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ABSTRACT      
BACKGROUND: Parkinson’s disease (PD) is a neurodegenerative condition characterized by movement disorders and probable cognitive im-
pairment. Exercise plays an important role in PD management, and recent studies have reported improvement in motor symptoms and cognitive 
function following aerobic and Tai Chi Chuan exercise.
AIM: To explore the different effects of Tai Chi Chuan and aerobic exercise on the clinical motor status and neurocognitive performance of 
patients with early-stage PD.
DESIGN: A randomized controlled trial.
SETTING: Parkinson’s Disease Center at Kaohsiung Chang Gung Memorial Hospital and National Cheng Kung University Hospital.
POPULATION: Patients with idiopathic PD.
METHODS: Fifty-six patients with PD were recruited and divided into three groups: aerobic exercise (AE, N.=14), Tai Chi Chuan exercise 
(TE, N.=16), and control (CG, N.=13). Before and after a 12-week intervention period, we used unified Parkinson’s disease rating scale Part III 
(UPDRS-III) scores and neuropsychological (e.g., accuracy rates [ARs] and reaction times [RTs]) and neurophysiological (e.g., event-related 
potential [ERP] N2 and P3 latencies and amplitudes) parameters to respectively assess the patients’ clinical motor symptoms and neurocognitive 
performance when performing a working memory (WM) task.
RESULTS: Compared to baseline, UPDRS-III scores were significantly lower in the AE and TE groups after the intervention period, whereas 
those for the CG group were higher. In terms of the neurocognitive parameters, when performing the WM task after the intervention period, the 
AE group exhibited significantly faster RTs and larger ERP P3 amplitudes, the TE group exhibited an improvement only in ERP P3 amplitude, 
and the CG group exhibited a significantly reduced ERP P3 amplitude. However, neither the TE nor the AE group exhibited improved ARs and 
ERP N2 performance.
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detection, selective attention to the task-relevant target, 
and suppression of response. The ERP P3 component rep-
resents the amount of attention allocated to specific stimuli 
and is interpreted as neural processing in the retrieving 
phase of the WM.11, 12 Despite the noted neurophysiologi-
cal deficits in patients with PD mentioned above,7, 9, 10 
none of the previous studies have attempted to explore the 
effects of interventional approaches on ERP components 
in this population.

Exercise is often considered an effective nonpharma-
cological intervention for managing motor and nonmotor 
impairments in early-stage PD.13-15 For example, Fisher et 
al.16 suggested that treadmill training enhances corticomo-
tor excitability and improves motor function in patients 
with early PD. Additionally, mind-body exercises have 
been shown to have potential as rehabilitation methods for 
improving motor and nonmotor function in PD.17, 18

It is well established that regular aerobic exercise has 
beneficial effects on neurocognitive performance in late 
middle-aged and older adults19-21 and patients with neu-
rodegenerative diseases.22, 23 For instance, six months of 
aerobic exercise in older adults led to improved neurocog-
nitive performance (e.g., higher ARs and larger P3 am-
plitudes) in both low- and high-load WM tasks.20 In PD 
specifically, exercise regimes aimed at enhancing cardio-
respiratory fitness with a duration of 12 weeks have been 
found to improve cognitive function, physical fitness, and 
quality of life, and have a symptomatic effect on motor 
function.22, 24, 25 Although van der Kolk et al.26 reported no 
significant improvement in Mini-Mental State Examina-
tion (MMSE) score after an aerobic exercise intervention 
in PD patients, aerobic exercise has been shown to be ben-
eficial for their neurocognitive performance. In addition, 
aerobic exercise, compared to stretching exercise, pro-
vides greater benefits in neuropsychological aspects (e.g., 
faster RTs in the Stroop test)22 and neurophysiological 
performance (e.g., a larger functional connectivity within 
the frontoparietal network, as observed through resting-
state functional magnetic resonance imaging (fMRI), and 

Parkinson’s disease (PD) is a progressive neurodegen-
erative disease characterized by dysfunction of the 

dopamine system in the basal ganglia and deficiency of 
the dopaminergic neurons in the substantia nigra, lead-
ing to movement disorders such as bradykinesia, resting 
tremors, postural instability, and gait disturbance.1 In ad-
dition, recent studies have increasingly highlighted the 
occurrence of nonmotor symptoms, particularly cognitive 
impairment, in patients with PD. The movement disorder 
society (MDS) and the MDS Task Force published clini-
cal criteria in 2007 and 2012, respectively, clarifying that 
decline in cognitive function is a common feature of PD 
and can lead to mild cognitive impairment (MCI) or even 
PD dementia.2, 3

Working memory (WM) is a component of executive 
function and plays an important role in daily life. Its func-
tioning involves giving attention to, encoding, maintain-
ing, and retrieving information, which requires the coop-
eration of the frontoparietal network.4 Impairment of the 
WM features prominently in cognitive degeneration due to 
PD,5 and may be caused by reduced activity in the frontal 
striatal neuron, reduced binding of dopamine transporter 
in the caudate, depletion of dopamine in the nigrostriatal 
pathway, and disruption of the putamen-frontal circuits.6-8

Neurocognitive function can be assessed using both 
neuropsychological (e.g., accuracy rate [AR] and reaction 
time [RT]) and neurophysiological (e.g., event-related po-
tentials [ERPs] from electroencephalography [EEG]) mea-
surements. Recent studies have adopted the approach of 
identifying the characteristics of neural activity that may 
differ between patients with PD and healthy controls.9, 10 
For example, PD patients tend to exhibit a reduced am-
plitude and prolonged latency in their ERP N2 and P3 
components when performing cognitive tasks (e.g., S1-
S2 task), reflecting deficits in information processing that 
may be due to declining inhibition control and attentional 
resource allocation.7 In cognitive tasks involving the WM, 
the ERP N2 component is thought to be a reliable index of 
executive function that reflects abilities related to stimulus 

