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Editorial on the Research Topic

Neural responses for rehabilitation of the elderly: evidence from the

micro, meso to macro scale

The 19 articles in the Research Topic “Neural Responses for Rehabilitation of the Elderly:

Evidence from the Micro, Meso, to Macro Scale” cover a variety of neural responses after

motor exercise and rehabilitation intervention in older adults as well as in people with

neurological disease. Among them, three original research articles addressed the impact of

noninvasive brain stimulation, such as repetitive transcranial magnetic stimulation (rTMS)

and continuous and intermittent theta burst stimulation (iTBS), on the functions of post-

stroke and Parkinson’s disease (PD). One review article examined the effect of rTMS on

Alzheimer’s disease and another provided a summary of non-invasive brain stimulation

(NIBS) for osteoarthritis (OA). Moreover, four other articles highlight the effects of exercise

therapy, such as Tai Chi, on mild cognitive impairment in the elderly, dance movement

therapy (DMT) for neurodegenerative diseases, exercise intervention on social distancing

in middle-aged and elderly patients with chronic low back pain, as well as robotic-assisted

rehabilitation treatment of hand function. Further, nine articles covered various topics

related to applied basic research on the elderly, including four articles on functional near-

infrared spectroscopy (fNIRS) for subacute stroke, age-related differences in response to

visual stimuli from EEG, the relationship between motor imagery (MI) and age-related

fatigue, and post-stroke sensory deficiency in response to cold stimulation from EEG as

well as five articles focused on the peripheral neuromuscular system, such as dual-task gait

analysis in middle-aged to older people, the role of the diaphragm in postural stability

and visceral function in PD, H-Reflex from lateral gastrocnemius among elderly people

with peripheral neuropathy, and sarcopenia related to body composition and gait analysis.

Last but not least, one basic research article covered the association between mitochondrial

function and rehabilitation of PD by exosomal mRNA and lncRNA expression profiles.
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Exercise interventions

Tai Chi is a form of light-to-moderate-intensity mind-body

exercise for seniors. In a review, Wang, Liu et al. showed

that Tai Chi can improve cognitive functions and alleviate the

accompanying symptoms of mild cognitive impairment in the

elderly by potentially activating the expression of signals in different

brain regions, altering their neural connectivity, increasing the

brain volume, and modulating brain-derived neurotropic and

inflammation factors. However, more studies are required to

determine the frequency and duration of training to optimize the

beneficial effects of Tai Chi on mild cognitive impairment.

DMT is the psychotherapeutic use of movement as a process

that promotes the emotional, social, cognitive, and physical

integration of the individual. In a systematic review, Wu et al.

discussed the effects of DMT on motor function, cognitive deficit,

mood, and quality of life in people with neurodegenerative

diseases. This review showed that DMT can effectively improve

motor function and cognitive deficits in neurodegenerative

diseases. Future research on the effects of DMT on Alzheimer’s

disease requires scientific design, large sample size, long-term

comprehensive intervention, and clear reporting standards. The

same team also investigated the effect of exercise on social

distancing in middle-aged and elderly patients with chronic

low back pain. The authors concluded that the 8-week exercise

intervention cannot only shorten the social distance and improve

the abnormal behavior of social distancing regulation of middle-

aged and elderly patients with chronic low back pain, but can also

relieve pain, disability, and negative emotions. More studies may

be needed to explore the long-term effects of exercise intervention,

and further work is required to determine whether this new finding

equally applies to other types of exercise.

Li, Zhang et al. implemented a hybrid brain computer interface

(BCI) paradigm based on MI and steady-state visual evoked

potential (SSVEP). In this study, EEG data from 12 healthy

participants were collected, and the activation regions of THE MI-

SSVEP paradigm were identified by power spectral density. This

study verified the clinical effect of THE MI-SSVEP intervention

paradigm for 61 stroke patients by applying robot assisted therapy

with the MI-SSVEP intervention paradigm, which demonstrated

significant functional improvement in these patients.

Non-invasive brain stimulation

In various neurological diseases, NIBS has been actively

explored. It is believed that NIBS induces excitatory changes in the

underlying cerebral cortex in a non-invasive manner and lasting

changes in neuroplasticity. Cao et al. conducted a randomized,

case-control study of rTMS combined with respiratory muscle

training for pulmonary rehabilitation after ischemic stroke. The

authors found that the combined intervention showed a stronger

increase in lung function detection indexes than respiratory muscle

training alone and that the combined intervention could improve

lung functionality after acute ischemic stroke. As a special kind of

rTMS, iTBS has been proved to recover the function balance in

stroke patients when conducted on the cerebellar vermis (Wang,

Huang et al.). Zheng, Chen et al. designed and proposed a study

protocol on cerebellar continuous theta burst stimulation (cTBS)

for aphasia rehabilitation, which may further help researchers to

investigate the efficacy of cTBS treatment on the right cerebellum

in augmenting language recovery in chronic post-stroke aphasia.

In order to analyze the effects of rTMS on global cognitive function

in Alzheimer’s disease, Zhang, Sui et al. conducted a systematic

review and meta-analysis. The authors found that rTMS is a safe,

potentially effective treatment and can induce long-lasting effects

for cognitive impairment in AD. Another review from Zhu et al.

summarized the therapeutic effects and mechanisms of different

NIBS techniques (including TMS, electrical stimulation, ultrasound

stimulation, and randomnoise stimulation) in OA, and clarified the

potential of NIBS as a treatment choice for OA, which may provide

prospects and suggestions for further research.

Signal processing in aging or related
disease: from central nervous system
to peripheral neuromuscular system

Li, Chen et al. investigated EEG characteristics during MI

by comparing young and elderly participants, and studied

convolutional neural networks (CNN) classification for the elderly

population in terms of fatigue analysis in both frontal and parietal

regions. The authors demonstrated that the elderly are less affected

by the level of cognitive fatigue during MI compared to the young

subjects as the controls. The deep learning method also provides

a potentially feasible option for the application of MI-BCI in the

elderly by considering ERD and fatigue. Zhang, Jiang et al. also

analyzed age-related differences in the transient EEG response

in visual BCIs from visual evoked potential (VEP)/motion onset

VEP (mVEP) and SSVEP/SSMVEP between the younger group

and the elderly group. Their findings showed that the amplitudes

of P1 elicited by motion onset are significantly higher in the

senior group, which might be a potential advantage for seniors

if mVEP-based BCIs is used. EEG could also be applied to study

reduced elementary somatosensation after stroke. Huang et al.

designed a new configuration for the measurement of post-stroke

elementary thermal sensation by non-painful cold stimulation

and the post-stroke cortical responses were investigated and

compared with unimpaired persons. The results revealed that post-

stroke cortical responses during stimulation and sensory deficiency

were characterized by a wide distribution of representative EEG

relative spectral power bands, lowered resolution toward different

temperatures, and extensive activated sensory cortical areas. As

well as EEG, fNIRS was also proved to be a useful tool to

investigate reorganization of the brain network after stroke. Yuan

et al. analyzed hemispheric dominance differences in the task-state

motor network properties of subacute stroke by fNIRS and the

results revealed that the changes in macroscale cortical network

indicators were similar between the left hemisphere stroke (LHS)

and the right hemisphere stroke (RHS) groups, while those of the

mesoscale indicators were different. The authors revealed that the

brain network characteristics of RHS were affected by the severity

of the dysfunction.

Meanwhile, quantitative evaluations of peripheral

neuromuscular systems also attract researchers’ interests.
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Zheng, Lang et al. applied dual-task, three-dimensional gait

analysis to mild cognitive impairment and age-matched controls,

and principal component analysis was conducted to select the key

biomechanical indexes from spatial-temporal parameters. Their

results showed that there were significant differences in dual-task

cost cadence during walking calculation tasks between the two

groups, which may prove the potential value for application in

the early identification of mild cognitive impairment in the clinic.

Age-induced sarcopenia may negatively affect walking stability and

increases the risk of falls, which represents the leading cause of

accidental death in the elderly. Fan et al. analyzed and contrasted

body the composition and gait characteristics of those with

sarcopenia in relation to health controls. In the study, significant

differences were found in certain gait parameters between elderly

with sarcopenia and normal elderly participants, which were

related to absolute muscle strength, suggesting that sarcopenia was

a disease mainly caused by decreased muscle mass.

In an opinion article, Chen et al. reviewed the development of

the motor unit number estimation (MUNE) method and discussed

the feasibility and challenges of simulation-free MUNE, which is

important to study motor units related to basic organizational and

functional elements of neuromuscular control. The hoffmann reflex

(H-reflex) assesses peripheral neuropathy (PN) adaptation in aged

people, and Song et al. tried to find a reliable muscle among triceps

surae during standing and walking in the PN population. Their

results showed that LG was more reliable than SO and MG.

In patients with PD, Yu et al. found that gender and Hoehn

and Yahr stages play significant roles in diaphragm thickness and

exertion during resting breathing. The diaphragm’s functionality is

significantly correlated with the patient’s postural stability, vocal

capability, as well as with the respiratory, gastrointestinal, and

urological functions. From the same lab, a randomized controlled

trial study conducted on two small groups (intervention vs. control)

compared how exosomal mRNA and lncRNA expression profiles

may change after a 2-week rehabilitation intervention. The study

revealed that the exosomal mRNA can be significantly upregulated

while the lncRNAs can be significantly downregulated after the 2-

week rehabilitation in comparison with the control group or in pre-

and post-comparison within the PD patients; however, how the

diaphragm might response to the rehabilitation was not assessed.

The mRNA is related to mitochondrial respiration and lncRNA to

pathogenesis of the disease. This may provide micro-level evidence

why rehabilitation is beneficial to patients with PD.
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Function in Parkinson’s Disease
Xin Yu1†, Hong-ying Jiang2†, Chen-xi Zhang2, Zhao-hui Jin3, Lei Gao3, Rui-dan Wang3,
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Background: In normal subjects, the diaphragm plays a key functional role in postural
stability, articulation, respiration, defecation, and urination.

Objectives: The aim of this study was to investigate the role of the diaphragm
in postural stability and visceral function in patients with Parkinson’s disease (PD)
and to compare the diaphragm function by gender, Hoehn and Yahr (H&Y) staging,
and motor subtypes.

Methods: In total, 79 patients were enrolled in this cross-sectional study. The
severity of the disease was assessed by the Movement Disorder Society-Unified
Parkinson’s Disease Rating Scale III and by H&Y staging. Postural stability was
quantitatively recorded, and respiratory function was evaluated by spirometry. Several
scales were used to evaluate visceral function in patients with PD. In addition,
diaphragm ultrasound was used to measure the excursion, contraction velocity, and
thickness of the diaphragm during quiet breathing, deep breathing, and the sniff
test. Significant features were selected by the least absolute shrinkage and selection
operator (LASSO) regression and fitted in the multivariate linear regression and Pearson’s
correlation analysis.

Results: Diaphragm thickness and excursion during quiet breathing were significantly
different between men and women and between H&Y stage 1–2 and stage 2.5–3,
whereas the diaphragm function was not influenced by motor subtypes. It was shown
that the diaphragmatic function was significantly correlated with postural stability, voice
function, respiratory function, constipation, and urological function to varying degrees in
patients with PD.

Conclusion: The diaphragmatic function is associated with dysfunction in PD although
it remains unclear as to whether the observed changes in the diaphragm are
primary or secondary.

Keywords: Parkinson’s disease, diaphragm, postural stability, visceral function, motor subtypes
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INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative disease
that is associated with major motor symptoms, including resting
tremors, rigidity, bradykinesia, and postural instability. Patients
with postural instability are more likely to fall, leading to reduced
mobility and life expectancy (Fasano et al., 2017). PD involves
the accumulation of α-synuclein in multiple visceral systems
which play essential roles in the non-motor symptoms (Pfeiffer,
2020), including dysarthria (Schalling et al., 2017), delayed gastric
emptying and constipation (Fasano et al., 2015), urinary urgency,
and nocturia (Jia et al., 2020). If not treated appropriately,
the combination of motor and non-motor symptoms can
significantly reduce the quality of life (QoL; Schapira et al., 2017).
In addition, researchers have discovered abnormalities in the
respiratory center during the early stages of PD that appear to
arise from α-synuclein accumulation in the dorsolateral pons and
ventrolateral medulla (Zhang et al., 2019).

The diaphragm is a muscle pump that plays a key role in
generating negative intrathoracic pressures for ventilation and
positive intra-abdominal pressures for expulsive behaviors and
venous return. The non-ventilation function of diaphragm has
been discussed the diaphragm generates no more than 30% of
the maximal transdiaphragmatic pressure to maintain ventilation
requirements during exercise while to perform expulsive
maneuvers such as defecation and parturition, diaphragm
generates almost maximal transdiaphragmatic pressures, which
suggest the reserved capacity of the diaphragm for certain
functions (Fogarty and Sieck, 2019). Specifically, although limits
of stability (LOS) were significantly reduced in the elderly
compared to the healthy young group, the diaphragm was
thicker in the elderly, and the muscle thickness also had a
positive correlation with LOS. The abovementioned findings
from previous research may indicate the compensatory role of
the diaphragm in postural stabilization (Özkal et al., 2019).
Regarding the role of the diaphragm in phonation, the posterior
and middle diaphragm is the main part to elevate and act as
one functional unit to keep constant subglottic pressure during
phonation (Traser et al., 2017). In terms of visceral function,
the diaphragm, pelvic floor muscles, and abdominal muscles
synergistically operate to maintain intra-abdominal pressure
and accommodate to the changes in the abdominal cavity, for
example, with increasing gas load in the colon, the diaphragm
relaxes whereas the anterior abdominal wall increased the tone to
enlarge intra-abdominal volume in healthy volunteers (Villoria
et al., 2011). Besides, diaphragmatic breathing training in
combination with strength training has also been demonstrated
to improve overactive bladder, which may be associated with
the activation of deeper muscle and the reduction of detrusor
pressure (Hagovska et al., 2020).

Parkinson’s disease is also a heterogeneous disease that could
be classified into tremor dominant (TD) subtypes/indeterminate
subtypes/postural instability and gait disorders (PIGD)
subtypes according to the Movement Disorder Society-
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS;
Stebbins et al., 2013). Researches have demonstrated that
such classification is more suitable in that it comprehensively
reveals significant differences between different motor subtypes

related to the activity of daily living, motor symptom severity,
and cardiovascular and gastrointestinal symptoms (Ren
et al., 2020). The progression of PD is often described
using the Hoehn and Yahr (H&Y) staging, which weighted
the bilateral motor symptoms involvement and balance
control as the principal mark of disease severity (Hoehn
and Yahr, 1967). The modified version of the H&Y scale
introduced 0.5 increments to evaluate disease progression
(Goetz et al., 2004).

Diaphragm function is characterized by diaphragm thickness
during tidal breathing, diaphragm excursion during three
maneuvers (i.e., quiet breathing, sniff test, and deep breathing),
and diaphragm contraction velocity during quiet breathing and
sniff test. The criteria of normal diaphragm function are based
on the research from Sarwal et al. (2013) and Tuinman et al.
(2020), in which male and female subjects always exhibit different
standards. The objective of this study was to (1) compare
the diaphragm function in patients with PD by gender, motor
subtypes, and disease staging and (2) investigate the correlation
between the diaphragm and postural stability, articulation,
respiration, defecation, and urination in patients with PD.

MATERIALS AND METHODS

Participants
This cross-sectional study is part of an ongoing project
(active and passive biofeedback and neuromodulation
collaborative therapy system evaluation and clinical validation,
ChiCTR1900020771, registered on January 19, 2019). In
brief, we screened 436 patients between February 2019 and
December 2020 from outpatient and the internet. Of note, 81
eligible patients were included in the project of the Parkinson’s
Medical Center, Beijing Rehabilitation Hospital, Capital Medical
University, and two patients were dropped out (Supplementary
Figure 1). We recruited patients between 30 and 75 years of age
and in accordance with the clinical diagnostic criteria from the
MDS (Postuma et al., 2015), including clinically established PD
and probable PD with H&Y stage ≤3. The study was approved
by the Ethics Committee of Beijing Rehabilitation Hospital of
Capital Medical University (2018bkky022), and each patient
signed an informed consent form.

We excluded patients with atypical Parkinsonism and
those who had comorbidities, including cardiac diseases,
respiratory diseases, and neurological diseases. A range of
baseline information was collected including age, course of the
disease, gender, H&Y stage, and 39-item Parkinson’s Disease
Questionnaire (PDQ-39). Motor subtypes were determined
according to the method proposed by Stebbins et al. (2013),
patients were characterized as TD subtypes if TD/PIGD ratio
≥1.15, if TD/PIGD ratio ≤0.9 then patients were considered as
PIGD subtypes, and patients with a ratio between 0.9 and 1.15
were indeterminate.

Evaluation of Motor Function and
Postural Stability
Motor function was evaluated by the MDS-UPDRS III with the
same qualified physiotherapist. Postural stability was evaluated
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by the Stability and Balance Learning Environment (STABLE)
system (Motek, Amsterdam/Culemborg, Netherlands) without
visual feedback. The mean velocity of the center of pressure
(COP) was determined in the following three conditions during
the “ON” state: standing on both feet with eyes open, standing
on both feet with eyes closed, and tandem standing. During
the evaluation, the patients were instructed to look ahead and
to avoid using handrails. These evaluation methods provide us
with information on static balance and postural stability in the
patient’s standing posture.

Evaluation of Visceral Function
Evaluation of respiratory function: All patients with PD were
seated and wore nose clips to perform pulmonary function
tests delivered by a skilled respiratory physician. Forced vital
capacity (FVC) maneuver and vital capacity (VC) maneuver were
conducted in accordance with the guidelines from the American
Thoracic Society and the European Respiratory Society (Graham
et al., 2019). VC, FVC, forced expiratory volume during the first
second (FEV1), and FEV1/FVC were recorded.

Evaluation of voice function: The Voice Handicap Index-10
(VHI-10) is commonly used to evaluate voice function in patients
with PD, which consists of five physical, three functional, and
two emotional items (Sunwoo et al., 2014). Participants were
scored based on the frequency of symptoms ranging from 0
(never happened) to 4 (always happens); therefore, a higher score
indicated that the perceived symptoms were more severe. Due
to the cultural differences between eastern and western societies,
the physiological aspect accounts for a greater proportion in the
simplified Chinese version (Li et al., 2012).

Evaluation of intestinal function: The Bowel Function Index
(BFI) is a physician-scored assessment incorporating defecation
difficulty, the perception of incomplete evacuation, and the
overall judgment of constipation over the last week (Ducrotté and
Caussé, 2012). Patients arbitrarily chose any number from 0 to
100 according to the severity of constipation for each question.
The BFI is the mean score of three questions. The Patient
Assessment of Constipation Quality of Life (PAC-QoL) is a 5-
point Likert-type scale that consists of four subscales, including
worries and concerns, physical suffering, mental suffering, and
dissatisfaction (Marquis et al., 2005). A higher score in BFI or
PAC-QoL indicated that the subjective judgment of constipation
or related burden was more severe.

Evaluation of urological function: The International
Consultation on Incontinence Questionnaire for Overactive
Bladder (ICIQ-OAB) was used to evaluate the severity of lower
urinary tract symptoms in patients with PD, including domains
related to frequency, urgency, nocturia, and urinary incontinence
(McDonald et al., 2020). The International Prostate Symptom
Score (IPSS) was also used to evaluate the filling (three items)
and voiding (four items) phases in patients with PD (Brusa et al.,
2020). For both of these questionnaires, a higher score implied
more severe symptoms in the lower urinary tract.

Ultrasound of the Diaphragm
Diaphragm ultrasound (GE, LOGIQ e, Germany) was performed
by a skilled respiratory physician with ultrasound experience

to measure bilateral excursion and contraction velocity as well
as the thickness of the diaphragm during different maneuvers.
Patients remained in the supine position during the examination.
The thickness of the diaphragm was determined with a 10–
15 MHz linear transducer placed perpendicular to the skin
over the zone of apposition to the rib cage, between the
midaxillary and antero-axillary line on both sides (Figure 1A;
Vivier et al., 2012). In the zone of the apposition, the abdominal
organs were observed to reach the bottom of the rib cage
where the diaphragm was bounded by two echogenic layers
(i.e., peritoneum and the diaphragmatic pleurae) (Figure 1B).
The thickness of the diaphragm was defined as the distance
between the peritoneum and the diaphragmatic pleurae. We
recorded diaphragm thickness at end-expiration (DTEE) and
end-inspiration (DTEI) until at least three breathing cycles had
been captured. The diaphragm thickening fraction (DTF) was
calculated by the following equation.

DTF =
(DTEI− DTEE)

DTEE
× 100% (1)

Diaphragm excursion was determined with a 2–5 MHz
curved-array probe under the costal margin in the midclavicular
line and perpendicular to the diaphragmatic dome on both sides
of the body where the liver and spleen served as the acoustic
window (Figure 1C). M mode was chosen to demonstrate the
diaphragm excursion during quiet breathing (DEQB), the sniff
test (DESniff), and deep breathing (DEDB) (Figure 1D). The
excursion was defined as the maximal perpendicular distance of
diaphragm movement. We also determined the diaphragmatic
contraction velocity during quiet breathing (DVQB) and the sniff
test (DVsniff).

