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ABSTRACT

Objective: To investigate the differences in gait parameters and cortical activity during a single-task walking (STW) and cog-
nitive dual-task walking (DTW) between multiple system atrophy with predominant parkinsonism (MSA-P) and Parkinson's
disease (PD).

Methods: 24 MSA-P patients, 20 PD patients, and 22 healthy controls (HCs) were enrolled. Gait parameters were collected using
a portable inertial measurement unit system, and the relative change of oxyhemoglobin (AHbO,) in the bilateral frontal and
sensorimotor cortex was obtained by functional near-infrared spectroscopy during walking with and without cognitive tasks.
Results: MSA-P patients had increased step length variability and higher AHbO, in the right dorsolateral prefrontal cortex
(DLPFC), relative to PD patients and HCs during the DTW condition. Meanwhile, MSA-P patients exhibited higher step length
variability and AHbO, in the right DLPFC during DTW compared to STW. Furthermore, mild negative correlations were found
between the AHbO, in the right DLPFC and step length, while there was a mild positive correlation between AHbO, and step
length variability during the DTW condition. Notably, receiver operating characteristic (ROC) curve analysis uncovered that
the areas under the curve (AUCs) of the AHbO, of the right DLPFC and step length variability during DTW were 0.798 (95%
confidence interval [CI]: 0.651-0.945, sensitivity =0.650, specificity =0.958) and 0.721 (95% CI: 0.570-0.871, sensitivity =0.625,
specificity =0.800), respectively.

Conclusion: MSA-P patients demonstrate more severe gait disturbance and increased DLPFC activity compared with PD pa-
tients and HCs. Gait parameters and cortical activity could be a potential features discerning MSA-P patients and PD patients.

1 | Introduction based on clinical symptoms: the Parkinsonian variant (MSA-P)

and the cerebellar variant (MSA-C) [1]. Initially, patients with
Multiple system atrophy (MSA) is a rapidly progressing neu- MSA-P often exhibit clinical symptoms similar to those of
rodegenerative disease. It can be categorized into two variants Parkinson's disease (PD), making it challenging to distinguish
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between MSA-P and PD. Moreover, MSA has an aggressive
progression and a poorer prognosis, with a mean survival of
8-9years [2]. Therefore, making an early and reliable distinc-
tion between PD and MSA-P is crucial to develop individualized
treatment plans promptly. Doing so can enhance both the sur-
vival rate and quality of life for patients, as well as alleviate the
psychosocial and economic burdens faced by patients and their
families [3].

There is a dearth of differential diagnostic biomarkers for dis-
tinguishing MSA and PD, particularly during the early stages.
Currently, imaging techniques serve as the primary diagnostic
method, despite suboptimal sensitivity [4]. Consequently, the
diagnosis may be substantially delayed, sometimes by several
years [5]. Ongoing research is actively exploring other potential
diagnostic biomarkers, such as gait parameters, which reflect
the progression of movement disorders [6]. Recent studies sug-
gested that MSA-P patients showcased greater gait variability,
larger total anterior-posterior and lateral center of pressure
(COP) movement, and a widened base of support in comparison
to PD patients [7, 8]. In addition, previous research has shown
that PD patients experience exacerbated gait impairments when
engaging in concurrent cognitive tasks during walking, possi-
bly because of abnormal cortical activity [9]. Nevertheless, the
differences in cortical activity changes during walking have
not been studied in patients with MSA-P and PD. Hence, we
hypothesize that detecting the changes in cortical activation
during complex walking can reveal the differences in the neuro-
physiological mechanisms of gait disorders in patients with PD
and MSA-P.

Inertial measurement units (IMUs) have demonstrated high
sensitivity and specificity as adjunct devices for evaluating
gait performance. Several studies have already examined the
feasibility and clinical applicability of IMUs in patients with
PD and MSA [8, 10]. Functional near-infrared spectroscopy
(fNIRS) is a non-invasive imaging device that records corti-
cal activity by measuring changes in concentrations of oxy-
genated hemoglobin (HbO,) and deoxygenated hemoglobin
(HHD) [11]. Compared to functional magnetic resonance im-
aging (fEMRI), fNIRS offers higher temporal resolution, and
it surpasses electroencephalogram (EEG) in terms of spatial
resolution [12, 13]. Mobile fNIRS, a more portable and flexible
variant, has also gained attention [14]. In recent years, several
studies have utilized fNIRS imaging technology to examine
cortical activity during walking in both healthy individuals
and PD patients. These studies have revealed higher activation
of the prefrontal and sensorimotor cortex in PD patients while
performing cognitive tasks (e.g., serial subtraction) during
walking, compared to walking without cognitive tasks, as well
as compared to healthy individuals [15-18]. The prefrontal
cortex (PFC) is associated with cognitive regulation, working
memory, and information synthesis, and all of these are nec-
essary for sophisticated behavior [19]. Additionally, walking
is influenced by posture control, which is primarily controlled
by the sensorimotor cortex [20]. Based on this evidence, we be-
lieve fNIRS holds promise as a tool for differentiating MSA-P
from PD patients. Consequently, we investigated gait param-
eters and cortical activity in PD and MSA-P patients during
single-task walking (STW) and cognitive dual-task walking

(DTW) to explore their potential for this differentiation. We
hypothesized that MSA-P patients would show increased cor-
tical activity during complex task walking compared to PD
patients because walking capabilities in MSA-P may rely on
much more compensation from related motor cortical regions.

