL to LPFC, from LPL to RPFC, and from LPL to
RPL. Individuals with PD showed decreased gait speed and stride length and increased variability in speed and stride length.
The EC coupling strength from LPL to RPFC negatively correlated with speed and positively correlated with speed variability
in individuals with PD.

Conclusion: In individuals with PD, the left prefrontal cortex may be regulated by the left parietal lobe during walking. This
may be the result of functional compensation in the left parietal lobe.

Keywords: Effective connectivity, functional near-infrared spectroscopy, gait automaticity, Parkinson’s disease, cerebral
cortex
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INTRODUCTION

Individuals with Parkinson’s disease (PD) experi-
ence gait disorders that result in an increased risk
of falling and a substantially decreased life qual-
ity [1]. Early gait disorders are characterized by
reduced gait speed and stride length and increased
gait variability [2, 3], suggesting that changes in walk-
ing capabilities in PD are associated with decreased
gait automaticity [4]. We noted that gait auto-
maticity involves cortical and subcortical structures
[5, 6]. In healthy people, when the movement is
automated, brain functional activity in many brain
regions—such as the prefrontal lobe, dorsolateral
cortex, anterior cingulate gyrus, anterior supple-
mentary motor area, anterior motor area, parietal
lobe, and cerebellum—decreases. Simultaneously,
the functional connectivity between motor-related
brain regions (motor cortex, basal ganglia, cerebel-
lum) is enhanced, and the functional connectivity
between motor- and attention-related brain regions
is decreased [7], suggesting that the realization of
motor automation involves both cortical and sub-
cortical structures. Healthy people can maintain gait
consistency quasi-autonomously. Therefore, subcor-
tical striatum dysfunction in individuals with PD
leads to impaired gait automation and increased gait
variability. The walking process requires either cor-
tical or cognitive control and continuous attention,
which may involve compensation for cortical func-
tion [6]. Therefore, it is important to obtain a better
understanding of the patterns of interaction between
different neural regions during walking.

Functional brain imaging has been used to inves-
tigate the patterns of interaction between neural
regions. Functional connectivity (FC) and effective
connectivity (EC) are commonly used concepts when
evaluating functional brain imaging. FC is thought
to measure temporal correlations and dependence
between spatially separated brain regions [8, 9], thus
revealing synergism between different brain regions,
but it cannot support inferences regarding directed
brain connections [8]. In contrast to nondirected FC,
EC refers to the impact that one neural system has on
another [10]. EC has provided a greater level of infor-
mation regarding the communication of information
across different neural regions and offers a better
understanding of the models of interaction between
these regions [11-13].

Prior studies have reported EC patterns in PD
based on electroencephalogram (EEG), functional
magnetic resonance imaging (fMRI), and positron

emission tomography (PET) findings [14-16]. How-
ever, a major limitation of these studies is that the
participants could not walk on a pathway in a realistic
environment. Most research utilized basic, single-
segment motor tasks (e.g., fingertip tapping or button
pushing) or task simulations (e.g., virtual reality or
guided imagery) to infer cortical or subcortical activ-
ity related to general motor control [17]. There has
been little research of EC patterns in the brain cortex
in PD during walking tasks.

Functional near-infrared spectroscopy (fNIRS) is
an optical neuroimaging technique used to mea-
sure local hemodynamic changes in the cerebral
cortex [18]. Compared with EEG, fMRI, and PET,
portable fNIRS allows the recording of brain sig-
nals during walking tasks in real environments. A
meta-analysis of PD based on fNIRS including 10
studies that focused on the oxyhemoglobin in the
prefrontal cortex (PFC) of individuals with PD dur-
ing different difficulty levels of ambulatory walking
tasks showed that, compared to healthy older indi-
viduals, individuals with PD in the on state showed
increased mobilization of the PFC, while during the
off-state no significant changes were identified [19].
In another review, which included 5 fNIRS studies
related to PD, the activation of PFC in individuals
with PD was higher than that in older adults dur-
ing the walking task performed at a comfortable pace
[17]. These findings suggest that walking is correlated
with frontal brain activity in PD. The PFC is asso-
ciated with cognitive regulation, working memory,
and information synthesis, and all of these are nec-
essary for sophisticated behavior [20]. Additionally,
walking is influenced by posture control [21]. Posture
control is primarily controlled by the sensory feed-
back system of the parietal lobe and further affected
by other advanced cortical control functions such
as sensorimotor integration, adaptation, and antici-
pation mechanisms [22]. The parietal lobe underlies
behavioral control, intermodal integration of atten-
tion, and the processing of external incoming sensory
signals [23]. Therefore, both the PFC and parietal
lobes are involved in walking. However, how the
PFC and parietal lobe are connected during walking
is currently unknown. It is important to investigate
the interaction patterns between the PFC and parietal
lobe during walking.