Statistical Analysis
Numerical variables were described as means± SD or as medians
and interquartile ranges according to the results of Kolmogorov–
Smirnov or Shapiro–Wilk normality tests. Mean imputation was
applied for missing values. Differences in the diaphragmatic
parameters between gender and motor subtypes were assessed
by the Mann–Whitney U test and the Kruskal–Wallis test;
differences between H&Y stage 1–2 and stage 2.5–3 were also
compared using the independent t-test or the Mann–Whitney
U test; p < 0.05 was regarded as being statistically significant;
and 95% CI was also analyzed. Statistical analysis was carried out
with SPSS version 25.0 (IBM, Armonk, NY, United States). To
overcome the data overfitting and select the main diaphragmatic
variables, the least absolute shrinkage and selection operator
(LASSO) regression was performed using the “glmnet” R package
(Friedman et al., 2010). The regression model was determined
when the penalty parameter lambda (λ) was minimum or plus
one standard error. In one model related to postural stability
(tandem standing), significant features were first fitted into the
principal component analysis to exclude collinearity. Pearson’s
correlation analysis and multivariate linear regression were also
used to determine the correlation between the diaphragmatic
parameters and the dependent variables (i.e., postural stability,
VHI-10, spirometry test, BFI, PAC-QoL, ICIQ-OAB, and IPSS).
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FIGURE 1 | The measurement of diaphragmatic thickness and excursion. (A) A 10–15 MHz probe was placed at the zone of apposition. (B) The non-echogenic
layer between the yellow markers indicates the thickness of the diaphragm at the end of expiration and inspiration. (C) A 2–5 MHz curved-array probe was placed
under the costal margin. (D) The bright line indicates diaphragmatic excursion during deep breathing. DTEE, diaphragm thickness at end-expiratory; DTEI,
diaphragm thickness at end-inspiration; DEDB, diaphragmatic excursion during deep breathing.

RESULTS

A total of 81 patients with PD were enrolled; two patients were
dropped out. Demographic baseline information, such as disease
duration, H&Y stages, and PDQ-39 score, was summarized
in Table 1. The means of MDS-UPDRS III scores in the
OFF and ON states were 38.87 and 30.57, respectively. The
similar scores could be related to the fact that mild-to-moderate
patients with PD may not manifest with motor fluctuations.
Motor function and visceral function were also presented in
Table 1.

Diaphragmatic parameters were divided into three categories,
namely, thickness, excursion, and velocity. We not only presented

the data from the overall cohort but also compared the
data by gender (Table 1), H&Y stage (Figure 2), and motor
subtypes (Supplementary Table 1). Compared with women, both
diaphragmatic thickness and excursion during quiet breathing
were significantly higher in men. The diaphragm function of
patients with PD was beyond the pathological values. Patients
in H&Y stage 1–2 presented significantly higher diaphragm
thickness at the end of inspiration (0.38 ± 0.12 vs. 0.32 ± 0.09,
p = 0.025), higher diaphragm excursion [1.46 (0.52) vs. 1.03
(0.57), p = 0.007], and higher contraction velocity during
quiet breathing [1.09 (0.33) vs. 1 (0.34), p = 0.03] (Figure 2).
In contrast, we did not find any significant differences in
diaphragm function between motor subtypes. In addition, the
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TABLE 1 | Clinical features and diaphragm function in patients with Parkinson’s disease.

Characteristic Overall Cohort (n = 79) Male Female P value Abnormal value

Demographic characteristics

Age (year) 61.5 (9) 64 (13) 61 (8) 0.2 /

Disease duration (months) 78 (60) 6 (5.42) 7 (4.3) 0.5 /

Gender (male), n (%) 35 (44.3%) 35 (44.3%) 44 (55.7%) /

Hoehn & Yahr stage, n (%) 0.6 /

Stage 1–1.5 6 (7.6%) 4 2 /

Stage 2 39 (49.4%) 18 21 /

Stage 2.5 16 (20.3%) 7 9 /

Stage 3 18 (22.8%) 6 12 /

PDQ-39 (score) 23.07 (13.46) 21.15 (11.3) 25.96 (12.83) 0.02* /

MDS-UPDRS III-ON (score) 30.57 ± 12.48 31.17 ± 13 30.67 ± 11 0.9 /

MDS-UPDRS III-OFF (score) 38.87 ± 14.17 37.68 ± 12.2 38.12 ± 14.6 0.9 /

Postural stability (COP)

Eyes open (cm/s) 2.78 (0.98) 2.5 (1.1) 2.8 (0.9) 0.2 /

Eyes closed (cm/s) 2.83 (0.86) 2.7 (1.0) 2.9 (0.7) 0.14 /

Tandem standing (cm/s) 4.16 (1.90) 5.3 (2.3) 3.8 (1.1) <0.001∗ /

Voice function

VHI-10 (score) 8 (7) 9 (8) 7 (7) 0.14 >7.5

Respiratory function

VC (% of predicted) 100.48 ± 18.76 93.67 ± 14.56 105.89 ± 27.8 0.02* <80

FVC (% of predicted) 95.47 ± 15.40 92.23 ± 14.22 98.03 ± 22.5 0.1 <80

FEV1 (% of predicted) 91.10 ± 14.82 90.36 ± 13.67 91.61 ± 15.81 0.7 <80

FEV1/FVC (%) 78.12 ± 4.94 75.8 (6.5) 79.7 (5.2) 0.2 <70

Intestinal function

BFI (score) 46.67 (53.33) 56.7 (53.3) 40 (48.75) 0.2 >29

PAC-QoL (score) 48 (20.05) 54 (37) 47 (31) 0.5 /

Urological function

ICIQ-OAB (score) 4 (3) 4.8 (4) 4 (2) 0.4 Mild: 0–7; Moderate: 8–19; Severe: >20

IPSS (score) 8 (13) 8 (13) / /

Diaphragm function

DTEE (cm) 0.21 (0.09) 0.23 (0.06) 0.20 (0.08) 0.005* Men: <0.17; Women: <0.13

DTEI (cm) 0.34 (0.14) 0.4 (0.15) 0.30 (0.13) <0.001*

DTF (%) 62 (43) 68 (56) 57.5 (42) 0.26 <20

DEQB (R) (cm) 1.2 (0.65) 1.45 (0.6) 1.13 (0.54) 0.028* Men: <1; Women: <0.9

DESniff (R) (cm) 4.35 ± 1.47 4.63 ± 1.51 4.12 ± 1.42 0.13 Men: <1.8; Women: <1.6

DEDB (R) (cm) 4.89 ± 1.32 5.20 ± 1.43 4.64 ± 1.19 0.06 Men: <4.7; Women: <3.7

DVQB (R) (cm/s) 1.07 (0.32) 1.09 (0.32) 1.02 (0.30) 0.13 /

DVSniff (R) (cm/s) 3.77 (1.8) 3.98 (2.34) 3.66 (1.39) 0.40 /

DEQB (L) (cm) 1.24 (0.53) 1.33 (0.74) 1.21 (0.48) 0.24 /

DESniff (L) (cm) 3.96 ± 1.3 4.02 ± 1.39 3.92 ± 1.24 0.74 /

DEDB (L) (cm) 4.19 ± 1.23 4.16 ± 1.34 4.22 ± 1.15 0.82 /

DVQB (L) (cm/s) 1.05 (0.41) 1.05 (0.49) 1.05 (0.37) 0.64 /

DVSniff (L) (cm/s) 3.78 (1.62) 3.57 (1.97) 3.78 (1.26) 0.45 /

Data are expressed as means ± SD if normally distributed; otherwise, data are shown as medians with interquartile ranges (IQRs). *p < 0.05 (two-tailed) defined as
being statistically significant and was shown in bold. n, number; PDQ-39, 39-item Parkinson’s Disease Questionnaire; MDS-UPDRS, Movement Disorder Society-Unified
Parkinson’s Disease Rating Scale; COP, center of pressure; VHI-10, Voice Handicap Index-10; VC, vital capacity; FVC, forced vital capacity; FEV1, forced expiratory volume
during the first second; BFI, Bowel Function Index; PAC-QoL, Patient Assessment of Constipation Quality of Life; ICIQ-OAB, International Consultation on Incontinence
Questionnaire for Overactive Bladder; IPSS, International Prostate Symptom Score; R, right; L, left; DTEE, diaphragm thickness at end-expiratory; DTEI; diaphragm
thickness at end-inspiration; DTF, diaphragm thickening fraction; DEQB, diaphragmatic excursion during quiet breathing; DESniff , diaphragmatic excursion during sniff test;
DEDB, diaphragmatic excursion during deep breathing; DVQB, diaphragm velocity during quiet breathing; DVSniff , diaphragm velocity during sniff test.

right-to-left ratio during quiet breathing was within the normal
but was higher in several patients during deep breathing
(Supplementary Table 2).

In a further analysis, we selected several principal features
through the LASSO regression (Supplementary Figure 2 and
Supplementary Table 3) and entered those features in the
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FIGURE 2 | Comparison of diaphragm function between different Hoehn and Yahr (H&Y) stages. *p < 0.05; **p < 0.01. DTEI, diaphragm thickness at
end-inspiration; DEQB, diaphragmatic excursion during quiet breathing; DVQB, diaphragm velocity during quiet breathing.

multivariate linear regression analysis (Table 2). Diaphragm
function was a significant predictor for static balance, voice,
and respiratory function, while diaphragm together with age
was determined as the significant predictors for intestinal and
urological function. Pearson’s correlation analysis (Figure 3
and Supplementary Table 4) revealed that the contraction
velocity of the diaphragm was positively correlated with
postural stability during eyes open (r/p 0.29/0.009) and eyes
closed (r/p 0.28/0.01). The diaphragmatic principal component
extracted from excursion and contraction velocity was also
positively correlated with postural stability during tandem
standing (r/p 0.4/0.0003). In contrast, VHI-10 showed a
negative correlation with a diaphragmatic excursion (r/p
−0.3/0.007; −0.22/0.05). Besides, we also found significant
correlation between diaphragm and respiratory function [i.e.,
FVC (r/p: −0.29/0.01) and FEV1 (r/p: −0.25/0.03)], BFI
(r/p −0.22/0.05), and PAC-QoL (r/p −0.26/0.02; −0.24/0.04).
Furthermore, diaphragm contraction velocity was also positively
correlated with the ICIQ-OAB scores (r/p 0.33/0.003) whereas
thickness was negatively correlated with the IPSS scores
(r/p−0.39/0.02).

DISCUSSION

In this study, we found that diaphragm function was influenced
by gender in PD, which is consistent with other researches
(Spiesshoefer et al., 2020; Tuinman et al., 2020). We also
discovered that diaphragm function showed significant
differences between H&Y stages, instead of motor subtypes
in patients with PD. The result may be related to the fact that
the diaphragm function in the earlier stage of PD showed
more compensation ability than that in the later stage. The
significant difference in diaphragm function in the progression
of the disease may provide insight into the time window of
rehabilitation. Besides, we identified correlations not only

between the diaphragm and respiratory function but also
between postural stability, voice, and intestinal and urological
function in our cohort of patients. In the following, we would
discuss how the diaphragm gets involved in the abovementioned
physiological behaviors in sequence.

The result of the pulmonary function test showed that these
patients should not be diagnosed with restrictive or obstructive
ventilation dysfunction according to the Global Initiative for
Chronic Obstructive Lung Disease (GOLD; Vogelmeier et al.,
2017). Respiration is controlled by the active contraction of
the diaphragm to expand the chest and lung and decrease
the intrapulmonary pressure lower than atmospheric pressure.
Obstructive and restrictive ventilation dysfunction may occur
in patients with PD due to the reduced compliance of the
rib cage or dystonia of the upper airway (Sabaté et al.,
1996; Tsai et al., 2016). Considering the negative correlation
between the right diaphragm contraction velocity and FVC or
FEV1, we deemed that diaphragm may indirectly compensate
for relatively poorer respiratory function. Therefore, advanced
PD patients with respiratory dysfunction may benefit from
diaphragm training.

Postural instability may be related to the increased flexor
muscle tone of the trunk which interferes with the projection
of the center of mass to the base of support (Schoneburg
et al., 2013); a reduction of proprioception and an increase
of fatigue of the musculoskeletal system may also involve
(Schoneburg et al., 2013; Moretto et al., 2021). In our study,
the regression model suggested that diaphragm contraction
velocity and excursion were higher in patients with poorer levels
of control. Contraction velocity is an indicator of respiratory
muscle strength (Sarwal et al., 2013) while increased mobility
may elevate intra-abdominal pressure to stabilize the trunk and
stimulate mechanoreceptors in the diaphragm crura (Hodges
and Gandevia, 2000; Kocjan et al., 2018). The diaphragm may
alter to activate core muscles and compensate for flexed posture
in patients with PD. Soilemezi et al. (2020) also reported that
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TABLE 2 | Main diaphragmatic parameters associated with postural stability and
visceral function selected by the least absolute shrinkage and selection operator
(LASSO) regression and the principal component analysis and fitted in the
multivariate linear regression.

Adjusted R2 Standard β

coefficient
p value

Postural stability (COP)

Eyes open 0.08

DVsniff (R) 0.29 0.009*

Eyes close 0.06

DVsniff (R) 0.28 0.01*

Tandem standing 0.15

PC 1 0.4 <0.001*

Voice function 0.08

DEsniff (R) −0.3 0.007*

Respiratory function

FVC 0.09

DVQB (L) −0.27 0.01*

Gender 0.16 0.14

FEV1 0.09

DVQB (L) −0.34 0.005*

DVQB (R) 0.25 0.036*

Bowel function

BFI 0.26

Age 0.26 0.02*

DVQB (L) −0.26 0.02*

DESniff (L) −0.46 0.001*

PAC-QoL 0.06

DEDB (L) 0.19 0.09

Age 0.27 0.02*

Urological function

ICIQ-OAB 0.26

DVsniff (L) 0.41 <0.001*

Age 0.34 0.001*

IPSS 0.32

DTEE −0.34 0.02*

Age 0.45 0.003*

*p < 0.05 presented in bold. COP, center of pressure; L, left; R, right;
DVSniff , diaphragm velocity during sniff test; PC, principal component; DESniff ,
diaphragmatic excursion during sniff test; FVC, forced vital capacity; DVQB,
diaphragm contraction velocity during quiet breathing; FEV1, forced expiratory
volume during the first second; DEDB, diaphragmatic excursion during deep
breathing; BFI, Bowel Function Index; PAC-QoL, Patient Assessment of
Constipation Quality of Life; ICIQ-OAB, International Consultation on Incontinence
Questionnaire for Overactive Bladder; IPSS, International Prostate Symptom Score;
DTEE, diaphragm thickness at end-expiratory.

patients who failed a weaning trial exhibited a higher peak
transdiaphragmatic pressure and peak contraction velocity than
healthy volunteers. They hypothesized that such alterations may
compensate for diaphragmatic perfusion and were beneficial
for recovering optimal muscle length to initiate the following
contraction. Similarly, Özkal et al. (2019) indicated that the
diaphragm was thicker in the elderly compared with the
younger adults to compensate for atrophic lower limbs and
maintain balance. The relationship between diaphragm function
and balance function was further confirmed in longitudinal
clinical trials: diaphragmatic breathing training or dynamic

neuromuscular stabilization was able to promote balance
function (Stephens et al., 2017; Yoon et al., 2020).

The score of VHI-10 indicated general dysphonia in this
cohort of patients (Ng et al., 2020). PD can cause numerous
changes in a patient’s voice, including hypokinetic dysarthria
and monotonic articulation (Ma et al., 2020). These deficits
are due to incomplete closure of the glottis, rigidity of the
laryngeal muscle, and the reduction of the expulsion of lung air
volume per syllable (Hammer, 2013; Ma et al., 2020). Earlier
studies proposed that the diaphragm could be regarded as
separate functional units during phonation (Hammer, 2013;
Traser et al., 2017, 2020). The posterior diaphragm was elevated
to reduce lung volume during exhalation whereas the anterior
diaphragm and rib cage remained in inhalation position. In this
study, we found that VHI-10 decreased by 0.3 points for every
unit increase in diaphragm excursion. The positive correlation
between diaphragm and voice function implied that the patients
with dysphonia tend to amplify diaphragmatic excursion to
facilitate subglottal pressure or respiratory drive to enhance
voice function.

The BFI score indicated that constipation was quite common
among our cohort of patients (Madeo et al., 2015). Constipation
appears to be caused by delayed colonic transit and paradoxical
movements of the pelvic floor muscles in PD. In this study,
we found that patients with less burden tend to reserve better
diaphragm function. The impaired diaphragmatic function may
be caused by the dysfunction of pelvic floor muscles in PD.
The pelvic floor muscles operate with other synergistic muscles,
such as the diaphragm and deep erectors, to maintain intra-
abdominal pressure (Szczygiel et al., 2018; Hwang et al., 2021).
It is reasonable to suggest that paradoxical movement of the
pelvic floor muscles might impact the diaphragm. Correlations
between the diaphragm and defecation have also been reported.
For example, patients with diaphragm weakness often experience
defecation difficulty; diaphragm pacing has also been shown to
improve defecation in quadriplegic patients (Perry et al., 2010).
PD Patients with constipation could benefit from respiratory
rehabilitation by improving diaphragm excursion or contraction
velocity, and an increase in contraction velocity may help to
recruit diaphragmatic motor units and compensate for lower
gastrointestinal peristalsis (Fogarty and Sieck, 2020).

The loss of dopaminergic neurons in the substantia nigra
pars compacta is known to lead to the disinhibition of the
micturition reflex in the pons, thus resulting in an overactive
bladder in patients with PD (Jost, 2012; Pfeiffer, 2020). The
role of the diaphragm in reducing urinary incontinence has
been demonstrated in a randomized clinical trial which assigned
patients with radical prostatectomy to diaphragm training
or pelvic floor muscle training, and researchers observed
comparable effects between groups (Zachovajeviene et al.,
2019). The diaphragm, abdominal muscles, and pelvic floor
muscles are known to be functionally linked by numerous
myofascial connections (Mazur-Bialy et al., 2020). Previous
studies have reported that the combination of pelvic floor
muscle exercise and urge suppression and voiding schedules
effectively reduced the frequency of micturition and the severity
of OAB and also improved the QoL (McDonald et al., 2020).
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FIGURE 3 | Pearson’s correlation analysis between the diaphragm and voice (A), respiratory (B), intestinal (C), postural stability (D), and urological function (E).
p < 0.05 was considered to be statistically significant. VHI-10, voice handicap index-10; PC, principal component; FVC, forced vital capacity; FEV1, forced
expiratory volume during the first second; BFI, Bowel Function Index; PAC-QoL, Patient Assessment of Constipation Quality of Life; ICIQ-OAB, International
Consultation on Incontinence Questionnaire for Overactive Bladder; IPSS, International Prostate Symptom Score; COP, center of pressure.

Other researchers have found that reducing abdominal fat and
practicing diaphragmatic breathing could improve the severity of
overactive bladders in young women (Hagovska et al., 2020). The
underlying principle of these observations relates to the reduction
of detrusor pressure, an increase in urethral pressure, and the
inhibition of the urination reflex. We found that patients with
higher OAB score tended to show better diaphragm function.
We assumed that OAB in PD may stimulate the potential of
the diaphragm to function as a whole to compensate for the
impairment. With regard to IPSS, the diaphragm was thinner in
patients with a severer symptom. Training of the diaphragm or
pulmonary rehabilitation may be considered for patients with PD
who suffered from urinary dysfunction.

Our data indicated that the diaphragm plays a role in
postural stability and visceral function in PD. However, there
are some limitations in our study. First, although diaphragm
ultrasound has been used extensively in patients with respiratory
disorders, this technique is not routinely applied for patients
with PD. Consequently, the reliability and reproducibility of this
technique need to be evaluated in patients with PD. Second, the
diaphragm ultrasound was taken during the ON state; whether
the diaphragm exerts different effects during the OFF state still
needs to be clarified. Third, this study was exploratory; future
longitudinal studies should be rigorously designed and recruit a
larger number of participants to fully confirm the potential role
of the diaphragm in PD.
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CONCLUSION

The diaphragm was influenced by gender and disease progression
but not motor subtypes in patients with PD. Our investigations
also demonstrated the correlations between the diaphragm and
postural stability, vocal function, respiratory function, intestinal
function, and urological function in PD.
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INTRODUCTION

The motor unit is the basic organizational and functional element for neuromuscular control.
In motor neuron diseases, such as amyotrophic lateral sclerosis and spinal muscular atrophy,
motor neurons progressively degenerate, resulting in a reduced number of motor units. Loss of
motor units is also a major factor in development of sarcopenia (Gilmore et al., 2017). Although
motor unit loss can be partially compensated by axonal branching and muscle fiber reinnervation,
such compensation becomes insufficient with disease progression. As a result, patients suffer
from progressive muscle weakness and loss of function. The number of motor units provides
an important biomarker for diagnosing neuromuscular disease, tracking disease progression, and
evaluating the effect of treatments and therapies (Olney and Lomen-Hoerth, 2000; Cudkowicz et al.,
2006; Neuwirth et al., 2015). This has led to significant efforts in the past 50 years towardmotor unit
number estimation (MUNE).