2 | Materials and Methods
2.1 | Subjects

Between 2021 and 2023, 24 MSA-P patients, 20 PD patients,
and 22 healthy controls (HCs) were recruited from the out-
patients of the Neurology Department at the First Affiliated
Hospital of Nanjing Medical University. The investigation
was approved by the hospital’s Ethics Committee, and written
informed consent was obtained from all participants (2022-
SR-603). MSA-P patients were diagnosed according to the sec-
ond consensus diagnosis of MSA [1], while PD patients were
diagnosed based on the Movement Disorder Society (MDS)
Clinical Diagnostic Criteria for PD [21]. The inclusion crite-
ria for all participants were as follows: (1) aged between 50
and 80years; (2) right-hand dominant; (3) able to walk inde-
pendently without assistive devices; (4) on a stable medication
regimen for at least 4weeks; (5) in an “ON” medication state
during the experiment. Participants were excluded if they
met any of the following criteria: (1) significant cognitive im-
pairment, as indicated by a Mini-Mental State Examination
(MMSE) score < 24 [22]; (2) inability to stand or walk contin-
uously for 90s; (3) presence of gait disorders, such as severe
postural hypotension or freezing of gait (MDS-Unified PD
Rating Scale [MDS-UPDRS] Section 2.14 score >1); (4) other
factors affecting gait, such as musculoskeletal disorders, hip
replacement, uncorrected vision, or vestibular problems; and
(5) inability to follow instructions. Additionally, HCs were re-
cruited, matching their age, sex, years of education, and gen-
eral cognition with the PD and MSA-P groups. The exclusion
criteria for HCs were consistent with those mentioned above.

2.2 | Clinical Assessments

All participants were evaluated in their on-medication
states due to the possibility of gait disorder during the close-
medication period and the potential difficulty in cooperation
with the study. To account for variations in medication use,
we recorded each individual's medication regimen and con-
verted it into a levodopa equivalent daily dose (LEDD), en-
suring no significant differences between the two groups.
The study subjects’ socio-demographic characteristics, such
as gender, age, education level, medical history, and disease
duration, were collected. The Time Up and Go (TUG) test was
utilized to assess the severity of gait impairments. Disease
severity was evaluated using the Hoehn-Yahr (H-Y) staging
and MDS-Unified PD Rating Scale part III (MDS-UPDRS
III) scores [23, 24]. Cognitive performance was evaluated
using the Frontal Assessment Battery (FAB) [25] and MMSE.
Psychopathological screening was conducted using the 14-
item Hamilton Anxiety Rating Scale (HAMA) [26] and the 24-
item Hamilton Depression Rating Scale (HAMD) [27].
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2.3 | Gait Assessment

All participants in the study underwent gait measurements
using a portable IMU system (GYENNO Science) for objec-
tive assessment. IMUs were attached to the subjects’ chest,
back, wrists, thighs, ankles, and insteps using Velcro straps
in a specific order. The mobility data collected wirelessly were
then stored and analyzed on a laptop controlling the experi-
mental setup. Two conditions, STW and DTW, were randomly
assigned. In the STW condition, participants were instructed
to walk at a comfortable pace while performing a 5-m timed
TUG test. In the DTW condition, participants were asked to
simultaneously walk and carry out a cognitive task, specifi-
cally subtracting 7 from a randomly generated 3-digit number
in a serial manner. The order of the tasks was randomized for
each participant. Each gait parameter was averaged over the
3 trials. The mean values and variability (expressed as the co-
efficient of variation, CV) of various spatial parameters were
recorded for each individual. These parameters included step
length, stride velocity, stride length, double support time, gait
cycle, average duration of turning, and average velocity of
turning, which were extracted from the whole test. The CV
was calculated as the standard deviation divided by the mean,
multiplied by 100%.

2.4 | Functional Near-Infrared Spectroscopy

A mobile fNIRS system (HuiChuang, China) was utilized in
this study. The system employed continuous wave diodes with
wavelengths of 730 and 850 nm to measure the optical inten-
sities of HbO, and HHb. The sampling rate was set at 11 Hz.
A total of 8 fNIRS probes, consisting of 14 sources and 14 de-
tectors, were positioned on specific areas. This configuration
resulted in 35 distinct fNIRS channels [28]. The distribution
of these 35 channels can be observed in Figure S1, while
their corresponding coordinates are provided in Table S1.
According to the coordinate information, 35 channels were
divided into regions of interest (ROI) in the subjects’ cerebral
cortex, namely dorsolateral prefrontal cortex (DLPFC), pre-
motor area (PMA), supplementary motor area (SMA), the pri-
mary motor cortex (M1), primary somatosensory cortex, and
frontopolar area. These placements are consistent with those
used in the study by Zhang et al. [18]. The instrument em-
ployed the principle of three-dimensional positioning and was
based on the international 10/20 system for electrode place-
ment. To ensure accurate data acquisition, a flexible head-
gear was used to securely fix the signal sources and detectors
in place. Moreover, the average distance between the signal
sources and detectors was set to 30 mm to maximize contact
with the skin. To minimize interference from ambient light,
participants wore black hoods. The quality of the acquired sig-
nals was assessed through visual inspection.