CONCLUSIONS: The present study supported the distinct effectiveness of Tai Chi Chuan and aerobic exercise for improving motor symptoms 
and providing neurocognitive benefits in PD patients.
CLINICAL REHABILITATION IMPACT: These results have important implications regarding the use of these exercise interventions for man-
aging PD, particularly in the early stages.
(Cite this article as: Chang CL, Lin TK, Pan CY, Wang TC, Tseng YT, Chien CY, et al. Distinct effects of long-term Tai Chi Chuan and aerobic ex-
ercise interventions on motor and neurocognitive performance in early-stage Parkinson’s disease: a randomized controlled trial. Eur J Phys Rehabil 
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period was designed based on previous research demon-
strating the potential positive effects of both exercise mo-
dalities on cognitive performance in PD patients.22, 25, 30, 37 
Since the two types of exercise involve distinct character-
istics in terms of physiological demand (cardiorespiratory 
vs. muscular fitness) and cognitive load (single versus dual 
tasks) during training, it was hypothesized that 12-week 
interventions of Tai Chi Chuan and aerobic exercise would 
improve motor and neurocognitive functioning in PD pa-
tients, with varying degrees of benefits.

Materials and methods

Participants

The minimum required sample size was subjected to an a-
priori power analysis using the G*Power software. Since 
no previous studies had simultaneously examined the lon-
gitudinal effects of Tai Chi Chuan and aerobic exercise on 
both motor and neurocognitive function in PD patients, we 
referred to Tsai and Pai’s study38 to calculate the appli-
cable effect-size value. That study examined the long-term 
effect of exercise on neurocognitive indices in people with 
neurodegenerative diseases, using two exercise groups 
and a control group. The type of statistical test was set to 
“ANOVA: Repeated Measures, Within-between Interac-
tion,” and the test family was set to “F-tests.” Three inter-
vention modes with two repetitions (for the three groups 
[aerobic exercise, Tai Chi Chuan, and control] × two time 
periods [pre-intervention vs. post-intervention]) were se-
lected. The power level was set to at least 0.95, and the 
type I error probability was set at 0.05. The effect size was 
set to 0.20. The total sample size required was estimated 
as 21, meaning that a minimum of 21 people were needed 
to achieve a power level of 0.9717.

Through referrals from neurologists, we recruited 56 
patients (26 male, 30 female) with idiopathic PD from the 
Parkinson’s Disease Center at Kaohsiung Chang Gung 
Memorial Hospital and National Cheng Kung University 
Hospital. After the participants’ baseline assessments had 
been performed as described below, they were randomly 
assigned to the aerobic exercise group (AE, N.=18), the 
Tai Chi Chuan exercise group (TE, N.=20), or the control 
group (CG, N.=18). The clinical inclusion criteria were as 
follows: 1) a confirmed diagnosis of PD by neurologists at 
the Neurology Department of one of the above hospitals, 
and a medically stable status; 2) a modified Hoehn and 
Yahr Score between 1 and 2, indicating early-stage PD; 3) 
the absence of any major comorbidities, such as dementia 
or depression; 4) no brain abnormalities (e.g., stroke or 

a lower atrophy rate in global percentage-based volume)23 
in PD patients. Recently, Tsai and Lin13 found that a sin-
gle bout of aerobic exercise including both moderate- and 
high-intensity exercise could improve RTs and ERP P3 
amplitudes in PD patients when performing a WM task. 
However, because the effects of acute exercise on neuro-
cognition are transient,27 further research is needed to bet-
ter understand the long-term effect of aerobic exercise on 
neurocognitive function in PD.

Cognitive status plays a pivotal role in determining the 
success of rehabilitation outcomes in PD. Unlike aero-
bic exercise which primarily focuses on cardiovascular 
functions and endurance capacity, interventions targeting 
sensory and cognitive elements or incorporating atten-
tional demand with dual-task characteristic may be more 
effective for improving cognitive impairment in PD pa-
tients.28, 29 Tai Chi Chuan, a traditional Chinese mind-body 
exercise, embodies these characteristics and is increasing-
ly popular among elderly adults. Due to its low-impact, 
low injury risk nature, and positive effects on motor and 
non-motor symptoms, neuromuscular control ability, fall 
prevention, and quality of life, Tai Chi Chuan is recom-
mended as an intervention for managing early-stage PD 
patients.30-33 Indeed, studies have demonstrated that this 
type of exercise can also effectively improve WM in older 
adults. For example, Taylor-Piliae et al.34 revealed a sig-
nificant pre- and post-Tai Chi Chuan effect on the digit 
span backwards task in healthy older adults, with partici-
pants retaining and manipulating more numbers in their 
mind. However, there is a lack of research focusing on 
the neurocognitive effects of Tai Chi Chuan in individuals 
with PD. A systematic review by Lim et al.35 suggested 
that a minimum of two Tai Chi Chuan training sessions per 
week, each lasting 30 minutes, for a period of 12 weeks, 
could improve WM in individuals with neurodegenerative 
diseases. Another review reported that relative to multi-
component exercise, mind-body exercise produces a larger 
effect size on WM in older adults.36 Based on these find-
ings and concepts, Tai Chi Chuan could offer a feasible 
and practical approach to improving motor function and 
the neurocognitive functioning of the WM.