OVERVIEW OF EXISTING MUNE METHODS

The first MUNE method was introduced by McComas et al. (1971) based on recording and
measuring the compound muscle action potential (CMAP) and individual surface recorded motor
unit potentials (SMUPs). The MUNE can then be calculated as dividing the CMAP by the mean
SMUP of a sample of motor units:

MUNE =
max CMAP

mean SMUP

A range of MUNE methods has been developed based on the above rationale, with each method
having its advantages and limitations (Gooch et al., 2014; Carvalho et al., 2018). For all MUNE
methods, it is necessary to apply supramaximal electrical stimulation of the motor nerve to record
the maximal CMAP, which is derived from all motor units within the recording territory of the
surface electrode. The essential difference among different MUNE methods lies in how the mean
SMUP is estimated. InmostMUNEmethods, themean SMUP is estimated from averaging a sample
of approximately 10 motor units. For example, a sample of motor units can be obtained from
incremental stimulation or multiple point stimulation of the motor nerve (Shefner et al., 2011).
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It can also be estimated from identification of F wave repeaters
(Li et al., 2016), or spike-triggered averaging of surface
electromyography (EMG) based on simultaneously recorded
intramuscular EMGdecomposition (Doherty et al., 2009). Recent
development in high-density surface EMG provides another
approach to MUNE, taking advantage of the spatial information
extracted from an electrode array (van Dijk et al., 2008). High-
density surface EMG decomposition can be used to estimate
SMUPs without applying an invasive needle EMG electrode
(Peng et al., 2016). Other MUNE methods also include Bayesian
MUNE based on the CMAP scan (Ridall et al., 2006). The CMAP
scan records electrical activity of a muscle in response to a full
spectrum of transcutaneous stimulations of the motor nerve in
approximately 500 fine steps (Visser and Blok, 2009).

Most of the existing MUNEmethods are time-consuming and
not automated. So far, two MUNE methods have attracted most
attention in clinical application because they are automatic and
quick to implement. One is called motor unit number index
(MUNIX) developed by Nandedkar and colleagues (Nandedkar
et al., 2004, 2010). MUNIX is based on a mathematical
model, which involves analysis of the CMAP and surface EMG
interference patterns taken from different levels of voluntary
contraction. The other method is called MScanFit, recently
developed by Bostock et al. and based on the CMAP scan
(Bostock, 2016; Jacobsen et al., 2018a). It involves analysis of
a large number of stimulus responses, using a progressively
improved model, which takes into account the probabilistic
nature of motor unit discharge.

An essential procedure of all the existingMUNEmethods is to
record and measure the CMAP with supramaximal stimulation
of the motor nerve. This remains true regardless of the method
used to estimate the mean SMUP or which signal processing
approach is used. Although efforts have been made to reduce the
number of electrical stimuli for estimating motor unit number
(such as MUNIX and EMG decomposition-based MUNE, which
only require measurement of the CMAP with supramaximal
stimulation), to the best of our knowledge no attempt has been
made toward a MUNE method free of electrical stimulation. Not
only would this approach improve patient tolerance, but it would
simplify the experimental setup, leading to greater accessibility.

STIMULATION-FREE MUNE

While reviewing the existing MUNE methods, we note that
only SMUP waveform (area, amplitude) information is used.
This is also the case for EMG decomposition-based MUNE
approaches (i.e., those based on spike-triggered averaging
and high-density surface EMG decomposition), even though
information regarding the motor unit firing rate is available.
Indeed, it is not difficult to understand that CMAP plays
an indispensable role in MUNE if solely relying on SMUP
waveform information. However, with EMG decomposition both
the SMUP waveform and the temporal discharge information of
the decomposedmotor units can be obtained. Bymaking rational
use of such information, we argue that it is feasible to perform
MUNE without any electrical stimulation.

EMG signal can be considered as a linear superposition of
different motor unit action potential trains (MUAPTs). Consider
the ith MUAPT as a random variable si, EMG signal can be
expressed as:

EMG =
∑

s
i
+ n

where n denotes the noise component. Due to the sparsity of
MUAPT, any two MUAPTs can be considered uncorrelated, i.e.,

E
{

si · sj
}

= 0 for i 6= j.

Meanwhile, noise n can also be considered uncorrelated to any
MUAPT, i.e.,

E {si · n} = 0 for any i.

Consider the second moment of the EMG signal, we have

m2 (EMG) = E
{

EMG2
}

= E







(

∑

i

si + n

)2






=

∑

i

E
{

s2i
}

+ E
{

n2
}

=
∑

i

m2 (si) +m2 (n)

where m2 (x) represents the second moment of random variable
x. The above equation indicates that the second moment of
the EMG signal can be expressed as a summation of the
second moments of its constituent individual MUAPTs and the
noise component.

For maximum voluntary contraction (MVC), all motor units
of the examined muscle are active. If the mean second moment
of the MUAPTs is known, MUNE can be performed in a similar
strategy to previous MUNEmethods (based on CMAP and mean
SMUP), i.e.,

MUNE =
m2 (EMG) −m2 (n)

mean m2 (s)

where m2 (EMG) can be calculated from surface EMG recorded
during MVC and m2 (n) can be calculated from the baseline
(rest period) of the surface EMG signal. Calculation of
m2 (EMG) and m2 (n) is straightforward. The key procedure
of the proposed approach is to obtain the mean m2 (s),
which can be estimated from the MUAPTs of different
motor units extracted by EMG decomposition (Holobar et al.,
2009; Chen and Zhou, 2016). For each of the decomposed
motor units, the second moment of its MUAPT can be
calculated. The mean m2 (s) can then be estimated by averaging
the second moment of all the available MUAPTs from
EMG decomposition.

CHALLENGES

Most of the MUNE methods use the rationale of maximum
CMAP divided by mean motor unit size. Therefore, the accuracy
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is reliant on a representative sample of motor units. This
imposes a major challenge for MUNE development, especially
given a large range of motor unit size distribution in a
muscle. The strategy of the proposed method is similar to
previous CMAP-based MUNE methods in the way that it
divides the second moment of maximum voluntary surface
EMG by the mean second moment of the MUAPTs of
a sample of individual motor units (obtained from EMG
decomposition). The main difference is to replace CMAP
with maximum voluntary surface EMG, and to replace
SMUP area (or amplitude) with the second moment of
the MUAPT. The challenge of the proposed method will also
be similar to previous CMAP-based MUNE, that is, how to
obtain the mean second moment of MUAPTs representative
of the examined muscle? This determines the reliability of
the MUNE.

For EMG decomposition, the decomposed motor units tend
to have a relatively large amplitude (compared to those that
cannot be decomposed in the superimposed EMG signal).
It was reported that the EMG decomposition-based MUNE
tends to have lower values using motor unit samples from
decomposition of EMG signals at relatively high muscle
contraction levels (Doherty et al., 2009). For example, in a
previous EMG decomposition-based MUNE study involving
M wave and voluntary surface EMG recordings (Peng et al.,
2016), the estimated motor unit number with the mean
motor unit size derived from 10% MVC was nearly 2–
3 times the number derived from 20 and 30% MVC. A
similar situation is expected for the proposed method. The
mean second moment of the MUAPTs tends to be large for
motor units sampled from relatively high muscle contraction
levels. This will cause an underestimation of motor unit
number. Because of this, it is more favorable to perform
EMG decomposition at different contraction levels to obtain
a less biased sample of motor units than from a single
muscle contraction level. It is also helpful to increase the
decomposition yield (i.e., extracting a larger number of motor
units) to have a more representative motor unit sample. It
is worth noting that for previous EMG decomposition-based
MUNE, for each motor unit a partial decomposition would
be sufficient to obtain SMUP waveform template. For the
proposed method, a complete decomposition is required for
decomposed motor units to calculate the second moment
of MUAPTs.

CONCLUDING REMARKS

By proposing a novel strategy to perform MUNE without
recording the CMAP, we argue that stimulation-free MUNE
is feasible. The challenge remains in the acquisition of
representative motor unit samples for calculation of the
mean second moment of MUAPTs, which is critical for the
performance of the proposed MUNE method. The performance
is also affected by other complex neurophysiological factors
such as motor unit distribution and the level of motor unit
synchronization, and thus requires further investigation. Our
future work will involve both surface EMG simulation and
experimental approaches for evaluating the performance of
the stimulation-free MUNE approach, in terms of diagnostic
accuracy or sensitivity, as compared with CMAP-based MUNE
methods (Blok et al., 2005; Major and Jones, 2005; Boekestein
et al., 2012; Li et al., 2012; Jacobsen et al., 2018b). Since there is
a lack of ’ground truth’ regarding the real motor unit number
in human subjects, it is difficult to experimentally quantify
a MUNE method’s accuracy in terms of absolute motor unit
number (especially given the uncertainty of the muscle volume
a surface electrode can record from). Therefore, like various
existing MUNE methods, such investigation should focus on
the sensitivity of following disease progression when serial
investigations are performed, rather than the absolute numerical
result. If the stimulation-free MUNE proves to be reasonably
sensitive to motor unit number changes, it provides a novel
biomarker for monitoring disease progression and holds value
for clinical trials. Importantly, the advent of a stimulation-
free approach would facilitate home-based MUNE assessments,
leading to notable practical and analytical advantages.
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Introduction: Peripheral neuropathy (PN) affects up to 20% of the population over
the age of 60. Hoffmann reflex (H-reflex) may assess PN adaptation by measuring the
function of the peripheral neural system and central nervous system (CNS) modulation.
This project aimed to find a reliable muscle among triceps surae muscles during standing
and walking among the PN population.

Materials and Methods: Sixteen older adults (> 65 years of age) diagnosed with PN
were recruited in this study. The H-reflex test was conducted on the muscle belly of
the soleus (SOL), the medial (MG), and lateral gastrocnemius (LG) during standing and
walking (heel contact, midstance, and toe-off phases). All measurements were collected
on two occasions, separated by at least 7 days. Intraclass correlation coefficients (ICCs)
and their confidence intervals (CIs) were used to examine the consistency of the H-reflex
outcome variables in the repeated tests for all three tested muscles.

Results: The ICCs of H-index during standing and the three walking phases were poor
to moderate in SOL (0.486∼0.737) and MG (0.221∼0.768), and moderate to high in
LG (0.713∼0.871). The ICCs of H/M ratio were poor to moderate in SOL (0.263∼0.702)
and MG (0.220∼0.733), and high in LG (0.856∼0.958).

Conclusion: The H-reflex of LG was more reliable than SOL and MG during standing
and walking among older adults with peripheral neuropathy. It is crucial for future studies
in this population to study H-reflex of LG, not SOL and MG, for more reliable results.

Keywords: H-reflex, peripheral nerve, postural control, postural balance, central nervous modulation, peripheral
nervous system diseases
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INTRODUCTION

Peripheral neuropathy (PN) is estimated to affect 20% of the
population over 60 (Suzuki, 2013). As a neurodegenerative
disease, PN damages the nerve endings, axons, and myelin of
peripheral nerves in a distal to proximal manner (Azhary et al.,
2010). Patients often exhibit neural impairments and associated
abnormal sensations, including tingling, pricking, burning, and
numbness in the lower extremities (Richardson, 2002). Together,
these impairments and symptoms decrease postural control
(Dixit, 2015), increase the likelihood of falls in older adults
(Richardson et al., 1992), along with increased mortality (Kan
et al., 2009). Although PN is viewed as a peripheral nerve
pathology, the central nervous system (CNS) modulation occurs
with the progress of the disease. The CNS alters the latency and
amplitude of the monosynaptic stretch reflex by modifying the
sensitivity and threshold of excitability of the spinal interneurons
(Li et al., 2019).

One of the most common assessments of PN is sensory
nerve conduction velocity (NCV), which tests the velocity and
amplitude of action potentials in peripheral sensory fibers, most
typically the sural nerve (Richardson, 2002). Although decreased
sural NCV is the leading assessment of sensory nerve impairment
(Richardson, 2002), PN often results in significant sural nerve
fiber density degeneration without a decrease in sural NCV
(Periquet et al., 1999). Sensory NCV may thus not adequately
assess the degeneration of peripheral sensory fibers (Li and
Manor, 2010; Grewal et al., 2015), the level of CNS modulation
that occurs in the presence of peripheral nerve deterioration,
nor the impact of this disease on the function within this
vulnerable population.

Hoffmann reflex (H-reflex) has traditionally been used
as a window to look into how the CNS modulates the
peripheral nervous system. The H-index represents the latency
of the monosynaptic peripheral sensory fibers reflexive loop
(Knikou, 2008). It is an essential diagnostic tool in neurological
impairments because it provides an estimated conduction
velocity of an entire monosynaptic reflex arc (Zhang et al., 2015).
The H/M ratio between the amplitudes of the maximum reflex
response and the maximum direct motor wave is commonly
used to estimate the reflex excitability level of the motor neuron
pool (Mynark, 2005; Zhang et al., 2015). It helps elucidate
the effect of somatosensory reweighting on postural control in
many participants with PN vs. healthy individuals with impaired
sensation (Li et al., 2019).

Differences between postures may be susceptible to PN-
related changes during weight-bearing activities. The amplitude
modulation of the H-reflex may vary between different forms or
phases of locomotion among older adults with PN. The H-reflex
was up to 3.5 times during standing than during walking, and
during walking (Capaday and Stein, 1986; Simonsen et al., 2013)
or running (Capaday and Stein, 1987; Simonsen et al., 2013),
the H-reflex increased progressively during the stance phase, and
decreased rapidly at the end of the stance phase and was absent
during the swing phase. Soleus (SOL) H-reflex has been proven
reliable during standing or walking among healthy individuals
(Simonsen and Dyhre-Poulsen, 2011). However, the changed

peripheral nerve properties caused by PN may influence H-reflex
outcomes (Mynark, 2005; Grewal et al., 2015; Zhang et al., 2015).
PN has a progression route from the distal to the proximal
direction (Li et al., 2019), so gastrocnemius may have better
reliability since it is physically more proximal to the SOL.

Somatosensory reweighting occurs with diseases such as PN,
and H-reflex can help to elucidate the impact of somatosensory
reweighting on postural control among patients with PN.
An intact somatosensory system provides the most accurate
information to assist postural control, but it has been established
that alternative sources of sensory information can be used to
compensate for those who have been impaired (Merabet and
Pascual-Leone, 2010). Among patients with PN, proprioception
can compensate for their impaired cutaneous sensation (Dixit
et al., 2016). Proprioception could be improved by exercise
(Zhang et al., 2021) or stretching (Song et al., 2020), identifying
the somatosensory reweighting among patients with PN during
different postures can help find appropriate rehabilitation
methods for this population. To our best knowledge, no studies
measured test-retest reliability during standing or walking among
older adults with PN. The purpose of this study was to
examine the test-retest reliability of H-reflex testing in SOL, MG,
and LG during both standing and walking conditions among
older adults with PN.

MATERIALS AND METHODS

Participants
Sixteen volunteers (6 women, 10 men, age: 72.3 ± 5.2 years,
height: 170.4 ± 10.4 cm, body mass: 91.0 ± 22.6 kg) participated
in this project. Inclusion criteria were: (1) age 65 years and older;
(2) physician-diagnosed peripheral neuropathy; and (3) impaired
foot sole cutaneous sensation as defined by the inability to detect
the 5.07-gauge monofilament at three or more of 10 total tested
sites (five on each foot sole). Individuals were excluded with one
or more of the following: (1) Self-reported history or evidence
of central nervous system dysfunction; (2) self-reported trauma
or disease that may significantly affect gait or postural control;
(3) evidence of foot sole ulcer(s); (4) with a cardiac pacemaker;
(5) global cognitive impairment defined by a Mini-Mental
State Exam (MMSE) score < 24; and (6) contraindications to
physical activity determined by the Physical Activity Readiness
Questionnaire Plus (PAR-Q+), i.e., (a) heart condition; (b) high
blood pressure; (c) spinal cord disease; (d) lose balance because
of dizziness or lost consciousness within the past 12 months;
(e) bone, joint, or soft tissue problem that could be made
worse by becoming more physically active; (f) only do medically
supervised physical activity. An apriori power analysis (G∗Power
Version 3.1) indicated that a minimum of 11 participants is
needed to obtain the alpha level of 0.05 and the beta level of
0.80 based on our previous report (Zhang et al., 2015). All
individuals gave written informed consent before participating
in the study. Human participation was approved (Nov. 11, 2019)
by the University Institutional Review Board (Chair Person: Dr.
Andrew Hensen) of Georgia Southern University (H20076) and
was in accordance with the Declaration of Helsinki.
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Protocol
All testing procedures were completed during two visits to the
lab, with at least 1 week in between. On the first visit, after
providing informed consent, individuals completed a medical
history, MMSE, the PAR-Q+, and a test of cutaneous sensation
to determine eligibility. Height and weight were then recorded.
H-reflex testing was completed during standing and then
walking conditions, as described below. During the second visit,
H-reflex testing was repeated using identical procedures. The
skin temperature at the right gastrocnemius was measured each
time before the initiation of the H-reflex tests (IRT0421, Infrared
Thermometer, Kintrex, Tx, United States).

Cutaneous Sensation Test
A foot sole cutaneous sensation test was performed with
participants in a supine position on an exam table, with a 5.07-
gauge Semmes–Weinstein monofilament (North Coast Medical,
Inc., Morgan Hill, CA, United States). The testing sites included
the heel, midsole, bases of first/fifth metatarsals, and hallux.
A score of “1” was given when a “yes” response accompanied
the detected pressure, “0” with a “no” response. Each site was
tested three times. Then, the score from each site was added. The
site was reassigned to “1” if the total score was two or greater;
otherwise, the site was reassigned to “0.”

H-Reflex Test
Surface electromyography (EMG) electrodes (Trigno Wireless
EMG System with Avanti Sensors; Delsys Inc., MA, United States)
were placed on the muscle belly of SOL, MG, and LG along
with the orientation of the muscle fibers (Figure 1). Before the
EMG electrodes placement, the skin was shaved and cleaned
with alcohol pads. EMG data were collected using EMGWorks
(Delsys Inc., MA, United States) at a sampling rate of 2,000 Hz.
The optimal site of tibial nerve stimulation in the popliteal
fossa (located at the back of the knee) was determined using a
hand-held electrode that comes with the stimulator (Digitimer
model DS7A, Digitimer Ltd., Welwyn Garden City, England,
United Kingdom) at low stimulation intensities. A disposable
electrodes (2 cm in diameter) cathode (negative electrode) was
placed on the skin at the determined site (Figure 1), and the 5
cm× 8 cm anode (positive electrode) was placed over the patella
(kneecap) of the same limb.

Two testing conditions were used for the H-reflex test,
standing and walking. For the standing condition, the standard
stimulation protocol was used to estimate H-index and H/M
ratio (Chen and Zhou, 2011). During this test, participants
were instructed to stand with their feet shoulder-width apart,
relax their arms by their sides, and have their vision fixated
on a point in their field of view. A 500 µs square-pulse single
stimulus elicited H-reflex. Stimulation started at 5 mA and
increased with 2 mA increments until the maximum M-wave was
reached. Approximately 30 stimuli were executed, with at least
10 s break in between each stimulation. The participants were
instructed to limit talking and movement and relax as much as
possible during the process. Noise-canceling headphones were
used during the test (see Figure 2 for the exemplar recruitment

curve). After this test, the participants rested for 10 min or longer
upon their request.

Before the walking test, participants completed a 5-min
familiarization of treadmill walking at their preferred pace.
H-reflex was collected during the three phases in the walking
condition, at 5, 20, and 55% of the gait cycle, to represent
the heel contact, midstance, and toe-off phases (Querry et al.,
2008; Knikou et al., 2011), respectively. A consistent stimuli
intensity was applied during all three walking phases, equivalent
to the stimulus intensity that elicited 15% of each individual’s
maximum M-wave during stance. The stimulation intensity was
chosen since it has been demonstrated that M-waves below
15% stimulation level present problems due to the underlying
EMG during voluntary muscle activity in the stance phase,
and about 25% result in lower H-wave (Simonsen and Dyhre-
Poulsen, 1999). The gait cycle was confirmed by a custom-made
footswitch system and defined by two consecutive right heel
contacts with the ground. A pressure sensor was taped under the
right heel of the shoe to detect and record heel contacts during
walking. The footswitch system was connected to the stimulator
through a LabVIEW board. Heel contact information was
detected through footswitch and collected through a customized
LabVIEW program at 1,000 Hz. The gait cycle duration was
calculated using the average duration of 10 strides before the
start of the stimulation. The participants walked on the treadmill
for less than 5,min during testing. At least fifteen stimulations
were administered in each phase. The H-reflex was estimated
using the average of ten recordings for further analysis (see
Figure 3 for details).

H-reflex tests were performed during each visit for each
participant in a standing-walking fixed order. All measurements
were collected on two separate occasions with at least 7 days in
between. In this study, a treadmill was used instead of ground
walking to improve the safety of participants by using a safety
belt fixed above the treadmill and to improve the timing accuracy
of the stimulations by using a more consistent walking speed
on the treadmill.

Variables
Raw EMG data were used to estimate H-reflex parameters
without filtering and any other types of conditioning. The
measurements of interest for this study were the H-index and
H/M ratio. H/M ratio during standing was defined as the ratio
of magnitudes of maximum peak-to-peak H- and M-waves, i.e.,
the H/M ratio was as Hmax/Mmax (i.e., the period between
the onsets of the H- and M-waves, see Figure 4). H/M ratio
during walking was defined as the mean magnitudes of peak-
to-peak H-wave across 10 strides over Mmax during standing
(Figure 5). H-index was defined as the relative latency between
H- and M-waves and was calculated as follows (Li and Manor,
2010):

H-index =
[

Height (cm)

1tH−1tM

]2
∗2

Data Analysis
Statistical analysis was performed using the statistical package
SPSS 22.0 (SPSS Inc., Chicago, Illinois). The test-retest reliability
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FIGURE 1 | EMG and stimulation locations. Surface electromyography (EMG) electrodes were placed on the muscle belly of soleus (SOL), the medial (MG), and
lateral gastrocnemius (LG), and a disposable electrodes cathode was placed on the skin at popliteal fossa.