Cortical activity was recorded during two different walking
conditions: STW, which involved walking back and forth along
a 5m pathway at a comfortable pace, and DTW. In the DTW
condition, participants were instructed to perform a sequential
subtraction task, subtracting seven from a randomly generated
three-digit number provided prior to each trial, while walking.
Participants were asked to walk with no explicit indication for

prioritization. There was no practice provided before complet-
ing the dual-task trial. All participants turned to their left at the
end of the 5m pathway. Each task was performed three times in
a pseudo-randomized order. During the DTW condition, cogni-
tive performance was measured and defined as the number of
correct operations. Each task consisted of an initial 30-s period
of quiet standing followed by 90s of walking. The order of each
condition was randomized between participants. The subtrac-
tion task was initiated while the participants were in a station-
ary position and continued throughout the walking activity. It
is worth noting that participants were required to stand still for
at least 1 min before each experiment to ensure a stable blood
pressure baseline.

The fNIRS data processing protocol in this study followed es-
tablished recommendations [29]. For subsequent analyses, we
specifically utilized the concentration of HbO, since it is widely
recognized as the primary indicator for changes in cortical activ-
ity associated with walking [30] and offers enhanced sensitivity
[31]. To preprocess the fNIRS signals, we employed the NirSpark
software package (HuiChuang, China). Initially, physiological
artifacts such as respiration, heart activity, and low-frequency
signal drift were corrected using a filter with cut-off frequen-
cies ranging from 0.01 to 0.1 Hz. Subsequently, motion artifacts
were mitigated using a combination of moving standard devi-
ation and cubic spline interpolation techniques. Furthermore,
the light intensity was transformed into optical density, and the
modified Beer-Lambert law was applied to convert the optical
density signal into concentrations of HbO, and HHb. To ensure
consistency, we excluded the 5-s intervals immediately preced-
ing and following each task event. We marked when participants
started walking. Additionally, we used the HbO, when standing
as the baseline HbO, and subtracted it from the experimental
task to evaluate the relative change in HbO, (AHbO,) during the
walking task [32].

2.5 | Statistical Analysis

Mean values with standard deviations were used to present all
data. Statistical analyses were performed using IBM SPSS v27.0
software, and the Shapiro-Wilks test was utilized to assess nor-
mality. A significance level of 5% was set for all analyses. Baseline
demographic and clinical characteristics were evaluated using the
x? test and Fisher's exact test for categorical variables. Continuous
variables were analyzed using one-way analysis of variance
(ANOVA), Kruskal-Wallis test, two-sample t-test, and Mann-
Whitney test. Two-way ANOVA was employed to examine dif-
ferences in gait parameters and AHbO,, with a group (MSA-P vs.
PD vs. HCs) and condition (STW vs. DTW) as factors. Since the
comparison of AHbO, was performed across 9 ROI, a false discov-
ery rate (FDR) correction was applied to the p-values. Significant
interactions identified through ANOVA were further explored
using the Bonferroni post hoc test, which accounted for multiple
comparisons (p value/Number of comparisons). Effect sizes were
estimated using the n?squared (pn?) statistic. Moreover, Spearman
correlation analysis was conducted to examine associations be-
tween gait parameters and AHbO,. ROC curve analysis was per-
formed to assess the ability of gait parameters and cortical activity
to differentiate MSA-P from PD patients. Cut-off values were de-
termined, including specificity, sensitivity, and area under the
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curve (AUC). The optimal cut-off point was selected based on the
maximization of Youden's index.

3 | Results
3.1 | Demographic and Clinical Characteristics

A total of 20 patients with PD, 24 patients with MSA-P, and 22
HCs were enrolled in this study. Table 1 presents a summary
of the demographic and clinical characteristics of all partic-
ipants. No significant differences were observed in age, sex,
education level, disease duration, MMSE scores, FAB scores,
HAMA scores, HAMD scores, or cognitive performance among
the groups. Furthermore, there were no significant differ-
ences in MDS-UPDRS III scores or H&Y stage between MSA-P
and PD patients. However, in the TUG test, it was found that
MSA-P patients took longer to complete the task compared to
PD patients (p=0.011) and HCs (p <0.001), while no significant

differences were observed between PD patients and healthy con-
trols (Table 1).

3.2 | The Differences of Gait Parameters

A detailed description of the gait parameters for the different
groups is summarized in Table 2.

3.2.1 | Interaction Between Group and Condition

A significant interaction effect of group and condition was ob-
served in step length variability, as indicated by the two-way
ANOVA (F=4.025, p=0.020, 7*=0.060, Figure 1A). Subsequent
Bonferroni post hoc tests indicated that MSA-P patients exhib-
ited significantly higher step length variability compared to both
PD patients (p=0.001) and HCs (p <0.001) in the DTW condi-
tion. Furthermore, MSA-P patients demonstrated increased step

TABLE 1 | Demographics and clinical characteristics in the disease groups.