Our study aimed to investigate the EC patterns
between the PFC and parietal lobes during walking
tasks performed by individuals with PD and healthy
older individuals and to compare differences in the
EC coupling strength of individuals with PD and
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Fig. 1. Experimental paradigm. Walking at a usual and relaxed speed on a 10-m footpath. Each trial started with standing for 30 s, followed
by walking for 35 s, and stopped by standing on site for 10 s. The participants performed the same walking test three times.

healthy older individuals. We hypothesized that PD
would show increased EC coupling strength com-
pared to healthy older individuals because walking
capabilities in PD may rely on compensation from
cortical regions.

MATERIALS AND METHODS
Farticipants

Thirty individuals with PD and 22 healthy older
individuals (i.e., the control group) were enrolled in
this study. We used a convenience sample based on
previous EC studies with a similar sample size [14,
24]. Everyone in the group was right-hand-dominant.
The following were the inclusion criteria for the
PD group: a diagnosis of PD based on the 2015
Movement Disorder Society (MDS) clinical diag-
nostic criteria [25]; stage I to III PD according to
the Hoehn-Yahr (H-Y) staging scale [26]; the ability
to walk independently without any assistive devices;
and on a stable dose of medication for at least 4 weeks.
The exclusion criteria were as follows: obvious cog-
nitive impairment (Mini-Mental State Examination
[MMSE] score <24); additional conditions impacting
gait (e.g., musculoskeletal diseases, poor eyesight,
vestibular difficulties); severe postural hypotension;
freezing of gait; and limitation of movement for more
than 2 min.

This study was approved by the Ethics Com-
mittee of Tianjin Huanhu Hospital, and it was
registered in the Chinese Clinical Trial Registry as
“Analysis of related factors of function of partic-
ipants with Parkinson’s disease” (the registration

number is ChiCTR1900022655; https://www.chictr.
org.cn/showprojen.aspx ?proj=38201). All partici-
pants provided written informed consent before
participation. This work was conducted in accordance
with the principles of the Declaration of Helsinki and
its later amendments.

Procedures

We evaluated the demographic characteristics and
cognitive status of the two groups. The MMSE scale
was used to evaluate overall cognitive function [27].
The Movement Disorders Society-United Parkin-
son’s Disease Rating Scale (MDS-UPDRS) Part III
was used to evaluate the severity of motor symp-
toms [28]. The postural instability and gait difficulty
(PIGD) score calculated based on the MDS-UPDRS
was used to evaluate the PIGD severity [29]. The H-
Y staging scale was used to determine the PD stage
[26]. The most affected limb was determined based
on the bilateral MDS-UPDRS sub scores.

Participants were required to walk at a normal and
relaxed speed on a 10-m straight footpath. Each trial
was started by standing for 30s, followed by walk-
ing for 35 s, and stopped by standing on site for 10 s
(Fig. 1). During this standing time, we asked partici-
pants to look straight ahead and not think of anything
specific. The participants performed the same walk-
ing test three times. A 2-min rest period followed
each walking test. Participants needed to complete
the whole course. Individuals with PD were evalu-
ated in the off-state because the off-state responds to
the pathological state of PD and avoids the influence
of drug status on the response.
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Fig. 2. Schematic diagram of the experimental setup. Distribution of functional near-infrared spectroscopy (fNIRS) probes. Twenty-six
fNIRS probes (14 sources and 12 detectors) were placed on the left prefrontal cortex (LPFC), right prefrontal cortex (RPFC), left parietal
lobe (LPL), and right parietal lobe (RPL), resulting in a total of 30 fNIRS channels. Sources and detectors are shown as blue rectangles and