FIGURE 2 | Exemplar H-reflex recruitment curse during standing.

of the H-index and H/M ratio was examined using intraclass
correlation coefficients (ICC) with a two-way mixed model. The
95% confidence intervals (CIs) of ICCs were also computed. ICC

values < 0.60 were considered poor, those between 0.60 and 0.80
were considered moderate, and those > 0.80 were deemed high
(Cicchetti and Sparrow, 1981).
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FIGURE 3 | Flowchart of the customized stimulation control during walking using LabVIEW and footswitch. The connection from the footswitch to the LabVIEW
board, and from the LabVIEW board to the stimulator were tethered. Heel strike information was detected though footswitch and collected through a customized
LabVIEW program at 1,000 Hz. Stride length was calculated from 10 (11) consecutive strides (foot strikes).

RESULTS

The H-reflex during both standing and walking was successfully
elicited from 12 of 16 participants (5 women, 7 men, age:
71.5 ± 4.8 years, height: 170.0 ± 10.0 cm, body mass:
89.3 ± 21.4 kg). In one of these 12 participants (ID#1), the
H-reflex was elicited only during walking. The total foot sole
sensitivity test score of these 12 participants ranged from 0
to 7 (two scored 0, one scored 1, 4 or 7, respectively, three
scored 5, and four scored 6). Skin temperature at the test
site was consistent within participants, between the two testing
visits, during the tests of both standing (test: 85.5 ± 2.6, retest:
84.7 ± 2.9◦F, ICC = 0.60) and walking (test: 84.7 ± 2.9, retest:
85.8± 2.7◦F, ICC = 0.75).

Table 1 presents the mean and standard deviation, ICCs and
their 95%CIs, of the H-index. The ICCs of H-index during
standing and heel contact, midstance, and toe-off phases were

poor to moderate in SOL (0.486∼0.737) and MG (0.221∼0.768),
and moderate to high in LG (0.713∼0.871).

Table 2 presents the mean and standard deviation, ICCs and
their 95% CIs, of the H/M ratio. The ICCs of H/M ratio during
standing and heel contact, midstance, and toe-off phases were
poor to moderate in SOL (0.263∼0.702) and MG (0.220∼0.733),
and high in LG (0.856∼0.958).

DISCUSSION

The present study indicates that h-reflex measured from LG was
more reliable than from SOL and MG. Previous studies have
reported high reliability in H-reflex in the upper (Stowe et al.,
2008) and lower (Mynark, 2005) limb muscles during lying prone
and standing among younger and older populations (Mynark,
2005). This study further indicated that the H-reflex in LG, rather
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FIGURE 4 | Exemplar H-reflex recordings with standing condition. The onsets of the M- and H-waves were identified based on a single recording. There was a short
period of stabled signal in after the stimulation artifact and before the onset of the M-wave. A much more extended period of the stable signal was observed
between the end of the M-wave and the beginning of the H-wave.

than MG and SOL, can be reliably measured during standing
and walking among older adults with peripheral neuropathy,
despite chronic PN pathology and related CNS adaptation in
this population.

In the present study, 75% (12/16) of participants successfully
elicited the H-wave. The age, height, and body mass of the four
exceptions were within the range of the others, yet they had worse
foot sole cutaneous sensation (i.e., lower total foot sole sensitivity
test score; median: 1 of the 4 vs. 5 of the 12). The eliciting rate
of H-wave in this study is fully consistent with a previous study
among older adults with PN (75%, 12/16) (Zhang et al., 2015).
Among healthy older adults, the rate was 79% (11/14) (Scaglioni
et al., 2002) to 90% (18/20) (Chen et al., 2015), and among
healthy middle-aged (Raffalt et al., 2015) or young (Chen et al.,
2015) individuals, the rate was 100%. Antidromic action potential
could be one reason that partially explained the unsuccessful
trials (Palmieri et al., 2004). Other mechanisms by which H-waves
cannot be excited in each individual are unknown. It is inferred
from the limited information above that the inability of the four
participants in our study to excite H-waves was due to their aging
and PN. Loss of myelinated and unmyelinated nerve fibers has
been reported in the elderly (Verdu et al., 2000), and PN further
damaged the axons and myelin of peripheral nerves (Li et al.,
2019). The overlapping damage to the peripheral nervous system
among older adults with PN may be associated with their low
H-wave excitation rates. The H-reflex intensity was determined
using approximately 30 stimulations during one standing testing
trial. Then the walking trial data were estimated using ten

trials. More testing trials during standing and walking can
potentially increase the reliability of our observations. However,
our participants were elderly with PN, and more trials could lead
to exhaustion and failed data collection sessions.

H/M ratio modulation is highly correlated with postural
sway and postural stability among adults (average age = 31)
(Tokuno et al., 2008). It decreased with increased body sway
during the stance phase of walking (Earles et al., 2000) and
was amplified after balance training (Taube et al., 2008). The
inhibition mechanisms associated with the H/M ratio are not
fully understood yet, but are believed to occur at the presynaptic
level (Chen and Zhou, 2011). The effect of presynaptic inhibition
decreases the H/M ratio under challenging conditions to prevent
the overdrive of motor fibers’ autogenic excitation and alter
the saturation of motor fiber excitability for receiving CNS
commands (Chalmers and Knutzen, 2002). The ability to
maintain posture control is related to the complex interactions
between peripheral sensory input and motor process modulated
by CNS; the functional adaptation of CNS may explain the
postural control improvement after different exercise training
(Li and Manor, 2010; Grewal et al., 2013, 2015) to training
tasks (Taube et al., 2008). From this perspective, the H-reflex
in LG, which assesses the function of sensory and motor
fibers, CNS modulation, and the influence of postural control,
should be better used as a functional assessment tool for
older adults with PN.

The LG H-reflex was much more reliable than that of the
MG and SOL, especially during walking. LG, MG, and SOL
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FIGURE 5 | Exemplar H-reflex recordings with walking condition. (A) Walking H-reflex in 10 steps. (B) Average of the 10 steps.

muscles’ mechanical behaviors are different during walking
(Orendurff et al., 2005). Aging differentially affects the triceps
surae muscles, with age-related network deficits of 38% for
the gastrocnemius and 66% for the SOL in all walking speeds.
Ebrahimi et al. (2020) inferred that the musculoskeletal function
of the SOL is impaired more rapidly with age than that of the
gastrocnemius. Moreover, most of the PN has a progression route
from distal to proximal direction (Li et al., 2019), i.e., starting
from the nerve ending at the bottom of the big toe and growing
upwards. Our participants may have different degrees of PN,
where cases of SOL nerve ending impairments exist, but the LG
nerve endings for most participants were intact. This and other
potential mechanisms should be explored further in the future
to understand the differential effects of aging and PN on triceps
surae H-reflex.

It is worth noting that the reliability of the H-reflex
measured from the triceps surae is improved partially due to
the advancement of the technology. Compared to the stimulator
used before (e.g., Zhang et al., 2015), the present study used a

0.5 ms square wave from a constant current stimulator. They
have measured the H-reflex reliability of the LG muscle in
a prone position for the same population. The reliability of
the H/M ratio was poor, although the H-index reliability is
comparable to the current project. The shorter stimulation time
(0.5 vs. 1 ms) potentially reduced the possibility of antidramatic
interference with the reflexive responses. The constant current
(not controllable in the cited paper) provided less variability in
the stimulation signals than the previous technology.

This study has several limitations. Antidramatic action
potential could be one of the reasons for failing to observe
H-reflex among 4 of the 16 participants during walking. And
also, we have limited the numbers of our testing trials (one
standing and 10 walking) due to the advanced age of our
participants with PN. More trials could potentially increase
the reliability of the observations. Furthermore, the footswitch
sensor was taped under the right heel of the shoe to detect
heel contact during walking. However, the shapes and texture
of the participant’s shoes were different, leading to inconsistent
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TABLE 1 | Test-retest reliability of H-index (cm2/s2), includes the mean, standard deviation (SD), standard error of measurement (SEM), intraclass correlation coefficients
(ICC), and 95% confidence intervals (CI) of the H-index.

Standing Heel Contact Midstance Toe off

Test Re-test Test Re-test Test Re-test Test Re-test

Soleus Mean 64.2 60.3 63.4 59.6 56.3 59.5 59.3 61.5

SD 19.9 8.9 10.3 8.8 6.7 7.7 13.2 11.8

SEM 5.74 2.57 2.99 2.55 1.94 2.22 3.81 3.41

ICC 0.507 0.486 0.737 0.725

95%CI –0.065∼0.828 –0.091∼0.819 0.243∼0.928 0.218∼0.924

Medial gastrocnemius Mean 61.4 60.4 60.1 62.0 61.8 63.2 64.2 67.4

SD 14.26 15.47 10.00 11.04 10.11 9.13 13.88 9.56

SEM 4.1 4.47 2.89 3.19 2.92 2.63 4.01 2.76

ICC 0.221 0.223 0.768 0.621

95%CI –0.378∼0.690 –0.396∼0.713 0.334∼0.932 0.070∼0.882

Lateral gastrocnemius Mean 63.3 64.9 65.4 62.1 65.4 61.5 63.4 61.6

SD 10.18 10.50 12.47 10.27 12.47 11.13 10.36 9.92

SEM 2.94 3.03 3.60 2.97 3.60 3.21 2.99 2.86

ICC 0.759 0.713 0.724 0.871

95%CI 0.325∼0.929 0.265∼0.908 0.295∼0.912 0.612∼0.961

Bolded ICC and 95% CI indicate moderate or high reliability.

TABLE 2 | Test-retest reliability of H/M ratio, includes the mean, standard deviation (SD), standard error of measurement (SEM), intraclass correlation coefficients (ICC),
and 95% confidence intervals (CI) of the H/M ratio.

Standing Heel Contact Midstance Toe off

Test Re-est Test Re-test Test Re-test Test Re-test

Soleus Mean 0.32 0.36 0.23 0.26 0.22 0.32 0.249 0.341

SD 0.18 0.22 0.17 0.14 0.15 0.16 0.18 0.43

SEM 0.05 0.06 0.05 0.04 0.04 0.05 0.05 0.12

ICC 0.702 0.700 0.396 0.263

95%CI 0.243∼0.904 0.239∼0.903 – –0.402∼0.747

Medial gastrocnemius Mean 0.11 0.11 0.09 0.09 0.08 0.10 0.08 0.10

SD 0.05 0.06 0.06 0.05 0.05 0.06 0.04 0.08

SEM 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.02

ICC 0.220 0.666 0.733 0.582

95%CI –0.379∼0.689 0.179∼0.891 0.304∼0.915 0.010∼0.867

Lateral gastrocnemius Mean 0.18 0.21 0.13 0.15 0.12 0.15 0.11 0.12

SD 0.15 0.15 0.13 0.17 0.13 0.14 0.13 0.14

SEM 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04

ICC 0.885 0.883 0.856 0.958

95%CI 0.631∼0.968 0.645∼0.965 0.576∼0.956 0.860∼0.988

Bolded ICC and 95% CI indicate high reliability. M-waves used in calculating both H/M ratio during standing and walking were the maximum M-waves for each collection
during standing. The H/M ration calculations used maximum H-wave during standing, but H-wave magnitudes during walking were from the stimulation intensive as 15%
of that needed for maximum M-wave during standing.

heel contact detection. Standard testing shoes for the participants
in future projects would help to avoid the potential problem.
However, the participants in this project wore the same pair of
shoes for the test-retest; the results of the reliability examination
should not be affected. Finally, the 5-min treadmill walking
allotted for each participant to familiarize them with the treadmill
setting may not be sufficiently long for an older adult who has
never walked on a treadmill before. The familiarization period
should only end after the participants feel comfortable walking

on the treadmill. A more extended resting period might also be
needed if the familiarization led to potential fatigue.

CONCLUSION

The H-reflex in LG could be reliably measured. LG provides
the most reliable window than the MG and traditional SOL on
central modulation of the peripheral nervous system through
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H-reflex during standing and walking among older adults with
peripheral neuropathy.
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This pilot study implements a hybrid brain computer interface paradigm based on motor
imagery (MI) and steady-state visual evoked potential (SSVEP), in order to explore the
neural mechanism and clinical effect of MI-SSVEP intervention paradigm on upper limb
functional rehabilitation. In this study, EEG data of 12 healthy participants were collected,
and the activation regions of MI-SSVEP paradigm were identified by power spectral
density (PSD). By analyzing the inter trial phase consistency (ITPC) of characteristic
regions and the causal relationship of brain network, the motor cognitive process
including high-level somatosensory joint cortex in the intervention process of MI-SSVEP
was studied. Subsequently, this study verified the clinical effect of MI-SSVEP intervention
paradigm for 61 stroke patients. The results show that the robot assisted therapy using
MI-SSVEP intervention paradigm can more effectively improve the rehabilitation effect
of patients.

Keywords: steady-state visual evoked potential (SSVEP), motor imagery (MI), inter trial phase locking consistency
(ITPC), robot assisted therapy, electroencephalogram

INTRODUCTION

Stroke is one of the leading causes of motor dysfunction and death worldwide. It affects more than
17 million people every year, and most stroke patients have motor dysfunction, which seriously
affects the daily life of stroke survivors (Uzdensky, 2020). Due to the existence of brain neural
plasticity (Hummel and Cohen, 2005), many studies have found that patients’ motor ability can
be significantly restored through rehabilitation training (Becerra-Calixto and Cardona-Gomez,
2017). This phenomenon supports most repetitive, goal-based rehabilitation practices, because
imitating natural motion patterns may lead to rewiring and strengthening motor neural networks
to restore normal motor function. Therefore, how to "mobilize" the brain to produce similar natural
movement patterns is the main goal of clinical rehabilitation of stroke.

Robot assisted rehabilitation therapy is one of the widely used interventions in clinical stroke
rehabilitation therapy (Jihun and Jaehyo, 2017). With the development of brain science, the brain-
computer interface method based on visual stimulation has gradually entered clinical robot assisted
rehabilitation training (Grimm et al., 2016), and the rehabilitation therapy aimed at improving
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patients’ willingness to actively recover has gradually entered
clinical applications, and previous studies have shown that the
effect of traditional passive robot assisted rehabilitation training
is not significant, compared with active rehabilitation training
(Yang et al., 2021). At present, the brain-computer interface
paradigm used in most clinical trials involves two types of
methods, steady state visual evoked (SSVEP) and motor imagery
(MI) (Stefano Filho et al., 2021).

Steady state visual evoked refers to visual periodic stimulation
with a certain frequency, and the EEG of cerebral cortex also
contains signal characteristics with the same frequency, which is
referred to as SSVEP for short (Cheng et al., 2002). Light arrives
at the retina through the human eye structure to form an image.
This image information is transmitted to the visual cortex of the
nerve center through the optic nerve. The change of ganglion
cell activity leads to the change of potential, so that regular EEG
signals can be detected in the occipital lobe, the whole process of
visual evoked and its physiological structure. At present, SSVEP
is widely used in brain computer interface control in clinical
robot assisted rehabilitation. In general, the process of steady-
state visual induction is closer to the human body’s own neural
function response, and has less correlation with active intention.

The physiological basis of motor imagery (MI) is due to the
existence of mirror neurons in humans (Carrillo-de-la-Pena et al.,
2008). Existing studies have shown that sensorimotor regions
can be activated through motor imagination tasks (Hummel and
Cohen, 2005; Rizzolatti and Craighero, 2004). At the same time,
the motor imagination task will also activate the contralateral
brain region, improve the blood flow and oxygen supply,
and produce the phenomenon of desynchronization, while the
ipsilateral brain energy increases and the synchronization is
enhanced (Li et al., 2015). For stroke patients, motor imagery
can activate mirror neurons in the contralateral motor area
when the nerves in the motor area of the brain are damaged or
the neuronal connections are abnormal (Figueroa-Garcia et al.,
2014). Meanwhile, repeated activation of contralateral motor area
neurons can promote nerve germination and nerve facilitation
(Kim and Choe, 2009). However, motor imagery needs long-
term training, and it is difficult for untrained people to directly
desynchronize (Maksimenko et al., 2018).

Although both SSVEP and MI are used in robot assisted
rehabilitation, these two methods have some defects in clinical
application. Firstly, although the traditional motor imagination
can activate motor mirror neurons, its classification rate is not
high and needs to be trained in advance. Some people can
not obtain the ideal classification effect of motor imagination
even through training (Sitaram et al., 2007). Secondly, training
only through SSVEP method cannot effectively activate mirror
neurons, which makes the actual rehabilitation effect not ideal.
At the same time, after long-term induced stimulation, it is
easy to lead to patients’ inattention and increase the degree of
visual fatigue, thus affecting the rehabilitation effect (Amiri and
Fazelrezai, 2013). During the clinical experiment, it is found that
the rehabilitation effect is often better when the two methods
are combined.. Therefore, some researchers have designed a
hybrid brain computer interface paradigm based on MI-SSVEP
and verified its feasibility. Mcgeady et al. (2019) used three

different hand action photos to guide the motor imagination,
and made one of the pictures flicker at a certain frequency to
achieve the effect of mixed stimulation. Mcgeady et al. (2019)
show that the system can be used for neural rehabilitation
training. Similar studies show that compared with the simple
brain computer interface of motor imagination, users using
MI-SSVEP method can have higher resolution and robustness
without motor imagination training. Previous studies on MI-
SSVEP method mainly focused on the classification success
rate of EEG signals. However, the neural mechanism of MI-
SSVEP is not clear. At the same time, we believe that the
previous paradigm of MI-SSVEP method still has defects and
needs to be further improved. Static arrows or pictures and
other guidance methods cannot well induce the occurrence
of motion imagination, while dynamic motion animation can
often better induce its occurrence (Yao et al., 2015). In this
study, we designed an active training program of motor task
steady-state visual evoked (MI-SSVEP) hand function, hoping to
study the effect of MI-SSVEP stimulation paradigm through this
program, and verify whether this paradigm can effectively affect
the motor function of participants. We hypothesized that MI-
SSVEP stimulation paradigm could activate major brain regions
related to motor function and change the activation pattern of
the brain in motor tasks. Firstly, we used normal subjects to
observe the brain power spectral density distribution under the
intervention of MI-SSVEP paradigm and the consistent spectral
distribution between active brain regions. At the same time, we
observed the causal connection between different brain regions
to analyze the neural mechanism of MI-SSVEP intervention
paradigm on the rehabilitation of upper limb function. Then we
used this paradigm to verify the clinical effect, and followed 84
stroke patients with rehabilitation training.

MATERIALS AND METHODS

Participants
Neural Mechanism Validation Participants
Twelve healthy right-handed volunteers (average age 22 years;
range 18–21 years; five men and seven women) who had
no depression or other types of neurological diseases, and
no history of medication for mental illness. Before the start
of the experiment, they were not informed of the purpose,
intention, and detailed process of the experiment. None of
the 12 subjects had undergone motor imagination training in
advance. There was no significant difference in the average
Fugl-Meyer (FMA-UE hand function test item) scores of
the 12 subjects. All subjects signed an informed consent
form, which was approved by the ethics committee of Xi’an
Jiaotong University.

Clinical Trial Participants
The inclusion criteria of rehabilitation training were the patients
with hand motor dysfunction after stroke, the length of illness
was within six months, no shoulder dislocation, no cognitive
impairment, and the age was between 30 and 70 years old.
There were 84 patients in total. We divided the subjects into two
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groups with 42 people in each group. Due to the intervention
design, the inclusion and exclusion criteria of patients are as
follows:

Inclusion criteria: (1) Between 30 and 70 years old; (2)
Unilateral stroke with onset time less than 6 months (based on
the results of head CT or MRI); (3) The neuro-nutrition, drugs to
promote the recovery of brain function and daily rehabilitation
methods taken by stroke patients were similar.

Exclusion criteria: (1) History of previous stroke; (2)
Neuroradiological evidence of hemispheric involvement; (3)
Dementia or aphasia is serious enough to affect the patient’s
compliance with the experiment; (4) In addition to stroke, there
are other neurological diseases; (5) The hands cannot complete
subtle flexion movement, that is, the EMG signal cannot be
recorded when performing the experimental task (this article is
only applicable to the exclusion criteria in the second part of
the experiment).

All subjects signed informed consent and were approved by
the ethics committee of Xi’an Jiaotong University.