In summary, the aim of this longitudinal study was to 
comprehensively investigate and compare the effects of Tai 
Chi Chuan and aerobic exercise interventions on motor and 
neurocognitive functioning in PD patients, while conduct-
ing neurophysiological measurements (i.e., ERPs) to pro-
vide a deeper understanding of the mechanisms underlying 
exercise-induced neuropsychological changes. The exer-
cise prescription regarding duration and total intervention 
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shown for 100 ms, followed by a 1600 ms pause, and then 
the second stimulus (S2), also for 100 ms. The next trial 
began 2600 ms after S2 was presented. The participants 
were instructed to accurately and rapidly compare S1 and 
S2. They had to use their right index finger to push the 
“M” key on the computer keyboard when S2 and S1 were 
the same (a congruent condition) and their left index finger 
to push the “N” key when S2 and S1 were not the same (an 
incongruent condition). All participants were instructed to 
complete 270 trials (135 trials × 2 blocks) consisting of 
180 incongruent (2/3) and 90 congruent conditions (1/3). 
A 3-minute rest period was implemented between the two 
blocks to mitigate mental fatigue. Before the formal test, 
a practice session was conducted until the participants had 
achieved the standard ARs (an error rate of 5% or less). 
Neuropsychological performance (ARs and RTs) and neu-
rophysiological parameters (ERP N2 and P3 components) 
were recorded throughout the task.

ERP recording and data processing

The EEG activity was recorded using an electrode cap 
with 32 scalp sites (Quik-Cap, Compumedics Neuroscan, 
El Paso, TX, USA) designed for the International 10-20 
System with an A/D rate of 500 Hz/channel. Before re-
cording, all interelectrode impedance was maintained at 
<5 kΩ. All scalp locations were referenced to the linked 
mastoid electrode, with the ground electrode placed on the 
mid-forehead. Adhesive electrodes were placed on the su-
perolateral right canthus and below and lateral to the left 
eye to capture vertical and horizontal electrooculographic 
activity and possible artifacts induced by eye movements. 
The raw EEG signal was acquired and stored on a hard 

malignant brain tumor) on structural MRI scans; 5) age 
between 50 and 80 years; 6) confirmed ability to complete 
exercise training, as determined using the Physical Activ-
ity Readiness Questionnaire (PAR-Q) and by their treating 
neurologist; and 7) willingness to be randomly assigned 
to one of the exercise intervention groups or the control 
group. Exclusion criteria were as follows: 1) a history 
of any neurological disease other than PD; 2) a diagno-
sis of dementia based on a Montreal Cognitive Assess-
ment (MoCA) score of <24;39 3) moderate or significant 
depression, as assessed based on a score of >16 for the 
Beck Depression Inventory-II (BDI-II); 4) use of medica-
tion that interferes with cognition, alertness, or attention; 
or 5) previous or current participation in an exercise train-
ing program. Written informed consent, as approved by 
the institutional review board of Kaohsiung Chang Gung 
Memorial Hospital and the Human Research Ethics Center 
of National Cheng Kung University, was obtained from all 
the participants.

The cognitive task

Li et al.7 and Wang et al.40 reported that PD patients exhib-
ited deficits in their performance of the delayed matching 
S1-S2 paradigm. In addition, a previous study has demon-
strated that neurocognitive performance during cognitive 
tasks can be altered in PD patients by a single bout of ex-
ercise.13 Hence, we used a modified version of the delayed 
matching S1-S2 paradigm to elicit ERPs (Figure 1). For 
this task, the visual stimuli were displayed on a computer 
screen that was 43 cm wide, with a black background. 
First, a signal stimulus consisting of a white fixation cross 
was shown for 500 ms. The first stimulus (S1) was then 

Figure 1.—Delayed matching S1–
S2 paradigm.
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500 ms

Stimulus 1
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questionnaires, the unified Parkinson’s disease rating scale 
Part III (UPDRS-III) was administered to evaluate the se-
verity of both motor and nonmotor symptoms. Further, a 
certified physical therapist measured the participants’ body 
composition, including height, weight, and body mass in-
dex (BMI), as well as their cardiopulmonary fitness using 
the six-minute step test. The load of the assessment for 
each participant was calculated using equation 1, and the 
estimated VO2max of the male and female participants was 
then calculated using equations 2 and 3, respectively:42 
Load = (step rate · step height · Wt + 5)+(step rate · step 
height · Wt + 5)/3 (1); man: VO2max = 1.29 ·√(load/(peak 
HR − 60)*e(-0.0088*age) (2); woman: VO2max = 1.18 
·√load/(peak HR − 60)*e − 0.0090*age (3).

On a separate day during the same week, the partici-
pants were instructed to visit our acoustically shielded 
EEG laboratory, which was maintained under controlled 
lighting and at a temperature of 23-25 °C. Upon arrival, 
each participant was seated comfortably in front of a com-
puter screen and an EEG cap and electro-oculographic 
electrodes were applied to their head using reference land-
marks. A cognitive task was then administered while EEG 
data were recorded to analyze their ERPs.

At the end of the 12-week parallel-design intervention 
period, the participants were asked to return to the labora-
tory twice in the following week for the post-intervention 
assessment. The procedures were identical to those con-
ducted during the pre-intervention phase. To minimize 
tester or rater bias, the same research assistant conducted 
all assessments both before and after the intervention. The 
assistant was blinded to group assignments to ensure ac-
curacy and objectivity in the assessment process.

Interventions

Aerobic exercise group

The 12-week aerobic exercise program consisted of a 30 
min training session performed three times weekly on a re-
cumbent stationary bicycle. Before every training session, 
each participant’s resting heart rate was measured to cal-
culate their heart rate reserve (HRR). The aerobic exercise 
protocol included a 4 min warm-up phase, followed by 24 
min of moderate-to-high-intensity interval aerobic training 
(eight cycles of 1 min with 70-75% HRR followed by a 
2 min active recovery period [target Rating of Perceived 
Exertion (RPE): 9-11]), and finally a 2 min cool-down 
period. The target HR was monitored using a Polar HR 
monitor (RS800CX, Polar Electro Oy, Kempele, Finland). 
The participants were verbally encouraged to achieve the 

disk using a SynAmps amplifier equipped with a 60 Hz 
notch filter. The EEG data were analyzed offline using 
SCAN4.5 analysis software from Compumedics Neu-
roscan (El Paso, TX, USA). Before the analysis was done, 
the raw EEG signal was filtered using a bandpass filter, 
with the cutoff frequencies set as 0.1 and 50 Hz.