green circles.
fNIRS data recording

Brain signals were collected using a portable
fNIRS system (Nirsmart; Danyang Huichuang Med-
ical Equipment Co., Ltd., Danyang, China). The
fNIRS system used near-infrared light at 730
and 850nm to measure the optical intensities of
oxygenated hemoglobin (HbO,) and deoxygenated
hemoglobin (HHb) at a sampling rate of 11 Hz; 26
fNIRS probes (14 sources and 12 detectors) were
placed on the left prefrontal cortex (LPFC), right
prefrontal cortex (RPFC), left parietal lobe (LPL),
and right parietal lobe (RPL), resulting in 30 fNIRS
channels (Fig. 2). The instrument was based on the
principle of three-dimensional positioning and the
international 10-20 system of electrode placement.
The nasion, inion, and left and right preauricular
points were anatomical reference points. The deter-
mination of 10-20 system regions of interest (ROI)
was based on the standardization of different cap sizes

from XS to L sizes to match different head circum-
ferences. The source detector distance was 3 cm. The
participants wore black hoods to reduce ambient light
interference with light signals. Signal quality was
checked by visual inspection.

Data preprocessing

The fNIRS data were preprocessed using Nirspark
(Danyang Huichuang Medical Equipment 186 Co.,
Ltd., China) and Spyder (Python 3.7). The recorded
optical intensities were converted to concentra-
tion change parameters for oxygenated hemoglobin
(HbO,) and deoxygenated hemoglobin (HHb)
according to the (modified) Beer-Lambert law [30].
The converted signals were filtered with a 0.01- to
0.2-Hz bandpass Butterworth filter to eliminate phys-
iological noise such as heart rhythms, respiration,
and Mayer waves [31, 32]. The motion artifacts of
filtered signals were identified by a sliding window
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with the standard deviation and amplitude thresh-
olds and removed by cubic spline interpolation [33,
34]. The processed AHbO, signals during walk-
ing were extracted and evaluated by referring to a
5-s baseline interval before walking. Because a suf-
ficient duration was required to observe the onset
(approximately 1-2s after neural firing) and peak
(approximately 4—7 s) of the hemodynamic response
[35], the processedAHbO; signals between 3 and
33 s during walking were extracted. All fNIRS chan-
nels were included in the data analysis. The signal
was analyzed as the average of each channel in each
trial. The relative change of the AHbO, concentra-
tion under each experimental condition was evaluated
by subtracting the average concentration during task
execution from each baseline concentration.

Effective connectivity

Dynamic interactions between different cerebral
regions can be analyzed using EC, and a commonly
used method for evaluating EC is transfer entropy
(TE) [11, 36]. TE considers the common history
between two processes by calculating the mutual
information of the two conditions. To illustrate, let
X and Y represent two random processes. TE from Y
to X (Ty,x) is defined as follows:

Tyx(0) = I(X¢| X1k, Yiei) = I(Xe| Xei) (D)

where t indicates the current time period, k indicates
the lagged period, / indicates mutual information, and
Ty, x measures the uncertainty reduction of X; given
Y;_ after considering the uncertainty reduction of X;
given X;_i. TE is calculated using marginal and joint
probabilities with kernel density estimator [37]. Joint
entropy between X and Y can then be estimated as:

~ 1
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where dy is the dimension of y, and ¢y, is the column

of the dy-dimensional unit ball. Using H (X), H (Y),

and ;I(X, Y) mutual information can be estimated
as:

- I 1
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where ny(i) is the number of points y; such that
||yi - yj|| < Eyz(l). In this study, we calculated T; ;
(the influence of the i-th channel on the j-th channel)
and T; (the influence of the j-th channel on the i-th

channel) of all possible pairs of 30 channels.