Experimental Paradigm
Neural Mechanism Validation Paradigm
The MI-SSVEP experiment combines motor imagination and
visual evoker to give the subjects visual guidance on grasping
actions. The stimulation contains frequency information and
action guidance. Frequency stimulation can induce the subjects’
occipital area of the visual cortex EEG to appear related
frequencies information. Motion guidance can activate mirror
neurons in the sensorimotor area. Visual stimuli in EEG are
generally stable and robust, so this paradigm can complete the
collection of highly robust EEG signals that activate motor mirror
neurons. In order to study the difference between MI and MI-
SSVEP, this article selects the grasping action as the goal of motor
imagination task. The specific experimental process is as follows:
the subject sits on a chair, maintains a comfortable sitting posture
and eyes level, the front chest is about 30 cm away from the
desktop, and the screen resolution used for visual stimulation is
60 Hz. The EEG acquisition device uses a 32-lead Neuroscan EEG
acquisition device. Before the experiment, make sure that the
impedance of all leads is below 5 K�, and check whether the EEG
signal amplitude and rhythm are normal. The whole experiment
contains two groups of experiments, each group contains 80
trials, a trial has a total duration of 8 s, and each trial contains 2 s
of rest time and 6 s of stimulation time. The MI group stimulus
pictures are black and white hand grasping movements, and
the MI-SSVEP stimulus pictures are also black and white hand
grasping movements. During the stimulation process, the picture
will flash at a frequency of 10 Hz, and the rest time of each group
of stimulation is displayed. In the picture, REST is marked with
black font on the image for three seconds. The screen background
is gray, the foreground of the stimulus image is black, and the
background is white. The matching of black and white is to give
the subjects the maximum color visual difference. All 12 subjects
received MI stimulation and MI-SSVEP stimulation, and the
order of stimulation was given in a random alternating manner.
The detailed experimental process is shown in Figure 1.

Clinical Trial Paradigm
In the clinical experiment, in order to verify whether the MI-
SSVEP method can effectively improve the traditional hand
function robot assisted therapy, we divided the subjects into two
groups with 42 people in each group. Group A was treated with
manual robot assisted therapy based on MI-SSVEP intervention
paradigm, and group B was treated with hand functional robot
assisted therapy. Both groups received two hours of upper
and lower limb training every day, six times a week. Base on
routine treatments, the patients of the two groups will increase
intervention training three times a week. Each intervention
training lasts for 30 min, with a rest adjustment of about one
minute every 5 min. Each person continued training for 2 weeks
and made tracking records.

Recordings
All experiments are carried out in electromagnetic shielding
room. EEG data was recorded using SynAmps2 system (EI Paso
Neuroscan). According to the extended 10–20 system, a flexible
cap with 32 Ag/AgCI electrodes is located. This system is usually
used to detect brain electrical activity records with the parietal
lobe as a reference. The electrode impedance is kept below 5 K�.
All data are based on the electrode centered between Fz and
Cz. EEG data is band-pass filtered (0.5–100 Hz). All signals are
sampled to the hard disk at a frequency of 1,000 Hz, and stored
on the hard disk together with event markers for offline analysis.

Data Analysis
First, we use Neuroscan’s EDIT4.3 to preprocess the original EEG
data, mainly using 50 Hz notch filter and ocular wake removal.
In order to capture the differences between the prefrontal cortex,
the motor sensory cortex, and the occipital visual cortex under
different stimulation paradigms, the power spectrum analysis,
time-frequency phase coherence and brain network connection
analysis of all EEG channels were performed. The main analysis
work in the research was carried out in the Matlab environment.
Our analysis program was written using an open-source toolbox
Field-Trip, and neurophysiological data analysis was carried out
through this program.

Power Estimated of EEG
This chapter uses the multi-cone method to calculate the power
spectrum of the EEG signal, and normalizes the power of the
EEG to the sum of the total power of each frequency (0–50 Hz).
This calculation is an estimate of the power ratio for the main
research frequency band. In the calculation process, the EEG
electrodes corresponding to the brain regions of this study were
selected. They include: left motor function cortex (lM), right
motor function cortex (rM), somatosensory motor cortex (fM),
occipital visual cortex (oM). The calculated data segment only
includes the 6-s period during which visual stimulation occurs,
and the EEG during the rest period is not included in the
analysis process.

Inter-Trial Coherence Calculation
Observing the desynchronization and synchronization of EEG
signals is an important way to judge the overall effect of motor
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FIGURE 1 | Task design. (A) The picture of the experimental environment, the subjects kept sitting relaxed with their hands flat on their legs. (B) The screen plays the
animation of grasping action stimulation. The whole grasping action is divided into 50 pictures and played continuously in two seconds; (C) The experimental
stimulation group was divided into MI stimulation group and MI-SSVEP stimulation group. The MI-SSVEP stimulation group added 10 Hz strobe when playing
animation; (D) Each trial has a total of 8 s, and a total of three complete grasping movements are played during the stimulation time.

imagination. The synchronization and desynchronization effects
can be viewed intuitively and comprehensively by using the time-
frequency analysis method. Most research on hearing uses ITPC
to calculate the correlation between signals, but for visual stimuli,
ITLC can preserve the linear correlation between signals, more
so, the two calculations in this chapter Calculated separately.
First, a time-frequency analysis of the original data in EEGLAB
was carried out one by one. And use the “newtimef” function
to calculate inter-group correlation linear coherence (ITLC) and
inter-group phase coherence (ITPC):

ITLC
(
f, t
)
=

∑n
i = 1 Fk(f , t)√

n
∑n

i = 1
∣∣Fk(f , t)∣∣2

ITPC
(
f, t
)
=

1
n

n∑
k = 1

Fk(f , t)∣∣Fk(f , t)∣∣
In this function, Fk(f, t) is the spectral estimate of trial k
at frequency f and time t obtained using short-time Fourier
transformation (STFT), and || represents the complex norm of
trial k. The modified STFT (with Hanning tapers) in EEGLAB
uses overlapping sliding windows that are adaptive to the
target frequency bins (i.e., the time window decreases linearly

as frequency increases), which is recommended to overcome
limitations of conventional fixed window in estimating low
frequency activities. The frequency range analyzed was 0.5–
50 Hz. Zero-padding was applied to windows without sufficient
number of sample points with a pad-ratio of 16 with a frequency
spacing of 0.5 Hz. ITPC value of a given frequency at a given
time point can range from 0 to 1. Larger ITPC values indicate
higher phase consistency across trials, and smaller values indicate
lower consistency or larger neural “jittering.” For the calculation
of theta ITPC, the ITPC data were first averaged across the
frequencies for further processing.

Convergent Cross Mapping
Identifying causal networks is important for dynamic mechanism
for coordinating neural activity across neuronal networks and
controlling the timing of neuronal firing. In this study, we
use convergent cross mapping (CCM) to estimate causal
relationship between sensorimotor area, frontoparietal lobe and
visual cortex. CCM is a new method, based on nonlinear
state space reconstruction, that can distinguish causality from
correlation (Sugihara et al., 2012). The CCM result usually
expressed as a normalized quantity between −1 and 1.
The calculation process and method of CCM are described
briefly below:The image space reconstruction is the first
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step in the non-linear dynamic analysis of EEG and EMG
signals.X(k) and Y(k),k = 1, 2, · · ·N denotes the time series
which we study. Its m-dimensional delay vector can be
expressed as X(n) = {x(n), x(n−τ), x(n−2τ), · · · , x(n−(m−
1)τ)}, m denotes embedding dimension, τ denotes time delay.
X(n) denotes the reconstructed manifold MX . Next step is
to generate a cross-mapped estimate of Y(n), denoted by
_
Y (n)

∣∣∣MX .

_
Y (n)

∣∣∣MX =
∑

wiY(ni)i = 1 . . .m+ 1

The wi is a weighting based on the distance between x(n) and its
ith nearest neighbor on MX and Y(ni) are the contemporaneous
values of Y . The wi can be expressed as

wi = ui/
∑

ujj = 1 . . .m+ 1

where
ui = exp{−d[x(n), x(ni)]/d[x(n), x(n1)]}

d[x(n), x(ni)] is the Euclidean distance between two vectors.
The last step is to calculate the correlation coefficient ρbetween

predicted and observed X.

Clinical Application Validation
This part of the work is completed by Xi’an trade union hospital
to evaluate and record all the tested data. The subjects were
tested with Fugl-Meyer, Wolf and ARAT. After two weeks of
intervention, the two groups were evaluated with the scale again
and recorded statistically. Cases such as transfer, discomfort
caused by high muscle tone and withdrawal from the experiment
were excluded. Secondly, the EEG data is filtered (0.5–100 Hz)
to manually remove the disturbed data segments such as eye
electricity. After preprocessing, EEG data is converted into a
data structure suitable for field trip toolbox through the built-in
interface function between EEG lab toolbox and field trip toolbox
for subsequent processing and calculation.

RESULTS

Topographic Map of EEG Power
Spectrum
In the experiment, we compared the distribution characteristics
of EEG power and power spectrum under MI stimulation group
and MI-SSVEP stimulation group to judge whether there is a
differential distribution of brain activity under the traditional
paradigm spontaneous motor imagination task and SSVEP
induced motor imagination characters. During the analysis, we
superimposed and averaged the data of 12 subjects in order
to analyze the characteristics of brain activity under different
tasks. As shown in Figure 2, we found that the main areas of
brain activation in traditional motor imagination tasks are frontal
parietal lobe (fM) and right motor cortex (rM). As shown in Table
1, the active areas of the brain in the motor imagination task
guided by SSVEP were significantly different from those in the
simple motor imagination task, and were significantly activated
in the occipital lobe (oM) and left motor cortex (lM).

FIGURE 2 | Mean EEG power spectrum of subjects.

TABLE 1 | The statistical analysis result of EEG power spectrum.

Area F df P-value

fM 1.231 1 0.275

lM 6.274 1 0.017

rM 2.067 1 0.161

oM 5.408 1 0.031

Frontal parietal lobe (fM), left motor cortex (lM), right motor cortex (rM),
occipital lobe (oM).

Inter-Trial Phase Coherence
As two time-frequency measurement methods, ITLC / ITPC
observe the phase correlation and signal amplitude linear
correlation between signals, respectively. ITLC / ITPC are widely
used to study the relationship between EEG evoked potential
and spontaneous EEG oscillation phase, and display the relevant
cognitive processes in the brain. In this chapter, we analyzed
the distribution characteristics of ITLC / ITPC in prefrontal
lobe (Figure 3), left (Figure 4) and right parietal motor cortex
(Figure 5) and occipital visual cortex (Figure 6).
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FIGURE 3 | Time frequency distribution of frontal parietal ITLC / ITPC.

FIGURE 4 | Time frequency distribution of ITLC / ITPC in left motor cortex.

It can be found from the figure that the consistency change
caused by motion imagination has an obvious gradual process
in time distribution. Whether the MI stimulation group or the
MI-SSVEP stimulation group, the consistency of each brain
region is at a low level within 1–3 s after the beginning of
the experiment. The consistency of each brain region gradually
increases within 3–6 s, and the consistency level reaches the
highest when the stimulation lasts around 5 s. There are also
some obvious differences in the consistent frequency domain
distribution. In the stimulation of MI-SSVEP group in fM region,
there is a high consistent distribution in the beta frequency
band within 3–6 s, but there is no such feature in the MI
stimulation group. In the lM region, both MI-SSVEP stimulation
and MI stimulation showed a high consistent distribution in the

beta band within 3–4 s, and then the consistent distribution of
MI-SSVEP shifted to the low gamma band. In the rM region,
the MI stimulation group had a significantly high consistent
distribution in the gamma band. In the oM region, the alpha band
of MI-SSVEP stimulation showed a significantly high consistent
distribution in 4–6 s.

Convergent Cross Mapping
The dynamic mechanism of neural activity coordination among
neural networks during tactile stimulation was studied by using
convergent cross mapping (CCM) analysis method. We selected
the frontal parietal lobe (fM), left and right motor cortex (lM, rM)
and occipital lobe (oM) as the main focus areas of CCM analysis,
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FIGURE 5 | Time frequency distribution of ITLC / ITPC in right motor cortex.

FIGURE 6 | Time frequency distribution of ITLC / ITPC in occipital cortex.

and calculated their two-way causality. The results are shown in
Table 2.

Clinical Trial Results
In the clinical experiment, 84 patients were divided into two
groups on average. Group A adopted the traditional clinical
rehabilitation intervention method combined with manual robot
assisted therapy using the "peripheral central peripheral" loop
intervention paradigm, and group B adopted the traditional
clinical rehabilitation intervention method and manual robot
assisted therapy. Among them, 30 patients in group A and
31 patients in group B finally completed the experiment. We

recorded the Fugl-Meyer, Wolf and ARAT scores of patients
before and after two weeks of intervention.

We compared the differences between groups and within
groups on the statistical results of group ab. the differences
between groups mainly compared the differences between group
A and group B, which were divided into two stages before
and after the intervention. It should be emphasized that the
grouped variables here are groups, and the compared variables
are pre-test data and post-test data. In this section, in order to
confirm whether the effect of the statistical experimental group
is obvious, the difference between the two groups before and
after intervention is also compared. The intra group difference is
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TABLE 2 | The statistical analysis result of CCM.

Group Df F P-value

1 lM_fM 23 0.15 0.702

2 fM_lM 23 0.001 0.977

3 rM_fM 23 0.428 0.52

4 fM_rM 23 0.006 0.937

5 lM_oM 23 0.006 0.94

6 oM_lM 23 0.005 0.943

7 rM_oM 23 0.438 0.515

8 oM_rM 23 0.625 0.438

9 oM_fM 23 1.378 0.253

10 fM_oM 23 14.581 0.001

Frontal parietal lobe (fM), left motor cortex (lM), right motor cortex (rM), occipital
lobe (oM) “lm_fm” in the tableindicates the one-way causal connection from lM
brain area to fM brain area, “fm_lm” indicates the one-way causal connection from
fM brain area to lM brain area.
Other expressions are similar.

mainly compared with the control comparison before and after
intervention in group A and group B. here is to compare the
difference between pre-test and post-test in group A or group B.
here, paired sample t-test is used. The statistical results are shown
in Tables 3, 4.

It can be seen from the table that there are significant
differences between group A with “peripheral central peripheral”
loop intervention and group B with manual energy robot assisted
treatment, indicating that the two experimental paradigms have
certain rehabilitation effects after intervention. The comparison
results between groups can show that there is no difference
between group A and group B before the intervention, and the
prognosis and rehabilitation effect of group A is significantly
better than that of group B.

We superimposed and averaged the CMC values on the
frontoparietal cognitive area (fMl) and contralateral motor cortex
area (lMl) of five subjects during the stable maintenance period.
The results are shown in the figure. It can be seen from Figure 7
and Table 5 that the CMC coupling strength of patients is still
at a low level (CMC < 0.2). Comparing the fMl region and lMl
region before and after the intervention, it can be found that the

CMC coupling of patients after the intervention is significantly
improved in the beta band, but not in the gamma band.

Then we statistically analyzed the frequency bands of CMC
values in the frontal parietal cognitive region and contralateral
motor cortex. The statistical results are shown in the Table 4. In
fMl area, the brain muscle coupling of beta band was significantly
improved after patient intervention, and in lMl area, the brain
muscle coupling of beta band was significantly improved after
patient intervention. There was no significant difference before
and after gamma band intervention.

DISCUSSION

By comparing the distribution characteristics of EEG power
spectrum during MI and MI-SSVEP motor imagination tasks,
we found that the right-hand motor imagination task induced
by visual SSVEP stimulation can cause greater power response
in the left motor cortex (lM) and occipital visual cortex (oM).
The phenomenon of occipital lobe (oM) region is consistent
with the experimental expectation and the previous research
results on motor imagination task. At the same time, the power
intensity of left and right motor cortex, occipital visual cortex
and prefrontal cognitive cortex of MI and MI-SSVEP were
compared. It was found that the activation intensity of occipital
visual cortex and prefrontal cognitive cortex stimulated by MI-
SSVEP was significantly higher than that of traditional motor
imagination task. Mcgeady et al. (2019) studied a hybrid brain
computer interface system. They tried to infer the effect of
measuring multiple brain signals in motor imagination (MI)
tasks. In addition to sensory motor rhythms (SMRs), they
also introduced steady-state visual evoked potentials (SSVEP)
to obtain additional information related to user intention.
Their research results show that the hybrid brain computer
interface with SSVEP has significantly improved the classification
accuracy, but similar to the research of Jochunsen et al. they
cannot obtain the internal neural mechanism of BCI induced
neural plasticity from statistical experiments (Jochumsen et al.,
2015). According to our existing research results, we infer that
SSVEP visual stimulation under MI-SSVEP stimulation can

TABLE 3 | Statistical analysis of differences between groups.

Assessment scale T df P Average difference Standard error

FM_after 2.31 59.00 0.02 1.85 0.80

FM_before −0.91 59.00 0.37 −0.56 0.62

FM_D 3.51 59.00 0.00 2.41 0.69

wolf_after 4.02 59.00 0.00 2.21 0.55

wolf_before 0.11 59.00 0.91 0.03 0.29

wolf_D 3.98 51.00 0.00 2.18 0.55

ARAT_after 1.27 59.00 0.21 1.60 1.26

ARAT_before 0.34 59.00 0.74 0.39 1.15

ARAT_D 3.01 59.00 0.00 1.21 0.40

Fugl-Meyer test before and after (FM_before, FM_after), Wolf test before and after (lM_before, lM_after), ARAT test before and after (ARAT_before, ARAT_after).
FM_D represents the difference between the scores of FM scale after intervention and before intervention.
Wolf_D and ARAT_D scales are expressed in the same way.
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TABLE 4 | Statistical analysis of differences before and after.

Group classification Average T df P

A FM_before and FM_after −9.63 −18.15 29 0.00

wolf_before and wolf_after −5.47 −12.04 29 0.00

ARAT_before and ARAT_after −5.47 −16.50 29 0.00

B FM_before and FM_after −7.22 −16.45 30 0.00

wolf_before and wolf_after −3.29 −10.79 30 0.00

ARAT_before and ARAT_after −4.25 −18.38 30 0.00

A stands for experimental group A, FM_ before and FM_ Afte indicates the result of
comparing the difference before andafter using FM scale score. Other evaluation
criteria are expressed in the same way.

enhance the activation of occipital cortex and motor imagination
tasks. At the same time, in our experiment, we also found that the
prefrontal cognitive cortex was always activated at a high level.
Therefore, we speculate that visual stroboscopic can enhance
the activation of frontal parietal lobe in motor imagination
task by affecting the connection between occipital lobe and
cognitive cortex.

Most neurological diseases have adverse effects on cognitive
and motor functions. These injuries will not only change the
measured values of EEG power spectrum and event-related
potential, but also affect the consistency of EEG amplitude
and phase (ITLC / ITPC) (Rosenblum et al., 2000). Therefore,
observing ITLC / ITPC can reflect the ability of neural response
and timely synchronization of related events (Makeig et al.,
2004), so as to optimize information processing (Palva, 2005).
In this study, we found the phase / linear consistency of
motor imagination evoked potentials in different brain regions
and different frequency bands under visual guidance. At the
same time, there is a certain regularity in the distribution of
phase / linear consistency between motor imagination tasks
stimulated by MI-SSVEP and those without stroboscopic visual
MI stimulation. The results show that: (1) the consistency
change caused by motor imagination has an obvious gradual
process in time distribution, which shows that the "coordination"
between brain neurons can be improved after the start of
motor imagination task, and this "coordination" represents the
improvement of brain efficiency in information processing.
From the experimental results, it can be concluded that the
improvement of efficiency is a gradual process. The brain
needs a "pre-treatment" process to adapt to the activation
effect of motor imagination task; (2) When subjects performed
motor imagination tasks under MI-SSVEP stimulation, there
was a high consistency distribution in the beta band of frontal
parietal lobe within 3–6 s, but this feature did not appear
in the MI stimulation group. At the same time, there was a
significant high consistency distribution in the alpha band of
MI-SSVEP stimulation within 4–6 s in the occipital region.
This shows that MI-SSVEP stimulation can more effectively
cause the information processing efficiency of frontoparietal
cortex, and the power of this region is also significantly
improved. The consistency difference of frontal parietal lobe
region shows that the motor imagination task guided by
stroboscopic stimulation is a complex feedback process, which

may be related to the activation of occipital lobe; (3) At the
same time, in the LM region, both MI-SSVEP stimulation and
Mi stimulation have a high consistency distribution in the
beta frequency band within 3–4 s, and then the MI-SSVEP
consistency distribution shifts to the low gamma frequency
band. Papenberg et al. (2016) studied the characteristics of
linear consistency distribution in different frequency bands. They
believe that the linear consistency of low gamma frequency
band is related to the improvement of motor function, The
improvement of consistency shows the change of response time
variability of motor cortex to motor task in motor task. The
faster the response time, the higher the consistency. That is,
stroboscopic stimulation enhances motor imagination response
(Papenberg et al., 2013).

Convergent cross mapping (Ye et al., 2015) based on EEG
data is a new computational method to study the connectivity of
human brain network (Clark et al., 2015). In our study, the visual
evoked motor imagination task under stroboscopic stimulation
was introduced. We found that the unidirectional causal
relationship between motor sensory cortex and EMG channels
increased significantly during MI-SSVEP stimulation compared
with visual evoked motor imagination alone. We believe that in
the current study, the causal difference between occipital cortex
and parietal cognitive cortex reflects the interactive intervention
mechanism between occipital cortex and parietal cognitive cortex
in MI-SSVEP induced motor imagination tasks.

Combined with previous studies and the findings on the
linear consistency between groups and CCM causality in this
chapter’s experiments, we speculate that the principle of this
intervention may come from two aspects: (1) stroboscopic
motion picture stimulation improves the subjects’ attention
concentration in the process of motion observation and motion
imagination; (2) Similar to the process of human brain processing
film, human photosensitive system can distinguish up to 48
flashes per second. If the frequency continues to increase,
the conversion between light and dark will not be detected
(Watson and Ahumada, 1985), For motion pictures, humans
will keep the images they see for 100–400 ms. Therefore,
when people see motion pictures with a frame rate of more
than 15, they will think that they are continuous motion
movements (Crick et al., 1981). In our experiment, the frame
rate of MI-SSVEP is 10, so it will lead to an "involuntary"
motion imagination process in the cerebral cognitive cortex
to supplement the missing pictures. This "involuntary" motor
imagination process may lead to the cognitive cortex group not
only in the process of motor imagination, but also constantly
“waiting” or “grasping” the “new” picture information coming
from the occipital visual cortex. This process of “waiting” or
“grasping” directly leads to the enhancement of causality between
the two cortexes.