Post hoc

(Bonferroni

Characteristics MSA-P PD HC D corrected)

n 24 20 22

Age (y) 61.22+4.67 63.00+8.02 60.55+7.00 0.205%

Sex (M/F) 12/6 16/6 13/7 0.677°

Education (y) 11.72+3.61 13.18+2.46 12.35+3.07 0.401¢

Disease duration (y) 3.61+2.65 3.84+2.33 NA 0.7664

MMSE 28.72+0.90 28.59+0.85 28.90+0.85 0.597¢

FAB 15.33+2.57 15.73+2.07 16.65+1.63 0.172¢

HAMA 3.28+2.14 3.00+1.77 2.25+£0.91 0.421°

HAMD 2.61+£1.65 2.55+1.77 1.60+0.94 0.665¢

UPDRS III (ON state) 16.45+8.38 12.33+2.51 NA 0.887¢

H&Y stage (ON state) (1-1.5) 4 (1-1.5) 14 NA 0.623¢

(2-2.5) 16 (2-2.5)6
(3-3.5)4 (3-3.5)0
TUG (s) 18.60+4.81 14.46+=3.00 12.39+2.39 <0.0012* MSA-P>PD
(p=0.011)
MSA-P>HC
(p<0.001)
Cognitive performance 9.42+3.36 10.20+3.07 10.55+3.38 0.502%
LEDD, mg/day 612.50+78.71 570.51+233.41 NA 0.386°

Note: Values are presented as the mean =+ standard deviation. p <0.05 was considered statistically significant. Values in bold are marked as significant.
Abbreviations: F, female; FAB, frontal assessment battery; H & Y stage, Hoehn and Yahr clinical rating scale; HAMA, Hamilton Anxiety Scale; HAMD-24, Hamilton
Depression Scale-24; HC, healthy control; LEDD, levodopa equivalent daily dose; M, male; MMSE, Mini-Mental State Examination; MSA-P, multiple system atrophy
with predominant parkinsonism; NA, not applicable; PD, Parkinson's disease; s, second; TUG, Time Up and Go; UPDRS, Unified Parkinson's Disease Rating Scale; y,

year.
2One-way ANOVA.
bChi-square test.
“Kruskal-Wallis.
dTwo-sample t-test.
¢Mann-Whitney U.
*p<0.001.
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0.687
0.505

7?=0.011

F

X condition)
p

Interaction (group

2.212
0.139
7?=0.017

F

vs. DTW)
p

Condition (STW

1.243
0.292
7?=0.019

F

Group (MSA-P
p

vs. PD vs. HC)

HC (mean + SD)
6.89+0.08
12.54+0.12

PD (mean * SD)
9.19+0.12
9.21+0.10

11.13+0.11
14.02+0.13

MSA-P (mean * SD)

STW
DTW

(Continued)

I
Turing average angular
velocity variability (%)

Gait parameters

Abbreviations: CV, coefficient of variation; DTW, dual-task walking; HC, healthy control; MSA-P, multiple system atrophy with predominant parkinsonism; PD, Parkinson's disease; STW, single-task walking.

Note: Values are presented as the mean + standard deviation. p <0.05 was considered statistically significant. Values in bold are marked as significant.

TABLE 2

length variability during the DTW condition compared to the
STW condition (p <0.001).

3.2.2 | Main Effect of Group

Significant main effects of the group were observed in both
step length (F=21.461, p<0.001, n?=0.254, Figure 1C) and
cadence variability (F=8.892, p<0.001, n>=0.124, Figure 1B).
Further analysis using Bonferroni post hoc tests demonstrated
that MSA-P patients exhibited decreased step length (p <0.001)
and increased cadence variability (p=0.002) compared to
PD patients. Additionally, MSA-P patients also displayed de-
creased step length (p <0.001) and increased cadence variability
(p<0.001) when compared to the HCs.

3.2.3 | Main Effect of Condition

Significant main effects of the condition were observed for
various gait parameters, including step length (F=7.541,
p=0.007, n*=0.056, Figure 1C), stride velocity (F=6.371,
p=0.013, n>=0.048, Figure 1D), stride velocity variability
(F=14.806, p<0.001, n>=0.105, Figure 1E), turning average
duration (F=6.019, p=0.016, n>=0.046, Figure 1F), and turn-
ing average angular velocity (F=6.461, p=0.012, n?=0.049,
Figure 1G). Bonferroni post hoc tests indicated that all partici-
pants exhibited increased stride velocity variability (p < 0.001)
and turning average duration (p=0.016) in the DTW condi-
tion compared to the STW condition. Furthermore, a decrease
in step length (p=0.007), stride velocity (p =0.013) and turn-
ing average angular velocity (p=0.012) was observed in all
subjects during the DTW condition compared to the STW
condition.

3.3 | The Differences of AHbO,

A significant interaction effect between group and condi-
tion was identified in the right DLPFC (F=7.196, p=0.009,
7?=0.103, Figure 2A). Moreover, we also found a significant
main effect of group in the right DLPFC (F=11.193, p<0.001,
7?>=0.151, Figure 2B) and a main effect of condition in the right
DLPFC (F=28.720, p<0.001, n>=0.186, Figure 2C). For the in-
teraction effect, Bonferroni post hoc tests (Figure 2D) indicated
that MSA-P patients exhibited a significant increase in AHbO,
compared to PD patients (p=0.006) and HCs (p <0.001) in the
right DLPFC during the DTW condition. PD patients showed in-
creased AHbO, compared to HCs (p =0.028) in the right DLPFC
during the DTW condition. Additionally, within the MSA-P
group, an increased AHbO, was observed in the DTW condi-
tion compared to the STW condition (p<0.001, Figure 2D).
Furthermore, PD patients also exhibited a significant increase
in AHbO, in the DTW condition compared to the STW condi-
tion (p=0.002, Figure 2D).