The neuropsychological measurements (ARs and RTs) 
were processed using SCAN4.5. To avoid skewing the 
group mean and standard deviation, trials with errors, 
missed responses, anticipatory errors (RTs faster than 200 
ms), or delay errors (RTs slower than two standard devia-
tions) were excluded from the analysis.

In the analysis of the neurophysiological parameters 
(ERP N2 and P3 latencies and amplitudes), the EEG data 
were divided into epochs, with each epoch covering the 
time interval from −100 ms to 1000 ms relative to stimulus 
onset. To eliminate artifacts related to eye movements, an 
ocular-artifact-reduction transformation was applied. Ad-
ditionally, any sweep with an interference amplitude be-
low -100 μV or above +100 μV was rejected. The latencies 
and amplitudes of the ERP N2 and P3 components for both 
congruent and incongruent conditions were then examined 
at the Fz, Cz, and Pz electrodes, using the time windows 
180-350 ms and 300-800 ms, respectively.

Experimental procedure

In order to alleviate the mental and physical fatigue in-
duced by the experiment, all participants were asked to 
visit the laboratory twice within a 7-day period for clinical 
and neurocognitive assessments prior to commencing the 
formal exercise intervention. To minimize any bias related 
to medication cycle or circadian influence, all measure-
ments were performed during the “on” medication state 
and between 09:00 and 12:00. In addition, the participants 
had to avoid any activities that would affect their neuro-
cognitive function for 24 h prior to the assessments, such 
as strenuous exercise. Ingesting stimulant substances (e.g., 
coffee, alcohol, and smoke) was also prohibited. Dur-
ing the initial visit, the participants were given detailed 
information about the experimental procedure and asked 
to provide written informed consent. Additionally, they 
underwent a comprehensive set of assessments, including 
a basic information form for demographic data, a medi-
cal history questionnaire, cognitive function assessments 
(MoCA), the BDI-II, a social participation questionnaire, 
the PAR-Q, and a seven-day physical-activity recall ques-
tionnaire (7-day PAR).41 These measures were implement-
ed to minimize the impact of potential confounding fac-
tors on neurocognitive performance. After completing the 
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intervention) ×3 (electrode sites: Fz, Cz, and Pz) ×2 (con-
dition: congruent and incongruent).

The sexual variable was conducted using Pearson’s Chi-
squared Test. The neuropsychological indices (ARs and 
RTs) were subjected to a mixed-model repeated measures 
ANOVA (RM-ANOVA). A mixed-model RM-ANOVA 
was applied to the neurophysiological indices (ERP N2 
and P3 latencies and amplitudes). When a significant main 
effect was found, we performed Bonferroni post-hoc tests 
to determine the specific difference. The Greenhouse-
Geisser correction was applied when the sphericity as-
sumption was not fulfilled. The Kolmogorov-Smirnov 
and Levene’s tests were used to test the data for normality 
and homogeneity, respectively. To complement the signifi-
cance testing, we calculated the partial eta-squared (η2

p) to 
estimate the effect size of the group differences. A signifi-
cance level of α=0.05 was used; in other words, P values of 
<0.05 were considered statistically significant.

Results

The Consolidated Standards of Reporting Trials (CON-
SORT) chart illustrating the flow of participants from ini-
tial contact to post-intervention assessment is presented in 
Figure 2. The adherence rate for both exercise interven-
tions exceeded 85%, indicating a high level of participant 

appropriate intensity for each phase, and they exercised 
under the medical supervision of a physical therapist.

Tai Chi Chuan group

The 12-week Tai Chi Chuan program comprised two 60 
min sessions per week, and each session was led by a Tai 
Chi Chuan master with over 20 years of experience. The 
session consisted of a warm-up and the main exercise, and 
all movements were adapted from the Yang-style short 
form.34, 43 The warm-up session included the bear swing, 
the Tai Chi walk, and a range of motion exercises. It fo-
cused on kinesthetic awareness, mind-body preparation, 
and stretching, and incorporated high-amplitude and diag-
onal movements. The main exercise phase encompassed 
all 24 postures in the Yang-style short form, since this Tai 
Chi Chung form has proven effective for cognitive func-
tion in individuals with or without PD.34, 43 Movements 
such as roll back, ward off, push, press, single whip, and 
others emphasized weight-shifting skills, bilateral coordi-
nation, and postural control. The Tai Chi master first dem-
onstrated a movement, then deconstructed it and taught it 
step by step. To ensure accuracy, the master corrected each 
participant’s movements. One to two new movements 
were taught in each session, and the entire sequence of 
learned postures was practiced together to reinforce the 
connection between the mental tracking and the physical 
aspect. In addition to the postures, the participants were 
taught other essential elements of Tai Chi Chuan, such as 
body orientation, breathing, and relaxation.34, 44, 45

Control group

The participants assigned to the control group maintained 
their normal daily physical activity patterns during the 
12-week period. Furthermore, they were instructed to re-
frain from engaging in any organized exercise classes or 
structured physical activities throughout the intervention 
period. In order to mitigate potential bias stemming from 
lifestyle alterations, participants were tasked with keeping 
an activity log, which was subsequently reviewed by the 
investigators.