Regional EC and main coupling directions

To investigate the EC between cerebral areas, the
calculated TE values of all feasible couples of 30
channels throughout the four cerebral areas were
determined (Fig. 2): from LPFC to RPFC; from LPFC
to LPL; from LPFC to RPL; from RPFC to LPFC;
from RPFC to LPL; from RPFC to RPL; from LPL
to LPFC; from LPL to RPFC; from LPL to RPL;
from RPL to LPFC; from RPL to RPFC; and from
RPL to LPL (from Region 1 to Region 2 indicates
the influence of Region 1 on Region 2).

We compared regions against regions. The signal
of each region was the average value of the optodes
signals contained in the region. For each channel pair
coupling (from Region 1 to Region 2 and from Region
2 to Region 1), we defined the main coupling direc-
tion (mCD) of the communication between the two
regions if there was a statistical difference in the
EC strength between the two channels. The mCD
indicates that the coupling between two areas is dom-
inated by this direction. One region acts as a major
coupling generator and has a major regulatory role,
whereas the other region acts as a regulatory target
[24]. If there was no statistical difference between
the two channels, we considered that there was no
mCD between the two regions (meaning that there
was no main functional coupling source between the
brain regions). Therefore, in this situation, the two
cerebral regions were considered bidirectional (i.e.,
it was concluded that the cerebral regions regulated
each other).

Gait assessment

Gait assessment was performed using a wireless
APDM Movement Monitoring inertial sensor system
(Mobility Lab, APDM Inc., USA). Six APDM sen-
sors were used, they were installed on the left and
right wrist, sternum, waist, and left and right foot.
Movement monitors were combined with a num-
ber of sensors within a single package, including a
three-axis accelerometer, gyro, and magnetometer.
The APDM and fNIRS data were collected simul-
taneously during walking. All steps recorded by the
APDM were considered for analysis, including the
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Table 1

Participant characteristics (mean £ SD)

HC group PD group p-value Effect size of
Cohen d

Age (y) 61.0+6.4 62.4+72 0.455 -0.2
Sex (male/female) 12/10 15/15 0.752
Height (cm) 166.2 £8.3 165.7£8.1 0.808 0.06
Weight (kg) 70.7£8.7 68.6+10.9 0.453 0.21
MMSE (score) 272+1.5 27.5+1.9 0.579 -0.16
MDS-UPDRS 111, off (score) 32.8+11.9 0.0002 1.32
MDS-UPDRS 111, on (score) 19.24+8.5
PIGD score of MDS-UPDRS (score) 28+1.7
H-Y stage (1/2/3) 2/6/22
Most affected limb (left/right) 14/16
Disease duration (y) 5.0+3.0

MMSE, Mini-Mental State Examination; MDS-UPDRS III, Movement Disorders Society—Unified Parkinson
Disease Rating Scale, part III; PIGD, postural instability and gait difficulty; H-Y, Hoehn and Yahr Scale.? Difference

between the PD “off”” and “on” state, p <0.05.

gait cycle duration, gait speed, and stride length.
Moreover, variabilities of the gait cycle duration, gait
speed, and stride length were calculated using the
coefficient of variation, which was defined as fol-
lows: (standard deviation/mean value) x 100%. The
gait results of three trials were averaged.

Statistical analysis

SPSS statistical software (version 25.0, Chicago,
IL, USA) was used for statistical analyses. Regard-
ing the participant characteristics, quantitative data
conforming to normal distribution were expressed as
the mean =+ standard deviation (x = s), and the differ-
ence between the PD and healthy control groups was
evaluated by one-way ANOVA. The MDS-UPDRS
scores of the “off”” and “on” state were evaluated by
the paired t test. Qualitative data differences between
groups were evaluated by x2 tests. Significant differ-
ences in the EC coupling strength between the PD
and healthy control groups were assessed by one-
way ANOVA. The Pearson correlation coefficient
was used to analyze the correlation between corti-
cal EC coupling strength and walking performance in
order to explore the correlation between cerebral cor-
tical activity and behavioral performance. Statistical
significance level for all analyses was set as p <0.05
(two-sided).