In the clinical study, we used two different intervention
methods to treat 84 stroke patients. From the clinical experiment,
we found that: (1) after two weeks of intervention, the
traditional robot assisted rehabilitation therapy and “MI-SSVEP”
intervention can effectively improve the scores of multiple scales;
(2) Comparing the therapeutic effects of the two intervention
paradigms, “MI-SSVEP” intervention can more effectively
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FIGURE 7 | Mean value of cortical muscle coupling of 5 subjects before and after intervention.

TABLE 5 | Statistical analysis of cmc value in frequency division.

Area Band Mean differences T df P

fMl Beta −0.024 −4.23 4 0.013

Gamma 0.087 0.84 4 0.449

lMl Beta −0.127 −29.793 4 0.00

Gamma −0.003 −1.58 4 0.19

fMl and lMl represent frontal parietal lobe cognitive region and contralateral motor cortex region, respectively.

improve the rehabilitation effect of patient intervention. (3)
“MI-SSVEP” intervention can effectively improve the brain
muscle coupling effect of beta band in patients, indicating
that it does have a neural mechanism to improve the effect
of rehabilitation treatment. The significant effect of robot
assisted therapy on clinical intervention is completely within
the expected range. A large number of previous studies on
robot assisted therapy have proved the effectiveness of this
therapy (Rodgers et al., 2017). We analyzed deeply the scores
of patients with “peripheral central peripheral” motor loop
nerve intervention treatment scheme integrated with peripheral
feedback in Fugl-Meyer, Wolf and ARAT evaluation scales.
It was found that compared with traditional robot assisted
treatment, patients with new treatment scheme had relatively
high scores in fine motor and muscle tension. Combined
with the follow-up visit to patients in clinical experiments, we
believe that this improvement is mainly due to the following
reasons: (1) in the process of patient intervention, compared
with the traditional robot assisted passive treatment, MI-SSVEP
intervention paradigm can mobilize the attention concentration
of patients’ rehabilitation and make patients more focused
during training time. (2) The real-time effect of visual stimulus
input can change the CMC distribution of primary motor
somatosensory cortex and contralateral motor cortex. This
effect not only has real-time effect, but also has prognostic
effect. (3) MI-SSVEP guided motor imagination task can more

effectively improve the intervention effect of motor imagination
in the training process, and can stimulate motor imagination
activities more directly.
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Background: The recovery of balance function is a critical segment in the rehabilitation
treatment of stroke. The cerebellum is considered as the key structure involved in
balance and motor control. The cerebellar vermis plays an important role in integrating
vision, proprioception, and sensory skin input and may be a candidate stimulation
target for regulating the motor network related with balance. However, evidence that the
intermittent theta burst stimulation (iTBS) of cerebellar vermis can promote the recovery
of balance function after stroke remains insufficient. Therefore, this study aims to explore
the efficacy of the cerebellar vermis iTBS for the treatment of balance function in patients
with stroke.

Methods and Analysis: Forty patients with stroke will be recruited in this prospective,
randomized, sham-controlled trial. Participants will be randomized in a 1:1 ratio to
receive either 15 sessions of cerebellar vermis iTBS (600 pulses) or sham stimulation.
Additionally, a routine rehabilitation therapy follows the intervention. The primary
outcome is the Berg Balance Scale, and the secondary outcomes are the Fugl–Meyer
assessment of the lower extremity and modified Barthel index. The above outcomes
will be assessed before intervention and at the end of each week. Pre- and post-iTBS
resting-state functional magnetic resonance imaging (rs-fMRI) will be acquired, and the
regional homogeneity, fractional amplitude of low-frequency fluctuation and functional
connectivity will be calculated and analyzed.

Discussion: This protocol holds promise as a potential method to improve balance
function in patients with stroke. If the outcomes of patients improve after the intervention,
the study will provide new insights into improving balance function.

Ethics and Dissemination: This study has been approved by the Medical Research
Ethics Committee of Wuxi Mental Health Center (Wuxi Tongren Rehabilitation Hospital).
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Results will be disseminated through (open-access) peer-reviewed publications,
networks of scientists, professionals, and the public and presented at conferences.

Clinical Trial Registration Number: www.chictr.org.cn, identifier
ChiCTR2100052590.

Keywords: study protocol, stroke, intermittent theta burst stimulation, cerebellar vermis, RCT

INTRODUCTION

Every year, over 15 million people in the world suffer from
stroke (Van Lieshout et al., 2017). Balance problem is a common
dysfunction that arises after stroke and is usually due to
poor proprioception, decreased motor control, and abnormal
integration of nervous system (Xiong et al., 2019). Moreover,
the balance problem may be the main cause of poor walking
ability and increased risk of falls in patients with stroke (Zhang
et al., 2020). About 15–37% of patients with stroke fall down
at least once due to balance dysfunction during hospitalization
(Rabadi et al., 2012). Falls appear to be frequent after discharge,
with approximately 40% falling within 6–12 months of stroke
(Wada et al., 2007). Therefore, balance plays a significant role in
the rehabilitation process of stroke. However, pharmacotherapy
(Mead et al., 2013) and conventional rehabilitation treatments,
including core strength exercises (Chung et al., 2014), visual
feedback training (Zhang et al., 2020), neurodevelopmental
therapy (Langhammer and Stanghelle, 2011), and proprioceptive
neuromuscular facilitation (Eng and Tang, 2007) performed
unsatisfactory results on balance recovery among stroke patients.

In recent years, repetitive transcranial magnetic stimulation
(rTMS), a non-invasive brain stimulation technology, has been
widely used in various nervous system diseases (Ren et al.,
2019; Yin et al., 2020). rTMS induces a current in the cerebral
cortex through a coil that generates a magnetic field, thereby
regulating the excitability of the cerebral cortex and affecting
neuroplasticity (Brown et al., 2021). Theta burst stimulation
(TBS), a novel pattern of rTMS, has the characteristics of lower
stimulation intensity and a shorter stimulation session (2–3 min
or less) (Pinto et al., 2018), the relatively low stimulation intensity
reduces the risk of adverse reactions especially the risk of epileptic
seizures (Gutierrez-Muto et al., 2020). Huang and Rothwell
(2004) were the first to investigate the neurophysiological effects
of TBS in healthy human subjects, founded that 600-pulse
intermittent TBS (iTBS) can enhance cortical excitability.

The cerebellum plays an important role in maintaining
postural position, regulating the muscle tension associated with
postural movements, and coordinating voluntary movements
(Manto et al., 2011). To date, studies on the effects of cerebellar
rTMS on balance rehabilitation are still limited. As pointed out
in neurophysiological research, the cerebellar activity in patients
with stroke is positively correlated with the recovery of walking
function (Bijsterbosch et al., 2011). Low-frequency rTMS in
the cerebellum can improve walking ability in patients with
spinocerebellar degeneration (Svenja et al., 2017). Furthermore,
a meta-analysis suggested that cerebellar stimulation may affect
corticospinal excitability (Zelda et al., 2016). Koch et al. (2018)

also found that the iTBS of the unaffected cerebellum promotes
the excitability of the posterior parietal cortex and improves
the balance and gait function in patients with chronic stroke
(over 6 months).

Notably, the choice of the rTMS target has a remarkable
influence on its therapeutic effect. However, an agreement
on how to select the best targets for patients with balance
dysfunctions is limited until now. Primary motor cortex (M1)
area is one of the most common targets. Kim et al. (2014)
used low-frequency rTMS to act on the M1 area of the patient’s
lower extremities and found that the 10 min walking speed
and Berg Balance Scale (BBS) are improved. Additionally, the
supplementary motor area (SMA) (Richard et al., 2017) and
dorsal prefrontal cortex (Harris et al., 2018) have been implicated
to be critical in balance tasks. With deepening research, recent
studies demonstrated that the cerebellum is also one of the
effective targets of rTMS. The cerebellar vermis is a major part of
the cerebellum. Notably, patients with cerebellar vermis lesions
present with balance dysfunction (Harris et al., 2018), whereas
cerebellar hemisphere lesions focus on global coordination
dysfunctions (Carass et al., 2018; Maas et al., 2020). A recent
study that used fNIRS technology found that after a single iTBS
on the cerebellar vermis in healthy individuals, the HBO2 values
in bilateral SMA regions are increased. These results indicated a
potential link between the cerebellar vermis and SMA (Tan et al.,
2021). The cerebellar vermis may be a new target for iTBS to
intervene with balance function and deserves further exploration.

A randomized controlled clinical trial will be conducted
to investigate the rehabilitation effect of the cerebellar vermis
intervened by iTBS in stroke patients with balance dysfunctions.
Furthermore, the resting-state functional magnetic resonance
imaging (rs-fMRI) will be used to analyze the functional
connections between cerebellar vermis and other areas of the
cerebral cortex, and clarify the neural remodeling mechanism.
We propose a hypothesis that iTBS of cerebellar vermis
can promote the recovery of balance function after stroke.
This study may provide new insights into the therapeutic
efficacy and underlying neuroplasticity mechanisms of cerebellar
vermis intervention.

MATERIALS AND METHODS

Study Design
This study will be carried out in the Department of Rehabilitation,
Tongren Rehabilitation Hospital, Wuxi, China. Before the
conduct of formal experiments, a research coordinator who is
responsible for recruitment will arrange a conversation with
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potential participants to discuss some details, including research
purpose, procedures, and the potential risks and benefits. Once
informed consent is signed by the patient or their legal guardians
(if the patient cannot write independently or consider consent), a
questionnaire and baseline assessment will be arranged.

All participants will be randomly assigned to real or sham
iTBS and then receive routine rehabilitation treatment, and
they will be assessed using the BBS, Fugl–Meyer assessment
of the lower extremity (FMA-LE), and modified Barthel index
(MBI). Moreover, rs-fMRI scans will be performed at baseline
and 3 weeks after treatment. The study flow chart is shown in
Figure 1. All baseline data gathering, follow-up assessment, and
interventions will be carried out by well-trained researchers with
the support of academic staff. This study has been approved
by ethics committees (WXMHCIRB2021LLky132) and registered
on www.chictr.org.cn on 27 October 2021 under the number
ChiCTR2100052590. Details are shown in Table 1.

Participants
Inclusion Criteria
The inclusion criteria are as follows. Participants who (a) have
a diagnosis of stroke confirmed by CT and/or MRI, (b) have
their first-ever unilateral ischemic stroke between 1 and 6 months
of onset, (c) are 40–75 years old, (d) presented with a balance
dysfunction with a Berg score between 0 and 40, (e) can follow
simple verbal commands or instructions, and (f) can cooperate
in signing informed consent forms.

Exclusion Criteria
Participants (a) with contraindications involving TMS and fMRI
(e.g., intracranial implant, cardiac pacemaker, implanted drug
pumps, and pregnancy), (b) with cerebellum or brainstem stroke,
(c) with balance dysfunction before stroke, (d) with serious
diseases that may contribute to condition progression, (e) with
severe deficits in communication or executing commands that
prevent cooperation with assessment and treatment, (f) who are
taking psychotropic drugs, and (g) who are currently enrolled in
other clinical trials will be excluded from the study.

Sample Size
The sample size was calculated using a G∗power of 3.1.4. The
effect size was calculated as 0.28 based on the BBS from a
study reported by Koch et al. (2018). To achieve 95% power
with an alpha error of 5%, a sample size of 30 patients will
be required. Allowing for a dropout rate of 20%, at least
38 patients are necessary. To ensure enough power to detect
this typical difference, we will aim to recruit 40 patients (20
patients per group).

Randomization
All participants will be prestratified into two subgroups (i.e., poor
balance on 0–20 scores vs. acceptable balance on 21–40 scores)
on the basis of their balance function to ensure a relatively even
distribution between groups (Lisa and Nicol, 2008) (Figure 2).
After obtaining informed consent, a random sequence will be
generated using the computer, 40 participants will be randomly
allocated in a 1:1 ratio to each group and will receive either

real or sham iTBS. The advantage of this type of assignment
process, which is designed in our study, is that detect effects can
be improved especially for studies involving small samples.

Blind
This study is a participants and assessors-blinded study. Given
the nature of the iTBS intervention, blinding the physicians
performing the intervention is impossible. The intervention
team needs to be separated into blinded physicians performing
routine rehabilitation treatment, and unblinded physicians
exclusively applying iTBS. However, patients, outcome assessors,
research assistants, and statisticians will be blinded. For urgent
unblinding, researchers can use sealed envelopes labeled with
the patients’ randomization numbers. To maintain the quality
of the trial, a patient’s allocation must be unblinded only
in exceptional circumstances when knowledge of the actual
treatment is essential for the management of the patient.

Intervention
Patients recruited in this study will receive a 60 min routine
rehabilitation treatment immediately after completing real
or sham iTBS therapy. The rehabilitation program focuses
on the exercise designed to promote recovery of balance
function, including trunk control, weight bearing, task oriented
intervention, and balance training, which will be designed by
physicians according to the patient’s balance function. Patients in
both groups will be required to attend 15 sessions [one session per
day, five times per week (Monday to Friday) for three consecutive
weeks]. Enrollment, intervention, and assessment procedures are
shown in Figure 3.

Cerebellar iTBS: We use the Magneuro 100 (Vishee Medical
Technology Co., Ltd., Nanjing, China) equipped with a double-
cone coil (each coil is 70 mm in diameter) to stimulate the
cerebellum vermis. iTBS is performed by the physician in
accordance with the TMS guidelines (Groppa et al., 2012;
Klooster et al., 2016). Before intervention, active motor threshold
(AMT) for the tibialis anterior muscle in the unaffected side will
be measured. The AMT is defined as the minimum output of
stimulation that produced a motor evoked potential (MEP) of
>200 µV in at least 5 out of 10 trials with 10% maximal voluntary
contraction (Liao et al., 2020). Stimulation will be administered
at 80% of AMT. The iTBS paradigm consisting of three pulses
at 50 Hz repeated at 5 Hz frequency will be used, with 8-s
rest after each 2-s stimulus, generating a total of 600 pulses in
200 s. The coil will be positioned tangentially to the scalp over
the cerebellum vermis (at 1 cm below the highest point of the
occipital protuberance) (Cattaneo et al., 2014; Tan et al., 2021).
Sham iTBS will be performed with a customized sham coil and at
the same location, frequency and intensity so that all participants
are exposed to a similar clicking noise.

Outcome Assessment
Primary Outcome
The BBS is a clinical test commonly used to assess the patients’
static and dynamic balance performance and can determine
whether a patient is at risk of falls with an inter-rater reliability
of 0.98 (Maeda et al., 2015; Meseguer-Henarejos et al., 2019).
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FIGURE 1 | Study flow diagram. 1BBS, 2FMA-LE, 3MBI, and 4fMRI. TAU, treatment as usual; iTBS, intermittent theta burst stimulation. T0, before intervention; T1,
at the end of first week of post-intervention; T2, at the end of second week of post-intervention; T3, at the end of third week of post-intervention.

The BBS consists of 14 items, and the score for each item is 0–
4 points with an overall score of 0–56 points. Good completion
results in high score.

Secondary Outcomes
In addition to the BBS scores, FMA-LE, MBI, and rs-fMRI will be
measured with the following tests.

Fugl–Meyer assessment of the lower extremity has been widely
used in the assessment of the motor function of patients with
stroke and has good prediction, reliability, and sensitivity to
interventions (Balasubramanian et al., 2016). In addition, the
reliability of the FMA scale is >75% between different raters and
>88% within the same rater (Hernández et al., 2021). The FMA-
LE consists of 17 items, with each item scoring a minimum of 0
and a maximum of 2 points, resulting in a maximum total score
of 34 points. A high score results in good motor function of the
lower extremity.

The MBI, one of the main scales used to measure the patients’
abilities to perform activities of daily living, has a reliability of
88% in patients with ischemic stroke (Yang et al., 2021). The MBI
consists of 10 items, with a full score of 100 points. A high score
results in good independence of the patient’s life.

All subjects will undergo rs-fMRI scans. Regional
homogeneity (ReHo), fractional amplitude of low-frequency
fluctuation (fALFF), and functional connectivity (FC) will be
calculated to measure the local and global FC networks related

to motion function. All images will be acquired by professional
personnel in a 3.0T, 8-channel MRI scanner (Siemens Skyra,
Germany). During scanning, subjects will be required to keep
awake, breathe quietly, lie flat on the bed, fix their heads to
minimize the movement of their heads and other parts, and try
not to do any active thinking activity. It will take approximately
40 min to complete the test. Conventional T1 structural image
parameters are as follows: repetition time (TR) = 2,000 ms, echo
time (TE) = 20 ms, field of view (FOV) = 240 mm × 240 mm,
slice thickness = 4 mm, slice spacing = 4 mm, flip angle
(FA) = 90◦, and 36 slices. Functional images will be acquired
using T1-weighted gradient echo planar imaging (EPI) sequence
in the axial plane with the following parameters: TR = 2,000 ms,
TE= 30 ms, FOV= 240 mm× 240 mm, slice thickness= 4 mm,
FA= 90◦, and 35 slices.

Statistical Analysis
Clinical Data Analysis
The SPSS (version 22.0, Chicago, IL, United States) statistical
software will be used for data analysis. The difference will be
considered statistically significant when the P-value ≤ 0.05 in
two-tailed test. The assumption of normality will be verified by
normal probability plots and the Shapiro–Wilk test. Continuous
variables with normal distribution will be described as the mean
(standard deviation) and analyzed by an independent-samples
t-test. For abnormally distributed variables, the data will be
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TABLE 1 | Trial registration data.

Data category Trial information

Primary registry and trial
identifying number

ChiCTR2100052590

Date of registration in primary
registry

27 October 2021

Secondary identifying numbers N/A

Source(s) of monetary or
material support

This project is being supported by Wuxi Taihu Talent Project (WXTTP2020008), the Nanjing Municipal Science and
Technology Bureau (2019060002), the Major Scientific Research Project of Wuxi Health Committee (Z202013), Top
Talent Support Program for Young and Middle-Aged People of Wuxi Health Committee (HB2020079), Scientific and
Technological Development Fund from Wuxi Science and Technology Bureau (Y20212008), Wuxi Municipal Health
Commission Scientific Project (T201144), and Jiangsu Geriatrics Clinical Technology Application Research Project
(LR2021040).

Primary sponsor N/A

Secondary sponsor(s) N/A

Contact for public queries Bin Su, 13951585359@163.com

Contact for scientific queries Bin Su, 13951585359@163.com

Public title Effect of cerebellar vermis iTBS on the balance dysfunction of stroke patients and the brain remodeling mechanism

Scientific title Effect of cerebellar vermis iTBS on the balance dysfunction of stroke patients and the brain remodeling mechanism

Countries of recruitment China

Healthy conditions(s) or
problem(s) studied

Stroke with hemiparesis, including balance dysfunction

Intervention(s) Active comparator: iTBS (application of 600 pulses with a frequency of 50 Hz, in a theta-rhythm of 5 Hz for 200 s) will
be applied to the cerebellum vermis positioned tangentially to the scalp combined with routine rehabilitation treatment.
Sham comparator: Sham stimulus will be applied to same location with a customized sham coil, also combined with
routine rehabilitation treatment.

Key inclusion and exclusion
criteria

Inclusion criteria: (a) have a diagnosis of stroke confirmed by CT and/or MRI, (b) have their first-ever unilateral ischemic
stroke between 1 and 6 months of onset, (c) are 40–75 years old, (d) presented with a balance dysfunction with a Berg
score between 0 and 40, (e) can follow simple verbal commands or instructions, and (f) can cooperate in signing
informed consent forms.
Exclusion criteria: (a) with contraindications involving TMS and fMRI (e.g., intracranial implant, cardiac pacemaker,
implanted drug pumps, and pregnancy), (b) with cerebellum or brainstem stroke, (c) with balance dysfunction before
stroke, (d) with serious diseases that may contribute to condition progression, (e) with severe deficits in communication
or executing commands that prevent cooperation with assessment and treatment, (f) who are taking psychotropic
drugs, and (g) who are currently enrolled in other clinical trials.

Study type Interventional
Allocation: randomized intervention model
Masking: participants and assessors-blinded
Assignment: parallel
Primary purpose: treatment

Date of first enrolment Not yet started

Target sample size 40

Recruitment status Recruiting

Primary outcome(s) Berg balance scale

Key secondary outcome(s) Lower extremity of the Fugl–Meyer assessment; modified Barthel index; regional homogeneity, fractional amplitude of
low frequency fluctuation and functional connectivity analyses from rs-fMRI.

described as medians with ranges and compared by Mann–
Whitney U test (non-parametric tests). Categorical variables will
be expressed as frequency (percentage) and Chi-square test or
Fisher’s exact test will be used. Repeated measures analysis of
variance (ANOVA) will be used to analyze value changes of BBS,
FMA-LE, and MBI across four testing time points (weeks 0, 1,
2, and 3). When the interaction is significant, post hoc analysis
will be conducted, and the Bonferroni adjustment will be used for
paired comparisons. Data on clinical scales will be based on per-
protocol (PP) and intention-to-treat (ITT) analyses (Sanchez and
Xun, 2010). The PP is usually defined as subjects who complete
at least 80% of the treatment protocol (Zhao et al., 2021). An ITT

analysis include all the patients recruited in the study, irrespective
of whether they completed the study period or not. The missing
values will be imputed using a multiple imputation method.