3.4 | Correlation of Gait Parameters With AHbO,

Mild negative correlations were observed between the AHbO, in
the right DLPFC and step length (r=-0.355, p=0.003) during
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(MSA-P vs. PD vs. HC) on the cadence variability and step length. (C-G) Main effect of conditions on the step length, stride velocity, stride velocity
variability, turning average duration, and turning average angular velocity. A Bonferronicorrected threshold was set at p <0.05. Details are shown
in Table 2. **p <0.01, ***p <0.001, #A main effect of condition. DTW, dual-task walking; HC, healthy control; MSA-P, multiple system atrophy with
predominant parkinsonism; PD, Parkinson's disease; s, seconds; STW, single-task walking.
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FIGURE 2 | (A) Interaction between group and condition effect. The interaction between group and condition effect was found in the right
DLPFC. (B) Main effect of group (MSA-P vs. PD vs. HCs). Significant differences obtained from the main effect of group were in the right DLPFC. (C)
Main effect of condition (STW vs. DTW). Significant differences obtained from the main effect of condition were in the right DLPFC. The color bar
indicates p-values from two-way ANOVA, with group (MSA-P vs. PD vs. HCs) and condition (STW vs. DTW) as the factors. The statistical threshold
was set at p <0.05 (Bonferronicorrected). (D) Post hoc tests in the right DLPFC. The AHbO, in the right DLPFC in MSA-P patients was significantly
increased compared with that in PD patients (p=0.006) and HCs (p <0.001) in the DTW condition. PD patients showed increased AHbO, compared
to HCs (p=0.028) in the right DLPFC during the DTW condition. In MSA-P patients, an increased AHbO, was observed in the DTW condition
relative to that in the STW condition (p <0.001). PD patients also exhibited a significant increase in AHbO, in the DTW condition compared to the
STW condition (p=0.002). A Bonferroni-corrected threshold was set at p <0.05 for multiple comparisons. *p <0.05, **p <0.01, ***p <0.001. ANOVA,
analyses of variance; DLPFC, dorsolateral prefrontal cortex; DTW, dual-task walking; HC, healthy control; MSA-P, multiple system atrophy with
predominant parkinsonism; PD, Parkinson's disease; STW, single-task walking; AHbO,, the relative change in oxyhemoglobin during walking com-
pared to the baseline.

DTW (Figure 3A). Moreover, we found mild positive correla- significant correlations were found between the remaining gait
tions between the AHbO, in the right DLPFC and step length ~ parameters and AHbO, in the right DLPFC during STW and
variability (r=0.316, p=0.010) during DTW (Figure 3B). No DTW (Table S2).
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FIGURE3 | Correlations Between the AHbO, in right DLPFC and gait parameters during DTW in All Participants. (A) Mild correlations between
the AHbO, in the right DLPFC and step length (r=—-0.355, p=0.003) during DTW. (B) Mild correlations between the AHbO, in the right DLPFC and
step length variability (r=0.316, p=0.010) during DTW. DLPFC, dorsolateral prefrontal cortex; DTW, dual-task walking; AHbO,, the relative change

in oxyhemoglobin during walking compared to the baseline.
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FIGURE 4 | ROC analyses for differentiating MSA-P from PD pa-

tients. The graph showed that the AHbO, in the right DLPFC during
DTW shows significant potential as an indicator for distinguishing
MSA-P and PD patients (AUC =0.798, p<0.001, 95% CI=0.651-0.945,
sensitivity =0.650, specificity=0.958, cut off point=0.003). The step
length variability during DTW also shows significant potential as
an indicator for separating MSA-P from PD patients (AUC=0.721,
p=0.013, 95% CI=0.570-0.871, sensitivity =0.625, specificity=0.800,
cut off point =8.215). See Table S2 for more detail. AUC, area under the
curve; DLPFC, dorsolateral prefrontal cortex; DTW, dual-task walking;
MSA-P, multiple system atrophy with predominant parkinsonism; PD,
Parkinson's disease; ROC, receiver operating characteristic; AHbO,,
the relative change in oxyhemoglobin during walking compared to the
baseline.

3.5 | ROC Curve Analysis

ROC curve analyses showed that the AUC of step length vari-
ability during DTW was 0.721 when distinguishing the MSA-P
from the PD group (95% confidence interval [CI]: 0.570-0.871,
p=0. 013) (Figure 4 and Table S3). Meanwhile, the AUC of the

AHbO, in the right DLPFC during DTW was 0.798 (95% CI:
0.651-0.945, p<0.001) (Figure 4 and Table S3).

4 | Discussion

To the best of our knowledge, this study represents the first investi-
gation into the cortical activity and gait impairment in individuals
with MSA-P as they perform cognitive tasks during walking and
compares these findings with those of PD patients and a healthy
control group. Firstly, our results indicate that MSA-P patients ex-
hibit higher step length variability and cortical activation during
DTW compared to PD patients and HCs. Furthermore, we found
mild negative correlations between the AHbO, in the right DLPFC
and step length during DTW, while there was a mild positive cor-
relation between AHbO, and step length variability during DTW.
Additionally, ROC curve analyses uncovered that the AHbO, of
the right DLPFC and step length variability during DTW could be
a potential features discerning MSA-P patients and PD patients,
respectively. Overall, our findings suggest that the gait distur-
bances experienced by MSA-P patients are more severe than those
of PD patients, potentially attributable to changes in the DLPFC.