RESULTS

Table 1 summarizes the medical and population
statistics characteristics. There was no significant dif-
ference in sex, age, height, and weight of individuals
with PD and healthy controls (p > 0.05). There was no

significant difference between the MMSE scores of
individuals with PD and healthy controls (p >0.05),
indicating that the cognitive levels of individuals with
PD and healthy controls in this study were similar. As
expected, the MDS-UPDRS III scores showed statis-
tical differences between the PD “off” and “on” states
(p<0.001).

Effective connectivity mCD pattern

Figure 3 depicts the interregional coupling direc-
tion during walking among the four evaluated
cerebral regions of healthy controls and individuals
with PD. No mCD was observed among the four cere-
bral regions during walking performed by the healthy
controls. In the PD group, the main detected interre-
gional coupling direction was from the LPL to the
LPFC.

EC coupling strength

Figure 4 compares the healthy control and PD
groups in terms of regional EC coupling strength.
Compared with the healthy control group, the PD
group had statistically significantly increased EC
coupling strength in the connectivity types from LPL
to LPFC (p =0.008; effect size of Cohen d=-0.77),
from LPL to RPFC (p=0.010; effect size of Cohen
d=-0.74), and from LPL to RPL (p=0.018; effect
size of Cohen d=-0.68).

Figure 5 shows the EC matrices calculated from
the fNIRS measurements of the healthy controls (A)
and PD (B) group in the off state. The x- and y-axes of
the square frames show the channel numbers within
functional near-infrared spectroscopy (fNIRS), and
the color at (x,y) indicates the value of the con-
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Fig. 3. Main coupling directions (mCDs) among brain regions in healthy controls (A) and individuals with Parkinson’s disease (B). LPFC,
left prefrontal cortex; LPL, left parietal lobe; RFFC, right prefrontal cortex; RPL, right parietal lobe.
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Table 2
Gait parameters of the healthy controls and PD groups

Gait parameters HC group PD group P Effect size of Cohen d
Gait cycle duration (s) 1.06 £0.07 1.06£0.10 0.890 -0.04
Gait speed (m/s) 1.13+£0.15 0.97£0.22 0.004* 0.85
Stride length (m) 1.19+£0.12 1.02+0.21 0.001* 1.00
Double support (%GCT) 19.38 £3.16 21.39 +£4.89 0.098 -0.47
Coefficient of variation

Gait cycle duration (%) 2.19+£0.65 2.67+1.12 0.060 -0.50

Gait speed (%) 4.81+1.82 6.68 +£3.78 0.024* -0.60

Stride length (%) 4.09+1.85 6.08 £3.83 0.029* -0.63
*p<0.05.

nectivity matrix (which represents the connectivity
strength from channel x to channel y). Warmer col-
ors indicate a higher connection strength. Compared
to the healthy controls, the individuals with PD had
a warmer color in the following channels: from the
LPL to the LPFC; from the LPL to the RPFC; and
from the LPL to the RPL.

Behavioral performance

Table 2 illustrates the detected differences in
behavioral performance between the healthy con-
trol and PD groups. As expected, individuals with
PD had a slower gait speed (p=0.004; effect size
of Cohen d=0.85), shorter stride length (p=0.001;
effect size of Cohen d=1.00), higher speed variabil-
ity (p=0.024; effect size of Cohen d=-0.60), and
higher stride length variability (p =0.029; effect size
of Cohen d=-0.63) than healthy controls.

Associations between EC coupling strength and
behavioral performance

In the healthy controls group, we found that
the EC coupling strength of from RPFC to
LPFC (r=-0.523, p=0.012), from RPFC to LPL
(r=-0.574, p=0.005), and from RPFC to RPL
(r=-0.630, p=0.002) was negatively correlated with
gait speed (Table 3). The EC coupling strength of
from RPL to LPFC (r=0.447, p=0.037) and from
RPL to LPL (r=0.514, p=0.014) was positively
correlated with the coefficient of variation of gait
speed (Table 4). However, no significant correlation
between gait speed and speed variability was found
in the healthy controls group. In individuals with
PD, we found that the EC coupling strength from
LPL to RPFC (r=-0.379, p=0.039) was negatively
correlated with gait speed. This negative correlation
also has a weak trend in the EC type from LPL to
LPFC (r=-0,330, p=0.075) and from LPL to RPL
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Table 3
Correlation between EC coupling strength and gait speed