Data processing and statistical analysis

One-way analyses of variance (ANOVAs) were used to 
assess group differences in pre- and post-intervention de-
mographic characteristics and clinical assessment scores:

•  3 (groups: AE, TE, and CG) ×2 (time: pre- and post-
intervention) ×2 (condition: congruent and incongruent);

•  3 (groups: AE, TE, and CG)×2 (time: pre- and post-

Post-intervention assessmente after 12 weeks

AE
(N.=14)

CG
(N.=13)

TE
(N.=26)

Figure 2.—The Consolidated Standards of Reporting Trials (CON-
SORT) chart illustrating the flow of participants from initial contact to 
post-intervention assessment.

Screen for eligibility
(N.=56)

AE
(N.=18)

CG
(N.=18)

TE
(N.=20)

Completed the baseline assessment and randomly assigned to aerobic 
exercise (AE), Tai Chi Chuan exercise (TE) and control group (CG)

Participants dropped out or were excluded because of attendance <85%
(N.=13; 4 in AE, 4 in TE, 5 in CG)
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10.50±7.33; P=0.005) and TE (pre- vs. post-intervention: 
15.19±9.19 vs. 4.69±2.92; P=0.026) groups, the UPDRS-
total scores were lower post-intervention than pre-inter-
vention. In contrast, in the CG group, the post-intervention 
clinical score was significantly higher than the pre-inter-
vention score (pre- vs. post-intervention: 18.15±8.95 vs. 
22.00±10.32; P=0.035).

In the RM-ANOVA, a significant group × time interac-
tion effect (F[2,40] = 11.47, P<0.001, η2

P=0.36) was ob-
served for the UPDRS-III motor subscale scores. Post hoc 
analyses revealed that the UPDRS-III motor subscale scores 
were lower post-intervention than pre-intervention in the 
AE (pre- vs. post-intervention: 6.43±5.02 vs. 3.79±2.15; 
P=0.011) and TE (pre- vs. post-intervention: 8.00±5.27 vs. 
4.69±2.92; P=0.001) groups. In contrast, in the CG group, 
the post-intervention clinical score was significantly higher 
than the baseline clinical score (pre- vs. post-intervention: 
6.92±4.39 vs. 9.77±4.64; P=0.008) (Table I).

Neuropsychological indices

Reaction times

As illustrated in Figure 3, the RM-ANOVA for the RTs re-
vealed a significant main effect of condition (F[1,40]=6.44, 
P=0.015, η2

P=0.15), with faster RTs in the congruent con-
dition than the incongruent condition (congruent vs. incon-
gruent: 552.89±21.37 vs. 588.85±24.23 ms; P=0.015). Ad-
ditionally, there was a significant group × time interaction 

compliance with the prescribed exercise programs. Impor-
tantly, no falls or adverse events related to the exercise 
program were reported during the intervention period, 
indicating that the interventions were safe and well toler-
ated. Thirteen participants withdrew during the four-year 
experimental period because of COVID-19 restrictions, 
personal time limitations, or transportation issues. Addi-
tionally, two participants were excluded from the analysis 
because of insufficient attendance.

At baseline, there were no significant differences in any 
characteristics or potential confounding factors (age, ill-
ness duration, BMI, MoCA, BDI-II scores, social partici-
pation, VO2max, 7-day PAR, and UPDRS total and UPDRS-
III scores) that may have affected neurocognitive perfor-
mance (Table I). After the 12-week intervention, there was 
a significant between-group difference in VO2max, with 
the value in the AE group being significantly higher than 
that in the TE and CG groups. In addition, VO2max values 
were significantly enhanced after the intervention in the 
AE group relative to before the intervention (P=0.015), but 
not in the other two groups.

Unified Parkinson’s disease rating scale scores

In the RM-ANOVA, a significant group × time interaction 
effect (F[2,40]=7.59, P=0.002, η2

P=0.28) was observed for 
the UPDRS-total scores. Post-hoc analyses revealed that, 
in both the AE (pre- vs. post-intervention: 15.50±10.65 vs. 

Table I.—��Demographic characteristics (mean±SD) of the participants.
Characteristics Control (N.=13) Aerobic exercise (N.=14) Tai Chi Chuan (N.=16) P value
Gender (M/F) 6/7 5/9 7/9 0.637
Age (years) 63.15±7.95 64.43±7.37 66.31±6.54 0.503
Illness duration 6.77±6.84 6.57±7.92 6.75±5.49 0.996
BMI (kg/m2) 23.92±2.82 23.15±4.27 24.16±3.60 0.738
Pre-intervention

MoCA 26.92±2.75 27.36±3.07 26.75±3.53 0.867
BDI-II 6.31±7.21 7.79±6.98 6.31±6.23 0.801
Social participation 8.15±2.04 9.21±2.39 9.06±1.39 0.324
7-day PAR (Kcal/day) 1312.59±810.26 1126.00±844.24 1507.79±1136.46 0.555
VO2max (mL/kg/min) 29.40±9.39 30.79±9.11 27.98±8.28 0.672
UPDRS-total 18.15±8.95 15.50±10.65 15.19±9.19 0.677
UPDRS-III 6.92±4.39 6.43±5.02 8.00±5.27 0.673

Post-intervention
MoCA 24.77±3.29 26.57±4.64 26.81±3.56 0.330
BDI-II 8.31±9.60 4.43±5.38 4.75±4.78 0.265
Social participation 8.23±1.54 8.50±1.16 9.56±2.16 0.091
VO2max (mL/kg/min) 27.81±8.59 38.73±11.66 27.62±5.93 0.002
UPDRS-total 22.00±10.32 10.50±7.33 11.50±7.38 0.001
UPDRS-III 9.77±4.64 3.79±2.15 4.69±2.92 <0.001

MoCA: Montreal Cognitive Assessment; BDI-II: Beck Depression Inventory—Second Edition; 7-day PAR: seven-day physical activity recall questionnaire; UPDRS: 
unified Parkinson’s disease rating scale; UPDRS-III: unified Parkinson’s disease rating scale-motor subscale.