Our study demonstrated that patients with MSA-P exhibited in-
creased gait variability and walked with greater irregularity
during DTW, potentially leading to walking instability and an ele-
vated risk of falling. According to current evidence, the decline in
gait performance observed during DTW suggests that these tasks
share limited cognitive resources [33]. In other words, engaging
in these tasks concurrently results in competition for cognitive re-
sources, ultimately leading to poorer performance in one or both
tasks [34]. Consistent with prior research, our findings revealed
that all three groups experienced impaired gait during DTW, with
MSA-P patients exhibiting particularly pronounced impairments.
Therefore, we posit that MSA-P patients may present underlying
cognitive impairments, and the available cognitive resources may
be insufficient to maintain optimal gait performance during com-
plex walking. Consequently, this could contribute to the height-
ened gait impairment experienced by MSA-P patients under
conditions involving dual-task walking.

Previous research suggests that the PFC, SMA, M1, and sen-
sorimotor cortex are brain regions involved in gait perfor-
mance. The PFC, focusing on the DLPFC, plays a crucial role
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in attention allocation and coordination [35, 36]. Zhang et al.
[18] observed that individuals with PD showed higher relative
changes in oxyhemoglobin in the left DLPFC compared to HC
participants, and they exhibited unstable gait with a limited
range of motion during walking. Moreover, multimodal imag-
ing studies have indicated deficits in attention, executive func-
tion, and working memory in patients with MSA-P, which were
associated with reduced ['®F|-fluorodeoxyglucose (['*F]-FDG)
uptake in the DLPFC [37]. Consistent with these findings, our
study demonstrated that MSA-P patients had higher levels of
AHDbO, in the right DLPFC and experienced more severe gait
disturbances compared to PD patients during dual-task walking.
This suggests that MSA patients may rely on increased cortical
activity to compensate for motor and cognitive deficits during
complex walking tasks. Moreover, our study observed mild
negative correlations between the AHbO, in the right DLPFC
and step length during DTW, while there was a mild positive
correlation between AHbO, and step length variability during
DTW. Previous studies have reported similar findings examin-
ing usual walking [9]. These studies proposed an interpretation
that higher activation in the PFC reflects inefficient motor ad-
aptation. In other words, increased activation may represent a
compensatory attempt to overcome inefficient neural activation
in the face of demanding tasks.

In contrast, HC participants did not show significant changes
in DLPFC activity between single and dual walking tasks, con-
sistent with previous studies [9, 38]. Notably, PD patients and
HC participants exhibited impaired gait performance during
dual-task walking. This could be attributed to prioritizing the
subtraction task at the expense of the walking task or having
sufficient cognitive resources to perform both tasks simultane-
ously. Furthermore, it has recently been suggested that patients
with PD may rely on enhanced cognitive control, particularly ex-
ecutive control, to compensate for gait deficits [39]. Specifically,
patients with more severe gait disturbances may require addi-
tional cognitive resources to manage motor symptoms. Based
on the observed relationship between gait performance and
cortical activity, we hypothesize that patients with mild motor
symptoms require fewer cognitive resources for complex walk-
ing tasks or possess more effective compensatory prefrontal
executive control over gait. Additionally, ROC curve analyses
indicated that AHbO, in the right DLPFC and step length vari-
ability during DTW could differentiate between MSA-P and PD
patients, suggesting their potential as clinical markers for distin-
guishing these two diseases.

One potential limitation of the present study is the constrained
opportunity to recruit a larger number of participants due to the
study being conducted in a single center. Additionally, it should
be noted that fNIRS has good temporal resolution but limited
spatial resolution compared to traditional neuroimaging meth-
ods like fMRI. Nonetheless, the use of portable fNIRS allowed
us to capture functional alterations in the subjects’ cerebral
cortex during walking, which was highly beneficial for discern-
ing differences among the three groups. Moreover, our f{NIRS
examination was performed after dopaminergic drug intake,
which might modulate cortical function. However, LEDD was
matched in the patients, which reduced the influence brought
by the drug as much as possible. Furthermore, in our study, 5-m
was used as walking distance due to the spatial limitation of our

lab. longer distance walking paradigms may be more represen-
tative, but walking distances as short as 15 ft have been found
to produce reliable fNIRS data [38]. In future studies, it will be
necessary to increase the sample size and refine the fNIRS anal-
ysis techniques.

5 | Conclusions

This present study shows that MSA-P patients demonstrated
more severe gait disturbance and increased DLPFC activity
compared with PD patients and HCs. This is possibly because
increased DLPFC activation in MSA-P patients is insufficient to
compensate for motor and executive deficits. In conclusion, the
study provided a new way to early identification of MSA-P and
PD patients.

Author Contributions

Mengxi Gao: conceptualization, investigation, formal analysis, method-
ology, and writing the paper; Heng Zhang, Aidi Shan, and Yongsheng
Yuan: investigation and validation; Xingyue Cao and Lina Wang: in-
vestigation and methodology; Caiting Gan, Huimin Sun, Shiyi Ye, and
Chenghui Wan: investigation; Youyong Kong: conceptualization, super-
vision, and validation; Kezhong Zhang: conceptualization, funding ac-
quisition, supervision, and validation.

Acknowledgments

We are grateful to all of the study participants for their patience and
cooperation.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. S. Gilman, G. K. Wenning, P. A. Low, et al., “Second Consensus State-
ment on the Diagnosis of Multiple System Atrophy,” Neurology 71, no.
9 (2008): 670-676.