EC type Healthy controls group Parkinson’s Disease group
r p r p
RPFC— LPFC -0.523 0.012* 0.346 0.061
RPFC—LPL -0.574 0.005* 0.311 0.094
RPFC—RPL —0.630 0.002* 0.344 0.062
LPL—LPFC —-0.083 0.712 —-0.330 0.075
LPL—>RPFC -0.091 0.686 -0.379 0.039*
LPL—RPL —-0.169 0.451 —-0.358 0.052
*p <0.05.
Table 4

Correlation between EC coupling strength and coefficient of variation of gait speed

173

EC type Healthy controls group Parkinson’s Disease group
r p r p

LPL—LPFC 0.110 0.625 0.347 0.061
LPL—>RPFC 0.013 0.955 0.421 0.021*
LPL—RPL 0.041 0.856 0.431 0.017*
RPL— LPFC 0.447 0.037%* -0.105 0.581
RPL— RPFC 0.396 0.068 -0.035 0.853
RPL—LPL 0.514 0.014* -0.053 0.781

*p <0.05.

(r=-0.358, p=0.052). The EC coupling strength of
from LPL to RPFC (r=0.421, p=0.021) and from
LPL to RPL (r=0.431, p=0.017) was positively cor-
related with the coefficient of variation of gait speed.
This positive correlation also has a weak trend in the
EC type from LPL to LPFC (r=0,347, p=0.061).
Additionally, we found that gait speed and speed vari-
ability were significantly negatively correlated in the
PD group (r=-0.570, p=0.001).

DISCUSSION

To our knowledge, this is the first study to investi-
gate EC patterns in the cerebral cortex during walking
tasks performed by individuals with PD and com-
pare them with those of healthy controls. The mCD
of EC reflects the driving relationships among dif-
ferent cerebral regions and the directions of these
driving relationships [14]. This provides information
regarding the functional hemodynamic responses in
the brain. We observed that EC did not exhibit any
mCD during walking tasks completed by healthy
controls. This result supports the previous idea that,
because of the long-term development of daily walk-
ing capabilities, this motor task has reached a level of
automation that does not require complex cortex reg-
ulation in healthy individuals [38]. Previous studies

of brain FC have shown that a lack of visible pre-
frontal activation is consistent with the automation
of motor tasks [39]. Moreover, our findings support
previous findings that, in healthy controls, motor con-
trol and parietal areas are less activated when exercise
is automated [40].

In contrast, we observed that the mCD of indi-
viduals with PD occurred during walking from the
LPL to the LPFC. Additionally, greater speed and
greater stride length variabilities indicated that indi-
viduals with PD had decreased automaticity during
walking tasks [4]. These results support previous
observations that PD affects the subcortical pathway,
resulting in dysfunction in automatic motion con-
trol and leading to the transformation of automatic
gait control to cortical control [41, 42]. Moreover,
compared with healthy controls, individuals with PD
required higher activation of the cerebellum, pre-
motor area, and parietal cortex to make automatic
movements [41]. Additionally, the mCD from the
LPL to the LPFC indirectly showed that the coupling
direction from the LPFC to the LPL was weakened,
indicating that the left prefrontal lobe is mainly regu-
lated by the left parietal lobe during walking tasks in
this population as well as demonstrating a decrease
in connection transfer efficiency. The interpretation
of mCD results may also be enhanced from LPL to
LPFC, which is normal in the direction from LPFC



174 Y. Wang et al. / Effective Connectivity in PD

to LPL. Since, there was no difference in the EC cou-
pling strength from LPFC to LPL between the PD
and healthy controls group.