CHANG 	A EROBIC EXERCISE AND TAI CHI CHUAN FOR NEUROCOGNITION IN PD

628	 European Journal of Physical and Rehabilitation Medicine	A ugust 2024 

Neurophysiological indices

N2 latency

As shown in Figure 4, the RM-ANOVA for the ERP 
N2 latency revealed a significant main effect of condi-
tion (F[1,40]=6.26, P=0.017, η2

P=0.13), with signifi-
cantly shorter N2 latency for the incongruent condition 
than the congruent condition (congruent vs. incongruent, 
226.70±4.36 vs. 215.10±4.15 ms; P=0.017). No significant 
main effects of group, time, or electrode or any other inter-
actions between factors were observed.
N2 amplitude

The RM-ANOVA for ERP N2 amplitude revealed no sig-
nificant main effects of group, time, condition, or electrode 
or any significant interactions between the four factors.

effect (F[2,40]=4.86, P=0.013, η2
P=0.19). Post-hoc analy-

ses revealed that the post-intervention RTs were faster 
than the pre-intervention RTs (pre- vs. post-intervention: 
632.41±40.56 vs. 537.54±39.15; P<0.001) in the AE group 
only. No significant main effects of group or time or any 
other interactions between factors were observed.

Accuracy rates

The RM-ANOVA for the ARs revealed a significant main 
effect of condition (F[1,40]=12.5, P=0.001, η2

P=0.23), 
with higher ARs in the incongruent condition than the con-
gruent condition (congruent vs. incongruent: 91.32±1.58% 
vs. 93.68±1.50%; P=0.001). No significant main effects of 
group or time or any other interactions between factors 
were observed.

Figure 3.—Reaction times and 
accuracy rates (mean±SD) 
during the delayed match-
ing S1–S2 paradigm for the 
three groups (aerobic exercise 
group [AE]; Tai Chi Chuan 
group [TE]; control group 
[CG]) before and after the 12-
week intervention period.

Figure 4.—The grand average ERP 
waveforms for the congruent and 
incongruent conditions during the 
delayed matching S1-S2 paradigm 
for the three groups (aerobic ex-
ercise group [AE]; Tai Chi Chuan 
group [TE]; control group [CG]) 
before and after the 12-week inter-
vention period.
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rated47, 48 into the current RCT study. Consequently, par-
ticipants undergoing 12 weeks of aerobic exercise showed 
reduced RTs post-intervention compared to pre-interven-
tion, indicating that this type of exercise could effectively 
improve the information-processing speed (i.e., initial ac-
tivation, maintenance of information, and suppression of 
irrelevant information) of the WM in PD patients.13 Since 
within-group analysis of pre- and post-intervention ARs 
revealed significant improvements across both the con-
gruent and incongruent conditions in the AE group after 
the intervention, this indicates that the speed-accuracy 
trade-off did not occur in the present study. Also, Bo et 
al.49 suggested that faster RTs represent a better WM ca-
pacity. Accordingly, the significantly faster RTs observed 
in the AE group after the intervention imply that WM ca-
pacity and processing speed could be improved through 
exercise aimed at enhancing cardiorespiratory fitness. 
This supports the existence of a positive correlation be-
tween cardiopulmonary fitness and WM performance.27, 50 
Indeed, the AE group exhibited a significant improvement 
in VO2max after the intervention. These aerobic-exercise-
induced neuropsychological benefits for cognitive func-
tioning could be attributable to increased functional con-
nectivity in the dorsolateral prefrontal cortex and to de-
celeration of brain atrophy in PD.23 In addition, increased 
concentrations of the brain-derived neurotrophic factor 
(BDNF), preservation of dopamine neurons, and strength-
ening of synaptic transmission are other potential benefits 
of aerobic exercise in PD. All of these benefits are neu-
roprotective, underlie neuroplasticity, and lead to better 
cognitive performance.29

However, the TE group exhibited no significant im-
provements in neuropsychological parameters (RTs and 
ARs) when performing the WM task, although there was 
a trend toward improving RTs (pre- vs. post-intervention: 
551.13±37.94 vs. 505.74±36.62 ms). These findings align 
with those of previous studies, which indicate that mind-
body exercises such as Tai Chi Chuan may not yield a ro-
bust effect on neuropsychological performance in patients 
with neurodegenerative diseases.18, 31, 43 Our finding may 
be attributable to the low intensity of the Tai Chi Chuan 
exercise used in our intervention,37 which may not have 
been able to enhance patients’ BDNF levels as much as 
the moderate-to-high-intensity aerobic exercise,51 because 
this molecular biomarker plays an important role in WM. 
Other plausible mechanisms underlying the neuropsycho-
logical findings in the TE group could be that in the current 
study Tai Chi Chuan intervention did not promote cardio-
respiratory fitness, which is strongly correlated with WM 

P3 latency

The RM-ANOVA for ERP P3 latency revealed no signifi-
cant main effects of group, time, condition, or electrode or 
any significant interactions between the four factors.

P3 amplitude

The RM-ANOVA for ERP P3 amplitude revealed a sig-
nificant interaction effect of group × time (F[2,40] = 7.68, 
P=0.001, n2

P=0.27). Post hoc analyses revealed a signifi-
cant increase in P3 amplitude post-intervention relative 
to pre-intervention in the AE (pre- vs. post-intervention: 
9.92±1.66 μV vs. 11.67±1.37 μV; P=0.028) and TE (pre- 
vs. post-intervention: 11.86±1.55 μV vs. 13.40±1.29 μV; 
P=0.038) groups across the two conditions and three elec-
trode sites. In contrast, P3 amplitude in the CG group de-
creased significantly during the intervention period (pre- 
vs. post-intervention: 13.78±1.72 μV vs. 11.56±1.43 μV; 
P=0.008).