Functional Magnetic Resonance Imaging Data
Analysis
On the MATLAB R2013b (Mathworks, Natick, MA,
United States) platform, the statistical parametric graph
software (SPM12.01) and data processing assistant for rs-fMRI

1http://www.fil.ion.ucl.ac.uk/spm/

Frontiers in Aging Neuroscience | www.frontiersin.org 5 April 2022 | Volume 14 | Article 88131148

mailto:13951585359@163.com
mailto:13951585359@163.com
http://www.fil.ion.ucl.ac.uk/spm/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-881311 April 27, 2022 Time: 12:51 # 6

Wang et al. iTBS for Balance Recovery After Stroke

FIGURE 2 | Flow chart of random grouping procedure.

FIGURE 3 | Schedule of participant enrollment, interventions, and assessments. BBS, Berg Balance Scale; FMA-LE, lower extremity of the Fugl–Meyer assessment;
MBI, modified Barthel index; fMRI, functional magnetic resonance imaging.

software (DPARSF2) will be used for data processing and analysis.
DPARSF is a SPM-based rs-fMRI data processing software (Yan
et al., 2016). Preprocessing steps include (Lv et al., 2018; Ll et al.,
2020): (a) removing the first 10–20 time points and slice timing,
(b) head movement correction (head movement exceeding

2http://rfmri.org/dpabi

2 mm in any direction or head rotation exceeding 2◦ will be
ruled out), (c) normalization (in accordance with the Montreal
Neurological Institute EPI template, each voxel is resampled to
3 mm× 3 mm× 3 mm), (d) delinear drift, (e) removal covariate
(confounding effects of head movement parameters, white
matter, and cerebrospinal fluid signals), (f) filter (0.01–0.1 Hz),
and (g) smooth (8 mm full-width half-maximum Gaussian).
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Then, the ReHo, fALFF, and FC values will be calculated. The
ReHo analysis is a voxel-based measurement that calculates
the Kendall coefficient of concordance between a voxel and its
surrounding 26 voxels, which is the ReHo value of that voxel
(Zang et al., 2004). The ReHo analysis determines the synchrony
of adjacent regions, and high values indicate high consistency
of regional brain activity. The ALFF measurement is the root
mean square of the power spectrum of the BOLD signal in
the range of 0.01–0.1 Hz for each voxel. Afterward, the ALFF
value of each voxel divided by the full-band ALFF sum is the
fALFF value, which can reflect the strength of brain self-activity
(Toole et al., 2005). FC was examined by using a seed voxel
correlation approach. The cerebellar vermis will be selected as
the seed region based on the stimulation target. In SPM12, after
bandpass filtering and linear-trend removal, a reference time
series for the seed will be extracted by averaging the fMRI time
series of voxels. Then, correlations will be computed between the
seed reference and the rest of the brain in a voxelwise manner.
Finally, an individual relativity value (r-value) map will be
created, and the correlation coefficients in each voxel will be
transformed to z values by using Fisher’s r-to-z transformation to
improve normality before performing random effect t-tests. The
AlphaSim will be used for correction to obtain the adjustment
statistical threshold value of P < 0.05. Data will be analyzed by
the independent-samples (between-group comparison) or paired
(within-group comparison) t-test.

Safety
Operation procedures will strictly follow the latest safety
guidelines for TMS (Rossi et al., 2009), and participants will be
screened strictly in accordance with the inclusion and exclusion
criteria to minimize the risk of adverse event. Common adverse
events of TMS include (but are not limited to) headache,
dizziness, tinnitus, and seizures. If mild headache, discomfort
caused by noise, and scalp irritation occur, they are usually self-
healing and transient. Hence, before testing or intervention, the
patient should be informed of the risks in advance. Seizures,
the most severe TMS-related adverse event with a crude risk of
approximately 0.02% (Rossi et al., 2009), are expected to occur
only during or immediately after stimulation. In addition, any
adverse event occurring within 24 h after MRI will be reported.
If a serious incident occurs, it will be immediately reported to the
principal researcher and ethics committee. The ethics committee
will assess whether the patient should receive further treatment.
If the patients suffer from syncope, seizures, and other conditions
that may affect the subject’s health during the treatment, we will
stop the assigned intervention. Once the participants are injured
during this trial, they will be compensated. All adverse events
from TMS will be reported by the researcher and recorded on the
case report form. The researchers will record the date, duration,
and severity of adverse events.

Patient and Public Involvement
During the trial, patients will not participate in the design,
implementation, or outcome assessment of the study. However,
we plan to publicize our research proposal to participants
and the public through the official website of the hospital

(such as WeChat official account) and lectures at major
academic conferences.

Ethics and Dissemination
The study has been approved by the Medical Research
Ethics Committee of Wuxi Mental Health Center (Wuxi
Tongren Rehabilitation Hospital). Before entering the study, all
participants will be informed that their participation are entirely
voluntary and that they can withdraw from the trial at any time
without consequence. During the trial, the welfare and rights
of participants should be satisfied, and the privacy of patients
should be guaranteed. Any change in the key aspects of the
protocol, such as inclusion criteria, observation indicators, and
statistical analysis, will be submitted to the Medical Research
Ethics Committee. Results will be presented at conferences and
submitted to peer-reviewed journals.

Research Quality Assurance and
Management
Researchers should perform their respective responsibilities.
Including the following contents:

1. The principal researcher establishes unified experimental
test indices, standard operating procedures, and quality
control procedures.

2. Researchers participating in our trials must have
professional expertise and the ability to conduct clinical
trials. Moreover, invariability of personnel involving in
this research should be guaranteed.

3. The interveners and evaluators need to participate in
standardized training before the trial, they should adopt
standard operating procedures to ensure the quality of
clinical trials.

4. The principal researcher shall appoint an inspector to
ensure that the rights and interests of participants are
protected, that the trial follows approved protocols, and
that reports are accurate.

DISCUSSION

This 3-week randomized controlled clinical trial aims to study
whether cerebellar vermis iTBS can improve balance function in
patients with stroke. In this perspective of experiment design, our
study puts forward some methodological concerns that should
be discussed, including the large variation in balance function
among enrolled patients. Therefore, a stratification approach
will be adopted in this study to divide all participants into two
subgroups in accordance with the BBS. In addition, we set a
sham stimulation group to eliminate the placebo effect of iTBS
intervention. After careful consideration of all factors, including
the feasibility of the study and the treatment time pattern of
the hospital where the experiment will be conducted, we set
sessions from Monday to Friday for 3 weeks. Also, outcome will
be evaluated at pre-intervention, the end of first, second, and
third week of post-intervention. We want to compare the efficacy
at different time points, and to explore the earliest time when
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the treatment can take effect. Our study will use rs-fMRI rather
than task state fMRI for measuring the iTBS-induced effects,
although task state fMRI can reflect the fMRI images of the brain
when performing specific tasks. What we considering is that our
subjects are post-stroke patients with motor dysfunction, there
may be great differences in the quality of tasks completed by
stroke patients, which may affect the results.

In this study, we expect that the cerebellar vermis iTBS can
promote the recovery of balance function after stroke. This
hypothesis is based on the following evidence.

Maintaining balance depends upon a complex coordination
and integration of multiple systems in the body, including the
visual system, vestibular system, and auditory system. As pointed
out in fMRI research, the cerebellar vermis and the visual
network have a strong functional connection (Kellermann et al.,
2012; Li et al., 2012). Recent evidence displayed that the vermis
coordinates eye and body movements, and provides visual and
auditory input related to balance (Fujita et al., 2020). In addition,
studies have shown that the vermis participates in regulating
vestibular system and maintaining head position (Lam et al.,
2016). Balance is best maintained when all inputs are integrated
together. Therefore, the cerebellar vermis plays an essential role
in the active maintenance of body balance.

In addition, the process of maintaining balance involves a
close cooperation between the cerebellum and the cerebrum.
These interconnections are facilitated by white-matter tracts with
the following connective pathways: the cortico-ponto-cerebellar
pathway and cerebello-thalamo-cortical (CTC) pathway (Iwata
and Ugawa, 2005; Opie and Semmler, 2020), which have been
proven to be involved in motor coordination (Spampinato
et al., 2020). As pointed out in an animal experiment, the
reduction of ipsilateral cerebral cortical activity can lead to the
reduction of contralateral cerebellar activity and metabolism
(Baek et al., 2020). Previous studies similarly confirmed that
the cerebellum establishes strong anatomical and functional
connections with the M1 area through the cerebellum–thalamic–
M1 circuit (Maurer et al., 2016). The cerebellum has three
functional areas, the spinocerebellum, the cerebrocerebellum and
the vestibulocerebellum. The vermis classically belongs to the
“spinocerebellum” and to receive somatic sensory input from
ascending spinal pathways. Cattaneo et al. (2014) pointed out
that compared to cerebellar hemispheres, cerebellar vermis takes
a more prominent role in continuous visual processing in visual
feedback loops. Interestingly, in Coffman et al.’s (2011) study,
the rabies virus was injected into the lobule of the vermis, and
retrograde transneuronal transport of the virus was used to
define disynaptic inputs to it. It was found that large numbers
of neurons in the primary motor cortex and other motor areas
on the medial wall of the hemisphere project to the vermis. This
implicates that there is potential connection between cerebellum
vermis and motor area of cerebral cortex. Therefore, iTBS may
improve balance by regulating the excitability of the cerebellar
vermis, then promoting excitability changes in motor areas of the
cerebral cortex.

In current studies, the depth of coil stimulation is an
important factor affecting the efficacy of rTMS. Recent studies
showed that an eight-figure coil has mostly been used for iTBS

(Li et al., 2018). This coil is characterized by small stimulation
area, shallow stimulation depth, and good focusing. The range of
the magnetic field induced by rTMS attenuates with increasing
distance from the scalp surface (Deng et al., 2013). However, the
cerebellum is located in the posterior fossa and covered by the
tentorium cerebellum, which is deeper from the skull. Previous
studies found that the double-cone coil can achieve deeper
stimulation effects (Deng et al., 2013) and generate stronger
electric field than the eight-figure coil (Mai and Ueno, 2017),
confirming good reliability and validity. In addition, Hardwick
et al. (2014) showed that the double-cone coil causes the most
evident cerebellar brain effect in magnetic stimulation with the
same parameters compared with the eight-figure and airfoil coils,
suggesting that the double-cone coil may be suitable for studies
of TMS over the cerebellum.

In our trial, the location of cerebellar vermis is consistent
with similar literatures (Cattaneo et al., 2014; Tan et al.,
2021), In Cattaneo’s study, the accuracy of this localization
method was further verified by using a neuronavigation system
in some subjects for whom structural MRIs were available.
The results shown that the scalp coordinate 1 cm below the
inion indeed corresponded to the cerebellar vermis (Cattaneo
et al., 2014). This research is the first study to explore the
effect of cerebellar vermis iTBS on balance dysfunction after
stroke by using the double-cone coil. This protocol proposes
a rigorous randomized parallel controlled trial design that
meets the methodological requirements of full concealment,
randomization, and placebo control.

Intermittent theta burst stimulation has the advantages of
short stimulation time, easy promotion, and relatively easy
application. We hope that the results of this study can shed light
on this potential effect. We believe that the current protocol and
our results will have important implications for the treatment of
post-stroke patients with balance dysfunction.
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Background: Reduced elementary somatosensation is common after stroke. However,
the measurement of elementary sensation is frequently overlooked in traditional clinical
assessments, and has not been evaluated objectively at the cortical level. This
study designed a new configuration for the measurement of post-stroke elementary
thermal sensation by non-painful cold stimulation (NPCS). The post-stroke cortical
responses were then investigated during elementary NPCS on sensory deficiency via
electroencephalography (EEG) when compared with unimpaired persons.

Method: Twelve individuals with chronic stroke and fifteen unimpaired controls were
recruited. A 64-channel EEG system was used to investigate the post-stroke cortical
responses objectively during the NPCS. A subjective questionnaire of cold sensory
intensity was also administered via a numeric visual analog scale (VAS). Three water
samples with different temperatures (i.e., 25, 10, and 0◦C) were applied to the skin
surface of the ventral forearm for 3 s via glass beaker, with a randomized sequence on
either the left or right forearm of a participant. EEG relative spectral power (RSP) and
topography were used to evaluate the neural responses toward NPCS with respect to
the independent factors of stimulation side and temperature.

Results: For unimpaired controls, NPCS initiated significant RSP variations, mainly
located in the theta band with the highest discriminative resolution on the different
temperatures (P < 0.001). For stroke participants, the distribution of significant RSP
spread across all EEG frequency bands and the temperature discrimination was lower
than that observed in unimpaired participants (P < 0.05). EEG topography showed
that the NPCS could activate extensive and bilateral sensory cortical areas after
stroke. Significant group differences on RSP intensities were obtained in each EEG
band (P < 0.05). Meanwhile, significant asymmetry cortical responses in RSP toward
different upper limbs were observed during the NPCS in both unimpaired controls and
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participants with stroke (P < 0.05). No difference was found between the groups in the
VAS ratings of the different temperatures (P > 0.05).

Conclusion: The post-stroke cortical responses during NPCS on sensory deficiency
were characterized by the wide distribution of representative RSP bands, lowered
resolution toward different temperatures, and extensive activated sensory cortical areas.

Keywords: stroke, sensory deficiency, electroencephalography, elementary somatosensation, thermal sensation,
non-painful cold stimulation

INTRODUCTION

Reduced somatosensation is common after stroke, with one in
two stroke survivors experiencing this sensory deficit (Carey
et al., 2018). It mainly impairs their discrimination in sensations
of thermal, touch, and pain and further affects their ability of
functional independence and overall quality of life (Carey, 1995;
Kessner et al., 2016). Due to the learned non-use of the sensory
affected limb, post-stroke motor restoration was reported to be
hindered by the impaired somatosensation, which is typically
represented by slower recovery, reduced movement control, and
even lesser rehabilitation outcomes (Wu et al., 2006; De Diego
et al., 2013; Serrada et al., 2019). Despite the high prevalence and
apparent importance of somatosensation in post-stroke motor
restoration, sensory deficiency and its functional evaluation
received little attention, compared to those of the motor function
(De Diego et al., 2013; Carey et al., 2016; Serrada et al., 2019).

To evaluate the sensory impairment, quantitative and precise
measurement of somatosensory functions is crucial. It is known
that the somatosensory functions could be divided into two
subtypes, the elementary and the intermediate (Takeda et al.,
2000; Satoh et al., 2002; Dijkerman and De Haan, 2007;
Matsuda et al., 2020). The elementary somatosensory functions
mainly consist of light touch, pain, thermal sensation, joint
position sense, and vibration sense (Matsuda et al., 2020). The
intermediate somatosensory functions are usually the integration
of the multiple tactile related functions, including 2-point
discrimination, tactile localization, weight, texture, and shape
perceptions (Matsuda et al., 2020). The traditional clinical
practices on post-stroke sensory evaluation were mainly focused
on the intermediate somatosensation because it is generally
believed that brain lesions, e.g., stroke, or brain trauma, mainly
leads to the impairment of intermediate somatosensation (Head
and Holmes, 1911; Takeda et al., 2000) rather than the elementary
ones. For instance, the two-point discrimination (Dellon et al.,
1987) and the Semmes-Weinstein monofilament tests (Bell-
Krotoski and Tomancik, 1987) are two typical assessments widely
used in clinical practice for multiple integrated sensory functions.
Recently, evidence was found that brain lesions also led to
disturbances of the elementary somatosensation. For example,
infarction at the postcentral gyrus would cause disturbance of
thermal sensation (Satoh et al., 2002). However, the measurement
of elementary sensation is underdeveloped in traditional clinical
sensory assessments. A challenge is the configuration of the
measurement with minimum introduction of other unrelated
sensory inputs, when performing an elementary somatosensory

evaluation. In the current clinical measurements for stroke
rehabilitation, both elementary and intermediate somatosensory
functions, as well as the motor functions, are usually evaluated
in a mixture related to daily tasks, e.g., the Fugl-Meyer
Assessment (FMA) (Fugl-Meyer et al., 1974). Among them,
somatosensory measurements are oversimplified in these mixed
scales with limited resolution by subjective ordinal scales
(Dellon et al., 1987). For example, although the Rivermead
assessment of somatosensory performance contains the item
on thermal sensation, it only has two grades of “warm” and
“cold,” and requires the intact cognition of a subject to give
subjective verbal response in the measurement as in most
of the clinical somatosensory assessments (Steimann et al.,
2012). Therefore, objective measurements with more precise
control on the stimulation to evoke elementary somatosensory
responses are preferred in the understanding of the related
impairment after stroke.

The cortical responses to external sensory inputs could be
objectively captured by brain imaging and electrophysiological
technologies, e.g., functional magnetic resonance imaging (fMRI)
and electroencephalography (EEG). fMRI has been applied
in exploration of tactile, thermal, and pain stimulations to
unimpaired persons with the advantage of its high spatial
resolution (Chen et al., 2002; Mazzola et al., 2012). Relatively
static spatial segregations in relation to these sensory inputs were
observed (Chen et al., 2002; Mazzola et al., 2012). However, fMRI
is hard to detect transient responses because of its lower temporal
resolution compared to other modalities, e.g., EEG (Lystad and
Pollard, 2009; Caliandro et al., 2017). EEG features represented
by somatosensory evoked potential (SSEP) in time domain
(Misra et al., 2008) and selected frequency components in EEG
power spectra (Ahn et al., 2016) have been applied in objective
measurement on cortical responses to sensory stimulations. SSEP
parameters, e.g., onset value, peak intensity, duration, etc., have
been widely used to determine the afferent neural integrity
(Hwang et al., 2016; Yoon et al., 2018), based on the detection
of the whole SSEP waveform with high repetitions to achieve a
high signal-to-noise ratio (SNR) (Society, 2015). On the other
hand, frequency features in the EEG power spectra, e.g., alpha and
beta powers, could be less affected by the background noises to
demonstrate the cortical responses to the sensory inputs, because
of the less overlapped distribution between the selected power
bands and those of the noises in the frequency domain (Thut
and Miniussi, 2009). Therefore, EEG frequency features could be
obtained with less repetitions, compared to those SSEP detections
in the time domain (Thut and Miniussi, 2009). EEG spectral
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patterns also have been introduced to investigate the neural
activities during the touch (Singh et al., 2014; Ahn et al., 2016)
and thermal (Chang et al., 2005; Shao et al., 2012) stimulations
in both unimpaired and stroke persons. Based on the study
conducted by Singh et al. (2014), beta oscillation was found to
be highly related to touch sensations, and its power changes
could differentiate pleasant stimuli from unpleasant stimuli
with different textile fabrics on a single trial basis. However,
similar to the clinical manual assessments, the configurations
in cortical measurements of elementary sensations were mixed
with intermediate somatosensation in the reported EEG and
fMRI studies (Kwan et al., 2000; Tseng et al., 2010; Mazzola
et al., 2012; Ansari et al., 2018), e.g., the application of contact
thermode with fastening belts for thermal stimulation to the skin
would introduce multiple tactile and pressure stimuli, besides the
thermal stimulation in the experiment (Kwan et al., 2000; Tseng
et al., 2010).

In this study, we designed a new configuration for the
measurement of post-stroke elementary thermal sensation
by non-painful cold stimulation (NPCS), with minimized
introduction of other sensations, such as tactile sensations
with different textures and shapes. During thermal stimulation,
pain sensation could be triggered and mixed with the
thermal sensation according to an individual’s temperature
threshold and the stimulus duration (Chang et al., 2005).
Additionally, heat stimulation without pain (warm) is prone
to make one drowsy, disturbing the cortical responses to
the sensory inputs and lowering the efficiency of cortical
network processing (Slater, 2008). Therefore, NPCS was
selected to investigate the elementary thermal sensation in
this study, with the purpose of minimizing the involvements
of elementary pain sensation and potential disturbance from
sleepiness. Then, we used quantitative EEG power spectra
to investigate the cortical responses during the elementary
NPCS on post-stroke sensory deficiency, when compared with
unimpaired individuals.

METHODS

In this study, the post-stroke neural responses during the
NPCS were investigated using EEG. A visual analog scale
(VAS) questionnaire was administered to collect the subjective
perceptions of cold stimulation. Three water samples, each at
a different temperature, were applied to the forearm via glass
beakers to induce the NPCSs in both stroke survivors and
unimpaired individuals, with minimized disturbance of other
sensory inputs. EEG power spectra and topography were used to
evaluate the neural responses toward NPCSs.