In previous studies, the PFC was found to be more
active during walking tasks performed by individu-
als with PD [43-45]. Moreover, according to a recent
fNIRS study, PD inhibits LPFC activity during dual-
task walking [46]. We also noted that the LPFC
appears to be involved in working memory [47].
Although individuals with PD usually have impaired
frontal function during frontal lobe-related tasks,
research has shown that PD requires higher brain
activity to perform automatic movements (including
brain activity in the parietal cortex) [41]. Therefore, it
seems that low-efficiency brain activity of individu-
als with PD is compensated for by increased premotor
parietal activation during automatic motor execution.
The current hypothesis also supports compensatory
increases in premotor and parietal cortex activities
in PD [48-50]. Our results suggest that individuals
with PD are strongly dependent on the left prefrontal
lobe to complete daily walking tasks, and that addi-
tional resources may be required from other brain
regions as well (mainly regulated by the left parietal
lobe).

Another possible explanation for this abnormal
EC pattern in individuals with PD may be that
individuals with PD have impaired sensorimotor inte-
gration. During the walking task administered during
this study, the prefrontal cortex was involved in
both execution and attention. Moreover, it is well-
established that the parietal cortex is responsible for
somatosensory perception [51], whereas the postero-
lateral parietal cortex is responsible for visual and
spatial information [52, 53]. Traditionally, PD is con-
sidered a motor disorder, and sensory motor networks
have a central role in the detection and processing
of sensory input, as well as in the preparation and
implementation of motor function [54]. Several stud-
ies have confirmed abnormal FC in the sensorimotor
network (suggesting damaged sensorimotor integra-
tion) in PD [55, 56].

Another finding of our study was that EC coupling
strength between the left parietal lobe and other brain
regions was greater in individuals with PD than in
healthy controls. The EC coupling strength from LPL
to other brain regions was negatively correlated with
gait speed, and positively correlated with speed vari-
ability in individuals with PD. Combined with the
negative correlation between speed and speed vari-
ability in PD group, this suggested that the slower
speed of participants with PD, the greater the speed

variability, the more unstable the participant during
walking, and the greater the impact of the LPL on
other brain regions, as shown in Table 2. In the healthy
controls group, we observed that EC types of RPFC as
the major coupling generator were negatively corre-
lated with speed. However, in the PD group, we found
no correlation between the EC types of the PFC as
the major coupling generator and behavioral perfor-
mance. This might indicate that PFC activity is not as
straight forward as previously suggested (i.e., more
compensation, more activity).

A previous study using EEG measured the EC
of eyes-open resting-state EEG signals in individ-
uals with PD and healthy controls found obvious
parietal-occipital separation; additionally, the infor-
mation flow from the parietal and occipital regions
to the motor cortex was statistically significantly
reduced in individuals with PD [14]. This may be
related to the results of individuals with PD who
demonstrated decreased regional cerebral blood flow
in the bilateral occipital lobe and posterior parietal
cortex when compared with the control subjects [57].
Another study based on fMRI, the task was a dynamic
balance task simulated on an fMRI-bed, found that
the measurement of EC in PD during the process of
dynamic balance indicated that individuals with PD
had increased EC-associated movement in the pari-
etal lobe and reduced connectivity from the brain
stem to other subcortical areas [15]. Both the par-
ticipants in the EEG and fMRI study were in the
on state. Additionally, another research using PET
investigated the brain correlates of motor timing task
in PD, compared the EC between the off and on
state, and found the analysis of EC demonstrated that
excessive inhibitory pallidus outflow in the off state
is associated to a lack of sufficient frontal activa-
tion and dependence on the cerebellum during the
motor timing task [16]. In this study, participants
with PD also need to lie down to complete motor
timing tasks. However, because of the different meth-
ods (e.g., regarding imaging technology and task
paradigms) implemented in previous studies, cannot
meet the condition of definitive brain signal mea-
surements in the walking state, since this process is
a standing motion state process. To complete dif-
ferent tasks, the activated brain regions should be
different, and the interaction patterns between brain
regions will also be different. Moreover, in these
studies, participants with PD were in the on state,
which may not reflect the pathological effects of
PD, because drugs can also affect cortical activity
and task performance. This may limit our further
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exploration of the EC patterns during walking task
based on previous studies. In our study, we found that
EC of the left parietal lobe increased in individuals
with PD. We explain this finding as a manifes-
tation of compensatory hyperfunction in the left
parietal lobe. Further research should be done on
the correlation between cortex interaction and walk-
ing performance, including studying walking under
different conditions and in different drug states, to
provide a more thorough understanding and better
explanation.