Discussion

Main findings

The present study investigated and compared the effects of 
12-week Tai Chi Chuan and aerobic exercise interventions 
on neurocognitive performance in patients with early-
stage PD. Although the participants’ post-intervention UP-
DRS motor subscale scores and ERP P3 amplitude were 
significantly improved compared to their pre-intervention 
scores in both exercise groups, only the AE group showed 
improved RT performance, as assessed using the WM task. 
However, neither intervention improved ARs or the ERP 
N2 performance measured during the cognitive task. In 
contrast, the control group exhibited a significant increase 
in UPDRS-III motor scores and a decrease in P3 amplitude 
over the 12-week period, suggesting that maintaing their 
usual daily physical activity patterns and refraining from 
participating in organized exercise classes resulted in fur-
ther motor and neurophysiological decline.

Neuropsychological indices

Relative to the pre-intervention assessments, only the AE 
group exhibited significantly faster RTs in the S1-S2 task 
after the intervention period. It is worth mentioning that 
the potential learning and practice effects from repeated 
cognitive tests may have been minimized, since the in-
terval between pre- and post-intervention assessments 
exceeded one month46 and a control group was incorpo-
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cortex, as well as the frontoparietal network, leading to 
improvement in memory function.55 Additionally, engag-
ing in mindfulness meditation, focusing on body orienta-
tion and breathing, could enhance WM capacity.44, 45 Be-
cause of the unique combination of physical and mental 
activity, the dual-task nature of the Tai Chi Chuan exercise 
may positively affect attention performance in PD patients 
when they perform the WM task.34

Similarly, the AE group exhibited a significant increase 
in ERP P3 amplitude, which was in line with the results of 
previous studies.19, 20 These findings suggest that 12 weeks 
of aerobic exercise can also enhance neural processing ef-
ficiency and attentional resource allocation in PD patients. 
However, relative to the TE group, the AE group engaged 
in moderate-to-high-intensity exercise, to the extent that 
it was sufficient to enhance their cardiorespiratory fitness 
levels. In addition, they exhibited significant improve-
ments not only in RTs but also in P3 amplitude. Aerobic 
fitness has been reported as a crucial factor for improving 
WM in older adults.56 Previous studies have shown that 
moderate-to-high intensity aerobic exercise not only en-
hances cardiorespiratory capacity but also improves neu-
ropsychological and neurophysiological performance.50, 57 
Therefore, the improvements observed in RT and P3 am-
plitude in the AE group may be attributed to significant 
enhancements in VO2max through moderate to high-inten-
sity aerobic exercise intervention. From the perspectives 
of neuroanatomy and neurophysiology, Rodriguez-Oroz et 
al.58 found that P3 amplitude was correlated to subcorti-
cal gray matter volume or deterioration of the nigrostriatal 
dopaminergic system. The present findings thus provide 
insight into the potential of Tai Chi Chuan and aerobic ex-
ercise for reversing deterioration, enhancing neuroplastic-
ity, and improving neurocognitive function in PD.

Importantly, the control group in the current study exhib-
ited significantly smaller P3 amplitudes post- than pre-inter-
vention. This indicates that the progression of neurophysi-
ological decline can appear in patients with early-stage PD 
if they maintain a sedentary lifestyle. Indeed, because PD 
is a neurodegenerative condition, patients without a regular 
exercise habit can exhibit a significant decrease in dopa-
mine release in the putamen, which may contribute to the 
progression of cognitive function impairments in PD.59

Nevertheless, no significant changes in P3 latency were 
observed post-intervention in either of the exercise groups. 
This implies that neither Tai Chi Chuan nor aerobic exer-
cise improved the speed of neural processing, specifically 
during the pairing of the second stimulus with first one 
while it was retained in the participant’s mind. The present 

function. Based on the evidence discussed above, we pro-
pose that engaging in moderate-to-high-intensity exercise, 
particularly activities that can enhance VO2max, is likely 
to promote processing speed in WM tasks in PD patients. 
Along these lines, it would be informative in the future 
to investigate the neuropsychological effects on WM by 
studying alternative forms of Tai Chi Chuan that can en-
hance the cardiorespiratory fitness in individuals with PD. 
This conjecture is somewhat speculative, but provides a 
basis for further investigation.

Neurophysiological indices

Neither the aerobic exercise nor Tai Chi Chuan affected 
the ERP N2 component in PD patients in the present study, 
indicating that neither exercise intervention improved the 
neural processing phase associated with inhibitory control 
during stimulus discrimination, detection, and cognitive 
control.11, 12 However, Duchesne et al.22 observed a signifi-
cant improvement in inhibitory control functioning among 
PD patients following a three-month aerobic training in-
tervention, as assessed using the Stroop test. Similarly, 
some studies have reported the benefits of Tai Chi Chuan, 
including a simplified 24-form Tai Chi Chuan incorporat-
ing styles like Ye Ma Feng Zong, Shou Hui Pi Ba, and Dao 
Juan Hong, on inhibitory control in both young and older 
adults through cognitive tasks such as go/no-go, Stroop, 
and Flanker tasks.52-54 These findings suggest that the cog-
nitive task employed in the present study, such as the de-
layed matching S1-S2 paradigm, may impose less cogni-
tive load on inhibition control, potentially explaining the 
disparate findings. Another possible explanation is that the 
ERP N2 deficits of WM observed in PD patients in a previ-
ous study7 could not be ameliorated through 12 weeks of 
Yang-style short-form Tai Chi Chuan adopted in the cur-
rent study. However, the specific neurophysiological ef-
fects of Tai Chi Chuan and aerobic exercise modes on the 
ERP P2 component in PD patients remain to be elucidated, 
particularly through the use of cognitive tasks imposing 
greater demands on inhibitory control or by exploring dif-
ferent Tai Chi Chuan and aerobic exercise modalities.