2. A. Fanciulli and G. K. Wenning, “Multiple-System Atrophy,” New En-
gland Journal of Medicine 372, no. 3 (2015): 249-263.

3.H. Y. Zhou, P. Huang, Q. Sun, et al., “The Role of Substantia Nigra
Sonography in the Differentiation of Parkinson's Disease and Multiple
System Atrophy,” Translational Neurodegeneration 7 (2018): 15.

4.H.J. Kim, B. Jeon, and V. Fung, “Role of Magnetic Resonance Imag-
ing in the Diagnosis of Multiple System Atrophy,” Movement Disorders
Clinical Practice 4, no. 1 (2017): 12-20.

5.J. A. Palma, L. Norcliffe-Kaufmann, and H. Kaufmann, “Diagnosis of
Multiple System Atrophy,” Autonomic Neuroscience 211 (2018): 15-25.

6. J. Schlachetzki, J. Barth, F. Marxreiter, et al., “Wearable Sensors
Objectively Measure Gait Parameters in Parkinson's Disease,” PLoS
One 12, no. 10 (2017): e0183989, https://doi.org/10.1371/journal.pone.
0183989.

7.B.S.Na, J. Ha, J. H. Park, et al., “Comparison of Gait Parameters Be-
tween Drug-Naive Patients Diagnosed With Multiple System Atrophy

90f 10


https://doi.org/10.1371/journal.pone.0183989
https://doi.org/10.1371/journal.pone.0183989

With Predominant Parkinsonism and Parkinson's Disease,” Parkinson-
ism & Related Disorders 60 (2019): 87-91.

8. V. Sidoroff, C. Raccagni, C. Kaindlstorfer, et al., “Characterization of
Gait Variability in Multiple System Atrophy and Parkinson's Disease,”
Journal of Neurology 268, no. 5 (2021): 1770-1779.

9. M. Ranchet, I. Hoang, M. Cheminon, et al., “Changes in Prefrontal Cor-
tical Activity During Walking and Cognitive Functions Among Patients
With Parkinson's Disease,” Frontiers in Neurology 11 (2020): 601686.

10. J. Klucken, J. Barth, P. Kugler, et al., “Unbiased and Mobile Gait
Analysis Detects Motor Impairment in Parkinson's Disease,” PLoS One
8, no. 2 (2013): €56956.

11. V. Gramigna, G. Pellegrino, A. Cerasa, et al., “Near-Infrared Spec-
troscopy in Gait Disorders: Is it Time to Begin?,” Neurorehabilitation
and Neural Repair 31, no. 5 (2017): 402-412.

12. A. Villringer and B. Chance, “Non-Invasive Optical Spectroscopy
and Imaging of Human Brain Function,” Trends in Neurosciences 20,
no. 10 (1997): 435-442.

13. H. Sato, N. Yahata, T. Funane, et al., “A NIRS-fMRI Investigation of
Prefrontal Cortex Activity During a Working Memory Task,” Neurolm-
age 83 (2013): 158-173.

14.7J. Steinbrink, A. Villringer, F. Kempf, D. Haux, S. Boden, and H.
Obrig, “Illuminating the BOLD Signal: Combined fMRI-fNIRS Stud-
ies,” Magnetic Resonance Imaging 24, no. 4 (2006): 495-505.

15. K. X. Chai, G. A. Marie, J. S. Leuk, and W. P. Teo, “Treadmill Walk-
ing Maintains Dual-Task Gait Performance and Reduces Frontopolar
Cortex Activation in Healthy Adults,” Neuroscience 521 (2023): 148-156.

16. I. Maidan, F. Nieuwhof, H. Bernad-Elazari, et al., “The Role of the
Frontal Lobe in Complex Walking Among Patients With Parkinson's
Disease and Healthy Older Adults: An fNIRS Study,” Neurorehabilita-
tion and Neural Repair 30, no. 10 (2016): 963-971.

17. A. Kvist, L. Bezuidenhout, H. Johansson, et al., “Using Functional
Near-Infrared Spectroscopy to Measure Prefrontal Cortex Activity
During Dual-Task Walking and Navigated Walking: A Feasibility
Study,” Brain and Behavior: A Cognitive Neuroscience Perspective 13, no.
4(2023): €2948.

18. H. Zhang, X. Y. Cao, L. N. Wang, et al., “Transcutaneous Auricular
Vagus Nerve Stimulation Improves Gait and Cortical Activity in Parkin-
son's Disease: A Pilot Randomized Study,” CNS Neuroscience & Thera-
peutics 29 (2023): 3889-3900.

19.S. A. Herd, M. T. Banich, and R. C. O'Reilly, “Neural Mechanisms
of Cognitive Control: An Integrative Model of Stroop Task Performance
and FMRI Data,” Journal of Cognitive Neuroscience 18, no. 1 (2006):
22-32.

20. N. B. Alexander, “Postural Control in Older Adults,” Journal of the
American Geriatrics Society 42, no. 1 (1994): 93-108.

21. R. B. Postuma, D. Berg, M. Stern, et al., “MDS Clinical Diagnostic
Criteria for Parkinson's Disease,” Movement Disorders 30, no. 12 (2015):
1591-1601.

22.1.S. Ahn, J. H. Kim, H. M. Ku, J. Saxton, and D. K. Kim, “Reliability
and Validity of the Severe Impairment Battery (SIB) in Korean Dementia
Patients,” Journal of Korean Medical Science 21, no. 3 (2006): 506-517.