Additionally, an interesting finding of the current
research was that we observed asymmetrical EC pat-
terns on the left and right sides of the brain. This
asymmetric distribution may have occurred because
all recruits were right-hand-dominant, and the left
hemisphere was the dominant hemisphere. In pre-
vious studies, the dominant hemisphere function of
the sensory motor network in PD showed a tendency
toward neurodegeneration. Moreover, the connection
strength of the left brain network in PD has been
found to decrease with aggravation of the disease
[58]. Connection enhancement also has pathologi-
cal significance. For instance, a previous study found
that the auxiliary motor area and the right primary
motor area in PD increased FC with regard to the
motor cortex [59], which may be reflective of com-
pensatory functional reorganization after long-term
dopamine treatment [60]. Moreover, researchers con-
ducted an fMRI study of handedness and found that
the tendency toward handedness seemed to be asso-
ciated with asymmetry in the frontal and parietal
liaison pathways [61]; additionally, activation of this
network showed a left bias in right-hand-dominant
participants. In our study, the individuals with PD
were relatively balanced in terms of the most severely
affected side; however, all individuals with PD were
right-hand-dominant, thus limiting the possibility of
additional exploration of this topic. Therefore, we
recommend that future studies should focus on this
issue.

Since fNIRS can produce noisy results, it is impor-
tant that the validity of the entropy measure is
accounted for. In previous studies, Granger causal-
ity and dynamic causality models have been used
to study effective connectivity in neuroscience [62,
63]. Compared with these methods, the character-
istics of the transfer entropy method are nonlinear,
and are independent of the established model and
quantitative analysis [64]. The transfer entropy model
has only recently been discovered, and there are
still many unknowns. We hope that this study

can provide some additional knowledge on the
topic.

There were some limitations to our study. First,
the fNIRS system can only detect signals in the cere-
bral cortex and cannot detect the deep structure of
the brain, thus limiting our understanding of the puta-
tive mechanisms underlying our findings. Second, the
spatial resolution of fNIRS is narrow, which restricts
more accurate positioning of the brain region of inter-
est; this resulted in a slightly broader partition of
the cerebral cortex and a less detailed brain partition
in the present study. We aim to refine this parti-
tion more comprehensively during our next research
effort. Third, there were technical limitations of the
filtering technology we used for the analysis. The
technology we used was able to filter the noise with
the bandpass Butterworth of 0.01-0.2 Hz; however,
Mayer waves typically have a frequency of 0.1 Hz.
Therefore, it is possible that physiological noise,
such as signal contribution from increased blood flow
in the scalp, may have influenced the results. We
recommend that future studies use filtering technolo-
gies, such as accelerometers and short channels, that
can appropriately filter out Mayer waves. Finally,
we did not distinguish the process of gait initia-
tion, termination, and turning during the walking
tasks during the analysis. We may study the different
walking processes in the future. Despite these limi-
tations, our study is innovative and well-conducted,
and it provides novel and critically important
information.

Conclusion

In contrast to previous studies, our study focused
on the parietal lobes and prefrontal cortex, as well as
on the interaction patterns between the parietal lobes
and prefrontal cortex during walking tasks. Our find-
ings help enhance the understanding of the neural
mechanisms of gait disorders in PD. Additionally,
our study used portable fNIRS to analyze differen-
tial EC patterns in individuals with PD and healthy
controls during a walking task, thereby expanding on
previous studies using fMRI, EEG, and PET that did
not allow for walking in a real environment. More-
over, we noted that the parietal lobe may become a
potential intervention target in the future, and that EC
patterns based on fNIRS have the potential to be used
to evaluate neural regulation. Therefore, our findings
can guide future research with the goal of eventually
informing medical guidelines.
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