The P3 amplitudes in the TE and AE groups were sig-
nificantly increased post-intervention, suggesting that in 
patients with PD, attention resource allocation and cogni-
tive processing of WM can be enhanced by both Tai Chi 
Chuan and aerobic exercise. Yang-style Tai Chi Chuan 
involves slow, rhythmic movements and requires focused 
attention and mental effort to remember the sequences for 
each form. During the practice process, there is potentially 
increased activity in the middle and dorsolateral prefrontal 
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when interpreting the present findings. First, this study fo-
cused only on the medication “on” state, during which PD 
patients experience somewhat improved motor symptoms 
because of their medication. This limits the generalizabil-
ity of our findings to the “off” state and restricts further ex-
ploration of the potential interaction between exercise and 
medication effects.24 Future studies should consider con-
ducting assessments during both “on” and “off” periods to 
provide a more comprehensive understanding of the long-
term effects of exercise interventions on PD symptoms.

Secondly, due to the diverse styles encompassed within 
Tai Chi Chuan, it’s challenging to dismiss the neurocogni-
tive benefits (e.g., RT and ERP N2 component) of such an 
exercise modality in PD. For instance, Zou et al.63 found that 
the modified Chen-style (18-form), which emphasizes bal-
ance and cognitive aspects with additional skipping move-
ments, exhibited a stronger cognitive effect than the Yang-
style (24-form) in late middle-aged and older adults. More-
over, Cui et al.64 reported that the neuroplasticity effect of 
Bafa Wubu Tai Chi was significantly superior to moderate-
intensity aerobic exercise. It is noteworthy that open-skill 
exercises seem to be more effective in cognitive processing 
involving inhibitory control compared to closed-skill exer-
cises.20, 65 Hence, further research in this area is warranted, 
potentially exploring the neurocognitive effects through dif-
ferent Tai Chi Chuan styles and open-skill exercises in PD.

Thirdly, in order to gain a more comprehensive un-
derstanding of the molecular mechanisms underlying the 
beneficial effects of long-term exercise on neurocognitive 
performance, future studies should incorporate the mea-
surement of cognition-related biochemical markers (e.g., 
dopamine and BDNF) in PD.66-68

Conclusions
This is the first study to investigate and compare the neu-
rocognitive effects of 12-week Tai Chi Chuan and aerobic 
exercise in patients with early-stage PD. The study sup-
ported the effectiveness of the two exercise modes for im-
proving motor symptoms, as observed via UPDRS part-III 
scores. The neurocognitive indices assessed revealed that 
12 weeks of Tai Chi Chuan and aerobic exercise provided 
different levels of benefits to PD patients. Some neuropsy-
chological (e.g., RTs) and neurophysiological (e.g., ERP 
P3 amplitude) indices involved in the WM task were im-
proved as a result of the aerobic exercise, whereas the Tai 
Chi Chuan enhanced only the neurophysiological biomark-
er. The results have important implications for developing 
effective exercise interventions to manage PD-related WM 
decline, particularly in the early stages of the disease.

finding aligns with previous studies wherein the P3 am-
plitude significantly increased while P3 latency remained 
unchanged in healthy older adults undertaking long-term 
aerobic exercise and Tai Chi Chuan interventions, as ob-
served during a WM task (e.g., n-back).20, 60 Addition-
ally, Fong et al.61 reported consistent P3 latency in older 
adults with regular Tai Chi Chuan and endurance exercise 
habits. Therefore, the current finding extends the existing 
knowledge from healthy elderly individuals to those with 
PD. Notably, previous studies have suggested that P3 la-
tency is correlated with task load62 and illness duration.40 
Therefore, the null effect of our exercise interventions on 
P3 latency may be attributable to the facts that the WM 
task involved a lower memory load and that our study par-
ticipants had only early-stage PD. Further research is war-
ranted in this area.

Parkinsonism motor symptoms

The participants’ UPDRS-III scores decreased significant-
ly following both 12-week exercise interventions. This 
decline reflects an improvement in motor problems such 
as tremor, finger-tapping difficulties, balance impairment, 
and gait disturbances. These findings support previous me-
ta-analysis results reporting the positive effects of regular 
Tai Chi Chuan and aerobic exercise on the motor status of 
patients with PD.15, 31

It is worth noting that we found no significant difference 
in the extent of improvement in UPDRS-III motor scores 
between the AE and TE groups, indicating that the two exer-
cise modes can have similar positive effects on motor abil-
ity in PD patients. The aerobic exercise intervention used 
in this study was designed to improve cardiopulmonary fit-
ness via lower-extremity cycling, while the Tai Chi Chuan 
intervention emphasized bilateral coordination and balance. 
These specific exercise characteristics seem to be crucial for 
improving the motor status of patients with early-stage PD.

Importantly, our results also revealed that the motor 
symptoms of the participants in the control group, even 
though their PD was early stage, declined significantly in 
the 12 weeks during which they maintained usual daily 
physical activity patterns and refrained from participating in 
organized exercise classes. These study findings thus sug-
gest that there are significant negative correlations between 
maintaining an active lifestyle and motor impairment in PD.

Limitations of the study

This study extended existing knowledge regarding the 
benefits of two types of long-term exercise for PD pa-
tients. However, some limitations should be considered 
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