23. The Unified Parkinson's Disease Rating Scale (UPDRS): Status and
Recommendations,” Movement Disorders 18, no. 7 (2003): 738-750.

24.M. M. Hoehn and M. D. Yahr, “Parkinsonism: Onset, Progression
and Mortality,” Neurology 17, no. 5 (1967): 427-442.

25.B. Dubois, A. Slachevsky, I. Litvan, and B. Pillon, “The FAB: A
Frontal Assessment Battery at Bedside,” Neurology 55, no. 11 (2000):
1621-1626.

26. E. Thompson, “Hamilton Rating Scale for Anxiety (HAM-A),” Oc-
cupational Medicine 65, no. 7 (2015): 601.

27.M. Zimmerman, J. H. Martinez, D. Young, I. Chelminski, and K.
Dalrymple, “Severity Classification on the Hamilton Depression Rating
Scale,” Journal of Affective Disorders 150, no. 2 (2013): 384-388.

28. E. Al-Yahya, W. Mahmoud, D. Meester, P. Esser, and H. Dawes,
“Neural Substrates of Cognitive Motor Interference During Walking;
Peripheral and Central Mechanisms,” Frontiers in Human Neuroscience
12 (2018): 536.

29.X.Mei, C.J. Zou,J. Hu, X. L. Liu, C. Y. Zheng, and D. S. Zhou, “Func-
tional Near-Infrared Spectroscopy in Elderly Patients With Four Types
of Dementia,” World Journal of Psychiatry 13, no. 5 (2023): 203-214.

30. T. Harada, I. Miyai, M. Suzuki, and K. Kubota, “Gait Capacity Af-
fects Cortical Activation Patterns Related to Speed Control in the El-
derly,” Experimental Brain Research 193, no. 3 (2009): 445-454.

31. 1. Miyai, H. C. Tanabe, I. Sase, et al., “Cortical Mapping of Gait in
Humans: A Near-Infrared Spectroscopic Topography Study,” NeuroIm-
age 14, no. 5(2001): 1186-1192.

32. D. Orcioli-Silva, R. Vitorio, P. Nobrega-Sousa, et al., “Levodopa Fa-
cilitates Prefrontal Cortex Activation During Dual Task Walking in Par-
kinson Disease,” Neurorehabilitation and Neural Repair 34, no. 7 (2020):
589-599.

33.J. G. Wrightson, L. Schafer, and N. J. Smeeton, “Dual-Task Prioriti-
zation During Overground and Treadmill Walking in Healthy Adults,”
Gait & Posture 75 (2020): 109-114.

34. P. Patel, M. Lamar, and T. Bhatt, “Effect of Type of Cognitive Task
and Walking Speed on Cognitive-Motor Interference During Dual-Task
Walking,” Neuroscience 260 (2014): 140-148.

35. M. D'Esposito, J. A. Detre, D. C. Alsop, R. K. Shin, S. Atlas, and M.
Grossman, “The Neural Basis of the Central Executive System of Work-
ing Memory,” Nature 378, no. 6554 (1995): 279-281.

36. S. Stuart, L. Alcock, L. Rochester, R. Vitorio, and A. Pantall, “Mon-
itoring Multiple Cortical Regions During Walking in Young and Older
Adults: Dual-Task Response and Comparison Challenges,” Interna-
tional Journal of Psychophysiology 135 (2019): 63-72.

37. D. Kubler, C. Kobylecki, K. R. McDonald, et al., “Structural and Met-
abolic Correlates of Neuropsychological Profiles in Multiple System At-
rophy and Parkinson's Disease,” Parkinsonism & Related Disorders 107
(2023): 105277.

38. R. Holtzer, J. R. Mahoney, M. Izzetoglu, K. Izzetoglu, B. Onaral, and
J. Verghese, “fNIRS Study of Walking and Walking While Talking in
Young and Old Individuals,” Journals of Gerontology. Series A, Biologi-
cal Sciences and Medical Sciences 66, no. 8 (2011): 879-887.

39.J. Vandenbossche, N. Deroost, E. Soetens, et al., “Freezing of Gait
in Parkinson's Disease: Disturbances in Automaticity and Control,”
Frontiers in Human Neuroscience 6 (2012): 356, https://doi.org/10.3389/
fnhum.2012.00356.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

10 of 10

CNS Neuroscience & Therapeutics, 2025


https://doi.org/10.3389/fnhum.2012.00356
https://doi.org/10.3389/fnhum.2012.00356

	Differences Between Patients With Multiple System Atrophy With Predominant Parkinsonism and Parkinson's Disease Based on fNIRS and Gait Analysis
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Subjects
	2.2   |   Clinical Assessments
	2.3   |   Gait Assessment
	2.4   |   Functional Near-Infrared Spectroscopy
	2.5   |   Statistical Analysis

	3   |   Results
	3.1   |   Demographic and Clinical Characteristics
	3.2   |   The Differences of Gait Parameters
	3.2.1   |   Interaction Between Group and Condition
	3.2.2   |   Main Effect of Group
	3.2.3   |   Main Effect of Condition

	3.3   |   The Differences of ΔHbO2
	3.4   |   Correlation of Gait Parameters With ΔHbO2
	3.5   |   ROC Curve Analysis

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