Participants
Before conducting the experiment, an approval was obtained
from the Human Subjects Ethics Sub-Committee of the
Hong Kong Polytechnic University. Twelve participants from
local districts who entered the chronic stage after stroke
were recruited to the “stroke group.” The following inclusion
criteria were applied: (1) at least 6 months post-onset of a

singular and unilateral brain lesion due to stroke; (2) the
stroke-induced lesions occurred in the subcortical area; (3) an
absence of visual, cognitive or attention deficits that would
prevent participants from following instructions or performing
the experimental procedures (assessed using the Mini-Mental
State Examination (MMSE) score > 21) (Roselli et al., 2009);
(4) presence of moderate-to-severe motor disability in the
paretic limb [13 < Fugl-Meyer Assessment (FMA) < 47
(Fugl-Meyer et al., 1974; Woytowicz et al., 2016)] and muscle
spasticity at the wrist and elbow [Modified Ashworth Score
(MAS) ≤ 2 (Bohannon and Smith, 1987)]; (5) moderate-to-
severe sensory impairment of their affected forearm, with a
score of 1 as measured by the sensation part of light touch
in FMA (Fugl-Meyer et al., 1974); (6) without symptom of
central post-stroke pain (CPSP). The rationale for recruiting
persons with chronic stroke was that their sensorimotor
functions were relatively stable and were representative of a
large population of stroke survivors. Meanwhile, to ensure
the accessibility of cortical EEG responses, particularly those
of the sensorimotor cortex, subjects with stroke and lesions
in subcortical areas were recruited, since their cerebral cortex
were not directly impaired due to stroke. Stroke patients
with CPSP (overall prevalence around 6–8%; Krause et al.,
2016) were excluded from this study to minimize bias,
because patients with CPSP frequently show impairments of
thermal and pain sensations that are different from patients
without CPSP (Krause et al., 2016). The stroke group was
subdivided into the “stroke affected group” and the “stroke
unaffected group” according to the hemiplegic sides of the
participants with stroke.

Fifteen unimpaired adults from local districts were recruited
to the “control group.” They had no history of neurological,
psychiatric, cognitive and/or cardiovascular diseases. All
recruited participants gave written consent before the start of the
experiment. The demographic characteristics of the participants
are presented in Table 1. In this study, the recruited participants
were mainly middle aged [45–65 years-old (Dictionary, 2016)],
with a mean age of 55.13 years for the stroke group and
46.40 years for the control group. The difference in age was not
statistically significant (p = 0.192, t = 1.341, independent t-test).
However, significant difference in gender was found between the
stroke participants and unimpaired controls (p = 0.005, Fisher’s
exact test). In addition, all unimpaired participants and stroke
survivors before their stroke onset were right-handed.

Electroencephalography Measurement
of Cortical Response During Non-painful
Cold Stimulation
Experimental Setup
The experiment was conducted in a lab which was controlled
on temperature and humidity. The room temperature was
maintained at 25 ± 1◦C and the relative humidity was fixed
at 60 ± 5%. Figure 1A shows the experimental setup. Each
participant was comfortably seated in front of a table with both
forearms placed on the table. Each participant wore an eye mask
and ear plugs to minimize the disturbances from visual and audio
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TABLE 1 | Demographic characteristics of the participants.

Characteristics Stroke group
(n = 12)

Control group
(n = 15)

P-values

Age in yearsa (mean ± SD) 55.13 ± 16.04 46.40 ± 17.39 0.192

Genderb (male/female) 11/1 5/10 0.005

Handedness before strokeb

(right/left)
12/0 15/0 1

Affected side (right/left) 6/6 Nil Nil

Type of stroke
(ischemic/hemorrhagic)

10/2 Nil Nil

Times since stroke in years
(mean ± SD)

14.92 ± 5.79 Nil Nil

MAS elbow (mean ± SD) 1.08 ± 0.69 Nil Nil

FMA full score for upper
extremity (mean ± SD)

42.5 ± 15.17 Nil Nil

FMA for light touch on forearm
(mean ± SD)

1 ± 0 Nil Nil

a Independent t-test.
bFisher’s exact test.

stimuli from the surroundings. A 64-channel EEG system (BP-
01830, Brain Products Inc.) was mounted on the scalp of each
participant based on the standard 10–20 system, which was used
to record the whole brain EEG with the skin impedance of each
channel under 5 K� (Nuwer et al., 1999). The whole brain EEG
recording was adopted because cold stimulation could activate
multiple brain cortices in addition to the primary somatosensory
cortex (Singh et al., 2014). The recording sampling frequency was
set at 1,000 Hz.

Non-painful Cold Stimulation
In this study, the configuration for the measurement of post-
stroke elementary thermal sensation using NPCS is shown in
Figure 1B via glass beaker with different temperatures of water.
During the stimulation, the glass beaker was designed to statically
attach to the skin surface without friction, or load of weight.
The selection of glass beaker was mainly due to its smooth
surface and the monocomponent in the material, and these
features could minimize the unnecessary sensory inputs of tactile
sensations with different textures and shapes, when compared
with the contact thermode fastened by belts used in the literature
(Kwan et al., 2000; Tseng et al., 2010). The static attachment
without friction and weight loading during the stimulation could
further limit the introduction of friction sensation and weight
perception. The NPCSs were delivered by three water samples
with different temperatures of 25, 10, and 0◦C, and the three
temperatures could provoke weak to strong non-painful cold
sensations, respectively. In the clinical application, 25◦C usually
acts as the adaptation temperature for control. The 10◦C is
frequently used for cool stimulation (Shao et al., 2012; Ansari
et al., 2018), where the 0◦C is a typical temperature for cold-
induced pain. As mentioned above, pain sensation is related
with the intensity and duration of the thermal stimulation
(Chang et al., 2005). In unimpaired adults, exposing the skin
to 0◦C will evoke cold pain in 5 s (Rebbeck et al., 2015).
To avoid the cold pain during the 0◦C water stimulus, a 3-s
short stimulation duration was used in this study. The target

temperature was achieved by mixing room temperature water
and different quantities of ice. The 0◦C water was maintained
as a mixture of ice and water during the whole experiment.
Before applying each stimulus, a thermometer was used to
ensure that the water temperature was within ±0.1◦C of the
target temperature. The NPCS with different temperatures was
delivered to the skin surface of ventral forearm around the muscle
belly of the flexor carpi radialis (FCR) and flexor digitorum (FD)
muscles by the same experimenter. The FCR and FD muscles
were selected because they were not only a common area to
use in studies investigating the cold sensation for unimpaired
participants (Chang et al., 2005), but also related to the wrist-
hand flexion, which could promote post-stroke upper limb
sensorimotor restoration for wrist-hand joints with appropriate
stimulation (Lin et al., 2017). The estimated size of the contact
area was around 3 cm× 3 cm.

Electroencephalography Measurement Protocol
The timeline of EEG measurement during the NPCS is
summarized in Figure 2. Each single trial of EEG measurement
consisted of a 30-s baseline test, and three 3-s cold stimuli, which
were separated by two 90-s resting times. Each participant was
asked to keep their eyes closed, place both forearms on the
table while remaining relaxed and still (Figure 1A). During the
baseline test, no stimulation was applied to the participants, and
they were required to remain awake without mental activity.
During each NPCS, the glass beaker with a target temperature
was statically attached to the skin surface around the FCR
and FD muscles (Figure 1B), i.e., without friction, for 3 s.
There was a computer program with timer to instruct the
operator to deliver each NPCS. The operator would receive beep
sounds though a headphone for instructions to start and stop.
A countdown of the instruction would also be displayed on
the computer screen as a reminder. Whether the stimulus was
placed on the participant’s right or left forearm was determined
by a randomized sequence. Participants were asked not to
perform active cognition toward the cold stimuli during the EEG
recording. The 90-s duration of rest was selected based upon
the average clearance of cortical responses to cold stimulation
in unimpaired persons (Garkavenko et al., 2008; Shao et al.,
2012; De Pascalis et al., 2019). The cycles of EEG measurement
for each participant were repeated three times on each forearm.
The neural responses of both forearms were evaluated because
the post-stroke cortical responses between different sides were
varied during both sensory and motor tasks. This could be due
to the different handedness before the stroke (Özcan et al., 2005;
Dirnberger et al., 2011), and this asymmetric cortical response
was also observed in our previous work in post-stroke fine touch
to textile fabrics (Huang et al., 2020).

Electroencephalography Data Processing
After acquiring the targeted EEG data, the signals were processed
off-line with a band-pass filter from 0.1 to 100 Hz, and a notch
filter from 49 to 51 Hz to eliminate the 50 Hz noise from the
environment. Following this, the EEG signals were divided into
individual segments containing the baseline and cold stimulation
periods. Then, the relative powers of each EEG frequency band,
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FIGURE 1 | The experimental setup for the EEG evaluation during the non-painful cold stimulation (NPCS): (A) participant in the recording position;
(B) demonstration of the NPCS.

FIGURE 2 | The experimental protocol for EEG evaluation presented with the timeline.

were calculated [i.e., Delta (δ, 0.1–4 Hz), Theta (θ, 4–8 Hz), Alpha
(α, 8–13 Hz), Beta (β, 13–30 Hz), and Gamma (γ, 30–100 Hz)
(Lebeau, 2010; Ahmed et al., 2012)]. The following equation was
used:

PRelative/band =

∫ F2
F1

p (f) df∫ 100
0.1 p (f) df

−

∫ F2
F1

pBaseline (f) df∫ 100
0.1 pBaseline (f) df

(1)

where, the PRelative/band is the relative spectral power (RSP) of
a frequency band; p(f) is the power spectral density of an EEG
segment for a cold stimulation event, which is estimated by Fast
Fourier Transform. F1 and F2 are the cutoff frequencies of a EEG
frequency band, as stated above; and pBaseline(f) is the power
spectral density of the EEG segments in the baseline tests of
each trial. Similar analysis methods were adopted in our previous
study (Huang et al., 2020).

Non-painful Cold Sensation Evaluated by
Questionnaire
The subjective evaluation of sensory intensities to the three cold
stimuli were assessed using a numeric visual analog scale (VAS,
range from 0 to 10), and it was conducted half an hour after
the EEG measurement. Scores of 0–5 indicate no sensation to
maximum non-painful cold sensation, while 6–10 score denotes

minimum to maximum cold pain. During the VAS questionnaire,
a non-painful cold stimulus was applied to the participants’ skin
surface around the FCR and FD muscles, i.e., without friction, for
3 s. After removing the stimulus, participants were asked to rate
the intensity of the cold sensation caused by the applied stimulus.
The sequence for each cold stimulus was randomized. The
subjective evaluation of cold sensations was also repeated three
times on each forearm. Both forearms were assessed for the stroke
participants, while only the dominant forearm (the right forearm
in this study) was assessed for those unimpaired participants.

Statistical Analysis
The normality tests for the EEG data and VAS scores were first
evaluated using the Lilliefors method (Razali and Wah, 2011);
the probabilities were statistically insignificant (P > 0.05), and
the data obeyed normal distribution. During the intragroup
comparisons, two-way repeated ANOVA was used to evaluate the
RSP differences with respect to the independent factors of the
stimulation side (i.e., left side and right side) and temperature
(i.e., 25, 10, and 0◦C) for each EEG frequency band. Then an
independent t-test was used to evaluate the RSP differences
with respect to the independent factor of stimulation side. One-
way repeated measure ANOVA was conducted to investigate
the RSP differences with respect to the independent factor of
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temperature with Bonferroni post-hoc test. During the intergroup
comparisons, RSP differences of each EEG frequency band for
each stimulation side with respect to the independent factors
of the group and temperature were evaluated via mixed-model
repeated measure ANOVA. Following this, one-way ANOVA was
conducted to compare the group differences of RSPs on each
stimulation side, with Bonferroni post-hoc test or Dunnett’s T3
post-hoc test. The selection of which post-hoc test to use was based
on the homogeneity of the variance test. Specifically, for equal
variance, the Bonferroni post-hoc test was adopted, otherwise,
Dunnett’s T3 post-hoc test was used (Shingala and Rajyaguru,
2015). In addition, the intragroup VAS differences with respect
to the independent factor of temperature were evaluated by one-
way repeated measure ANOVA, while the intergroup differences
of the VAS scores were calculated by one-way ANOVA, and both
of them used Bonferroni post-hoc test. In this work, the level of
statistical significance was set at 0.05, and the significance at levels
0.01 and 0.001 were also indicated.

RESULTS

Figure 3 shows the EEG RSPs in response to the cold stimuli for
each group at different EEG frequency bands. Table 2 presents the
two-way repeated ANOVA probabilities and predicted effect sizes
(EFs) with respect to the independent factors of the stimulation
side and temperature. Table 3 provides a summary of the detailed
values, means, and 95% CIs for each RSP, in addition to the
one-way repeated ANOVA and independent t-test probabilities
and EFs. In the control group (Figure 3A), significant RSP
differences with respect to the temperatures were detected at all
EEG frequency bands (P < 0.001, two-way repeated ANOVA,
Table 2). In terms of the stimulation sides, significant differences
were observed in the delta (P = 0.047, two-way repeated ANOVA,
Table 2) and alpha (P = 0.001, two-way repeated ANOVA,
Table 2) bands. Significant interactions between the temperature
and the stimulation side were detected in the alpha (P = 0.042,
two-way repeated ANOVA, Table 2) and gamma (P < 0.001,
two-way repeated ANOVA, Table 2) bands. The theta RSPs
of both sides in response to the 0◦C water were significantly
higher than those for 25 and 10◦C stimuli (P < 0.001, one-way
repeated ANOVA, Table 3), and the theta RSPs of both sides to
10◦C water were significantly higher than those for 25◦C water
(P < 0.001, one-way repeated ANOVA, Table 3). The alpha and
beta RSPs in response to 25◦C were significantly lower than
those in response to the 10 and 0◦C water when the right side
was stimulated (P < 0.001, one-way repeated ANOVA, Table 3).
When the left side was stimulated, the beta and gamma RSPs in
response to 0◦C were found to be significantly higher than those
at the 10 and 25◦C water (P < 0.001, one-way repeated ANOVA,
Table 3). Meanwhile, independent t-test established significant
RSP differences in the delta, alpha, beta, and gamma bands for
the different stimulation sides (P < 0.05, Table 3). The RSP of
the right side was significantly lower than the left side in the
delta band, while significantly higher in the alpha (P < 0.01,
independent t-test, Table 3) and beta (P < 0.05, independent
t-test, Table 3) bands. The gamma RSP for the right side was

significantly higher than that for the left side when stimulated
by the 10◦C water (P = 0.012, independent t-test, Table 3), and
significantly lower when stimulated by the 0◦C water (P = 0.004,
independent t-test, Table 3).

In the stroke unaffected group (Figure 3B), two-way repeated
ANOVA identified significant RSP differences with respect to the
temperatures observed at all EEG frequency bands (P < 0.01,
Table 2). Meanwhile, significant differences with respect to the
stimulation sides were detected at the delta, beta, and gamma
bands (P < 0.01, two-way repeated ANOVA, Table 2). In terms
of the interaction between the temperature and the stimulation
side, significances were found at the delta, alpha, beta, and gamma
bands (P < 0.05, two-way repeated ANOVA, Table 2). One-way
repeated ANOVA showed the RSPs of 25◦C in the theta, beta,
and gamma bands were significantly lower than that of 10 and
0◦C for right-side stimulation (P < 0.01, Table 3). When the left
side was stimulated, the significant variations between the RSPs of
10 and 0◦C were observed in the alpha, beta, and gamma bands
(P < 0.05, one-way repeated ANOVA, Table 3). Furthermore,
significant differences were detected in all EEG frequency bands
for the stroke unaffected group in respect of stimulation sides
(P < 0.05, independent t-test, Table 3). Furthermore, the RSPs
of the right side were significantly higher in the delta and alpha
bands (P < 0.05, independent t-test, Table 3), and lower in theta,
beta, and gamma bands (P < 0.05, independent t-test, Table 3),
when compared with the left side.

In the stroke affected group (Figure 3C), significant
differences with respect to the stimulation sides were detected
at the theta (P = 0.019, two-way repeated ANOVA, Table 2)
and gamma (P = 0.002, two-way repeated ANOVA, Table 2)
bands. In terms of the temperature factor, significant differences
were observed in all EEG frequency bands (P < 0.001, two-way
repeated ANOVA, Table 2). No significant interactions between
the temperature and the stimulation side was captured (P > 0.05,
two-way repeated ANOVA, Table 2). One-way repeated ANOVA
showed significant RSP variations in the delta (P < 0.001,
one-way repeated ANOVA, Table 3), theta (P < 0.001, one-
way repeated ANOVA, Table 3) and gamma (P = 0.001, one-
way repeated ANOVA, Table 3) bands when the left side was
stimulated with 25 and 10◦C water. Additionally, significant
RSP variations between the 25 and 0◦C were found at the delta
(P < 0.001, one-way repeated ANOVA, Table 3), theta (P < 0.001,
one-way repeated ANOVA, Table 3), alpha (P < 0.001, one-
way repeated ANOVA, Table 3), and beta (P = 0.006, one-way
repeated ANOVA, Table 3) bands. When the right side was
stimulated, the 25◦C RSPs were significantly lower than those
RSPs of 10 and 0◦C in the theta, alpha, and beta bands (P < 0.001,
one-way repeated ANOVA, Table 3). The gamma RSP for 0◦C
was significantly higher than that of both 25 and 10◦C (P < 0.001,
one-way repeated ANOVA, Table 3). Furthermore, there were
significant RSP variations between the right side and the left side
at theta, alpha, beta, and gamma bands, as determined by the
independent t-test (P < 0.05, Table 3).

Figure 4 compares the group differences of RSPs in response
to the cold stimuli at each EEG frequency band with respect to
the stimulation sides. Table 4 displays the values of statistical
results including probabilities and EFs of the mixed-model
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FIGURE 3 | The EEG relative spectral power in response to the NPCSs on the left and right forearms for (A) control group, (B) stroke group-unaffected side, and (C)
stroke group-affected side on the whole brain at the delta, theta, alpha, beta, and gamma band presented as mean value with SE (error bar). The significant
intragroup differences are indicated by “*” (p < 0.05, one-way repeated ANOVA with Bonferroni post-hoc tests), and the significant intergroup differences are
indicated by “#” (p < 0.05, independent t-test).

repeated measure ANOVA and one-way ANOVA. Significant
differences between both factors of groups and temperatures were
found in the mixed-model repeated measure ANOVA for all the
EEG frequency bands (P < 0.05, Table 4) on both stimulation
sides. Significant interactions between the temperature factor

and the group were recorded at delta and alpha band on the
left side (P < 0.05, mixed-model repeated measure ANOVA,
Table 4), as well as the theta, beta, and gamma bands on
both sides (P < 0.05, mixed-model repeated measure ANOVA,
Table 4). In comparison to the control group, when the left
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TABLE 2 | Comparisons on the whole brain relative spectral power on each EEG frequency band.

Two-way repeated ANOVA

Temperature Stimulation side Temperature × Stimulation side

Bands Groups P (Partial η2) F P (Partial η2) F P (Partial η2) F

Delta Control group <0.001NNN (0.030) 30.939 0.047N (0.004) 3.956 0.137 (0.002) 1.993

Stroke group-affected side <0.001NNN (0.062) 24.698 0.206 (0.004) 1.605 0.467 (0.002) 0.763

Stroke group-unaffected side <0.001NNN (0.033) 12.465 0.006NN (0.020) 7.638 0.001NN (0.020) 7.454

Theta Control group <0.001NNN (0.049) 50.654 0.058 (0.004) 3.595 0.593 (0.001) 0.523

Stroke group-affected side <0.001NNN (0.069) 27.437 0.019N (0.015) 5.547 0.395 (0.002) 0.929

Stroke group-unaffected side <0.001NNN (0.034) 13.102 0.255 (0.003) 1.301 0.097 (0.006) 2.336

Alpha Control group <0.001NNN (0.010) 10.323 0.001NN (0.012) 11.554 0.042N (0.003) 3.178

Stroke group-affected side <0.001NNN (0.037) 14.302 0.490 (0.001) 0.477 0.232 (0.004) 1.463

Stroke group-unaffected side 0.006NN (0.014) 5.079 0.334 (0.003) 0.934 <0.001NNN (0.021) 7.938

Beta Control group <0.001NNN (0.033) 33.607 0.370 (0.001) 0.805 0.077 (0.003) 2.567

Stroke group-affected side <0.001NNN (0.034) 12.872 0.212 (0.004) 1.564 0.716 (0.001) 0.335

Stroke group-unaffected side <0.001NNN (0.037) 14.432 <0.001NNN (0.067) 26.648 <0.001NNN (0.020) 7.744

Gamma Control group <0.001NNN (0.010) 10.248 0.526 (0.000) 0.403 <0.001NNN (0.009) 9.436

Stroke group-affected side <0.001NNN (0.031) 11.943 0.002NN (0.025) 9.379 0.099 (0.006) 2.319

Stroke group-unaffected side <0.001NNN (0.058) 23.024 <0.001NNN (0.034) 12.901 0.001NN (0.018) 6.885

Differences with statistical significance are marked with “N” (p < 0.05, two-way repeated ANOVA intragroup tests on the temperature and stimulation side effects).
Significant levels are indicated as, 1 superscript for < 0.05, 2 superscripts for < 0.01, 3 superscripts for < 0.001.

side was stimulated, the RSPs of the stroke affected group
were significantly lower at the theta, beta, and gamma bands
(P ≤ 0.001, one-way ANOVA, Table 4), and higher in the
alpha band (P = 0.001, one-way ANOVA, Table 4). Meanwhile,
when the right side was stimulated, the RSPs of the stroke
affected group were significantly lower at the beta (P < 0.001,
one-way ANOVA, Table 4) and gamma (P = 0.002, one-way
ANOVA, Table 4) bands, and higher in the delta and theta
bands (P < 0.001, one-way ANOVA, Table 4). Furthermore,
significant RSP differences between the stroke affected group and
the stroke unaffected group were noted in response to different
temperatures across all frequency bands (P < 0.05, one-way
ANOVA, Table 4). During the right-side stimulation, the alpha
RSP of the stroke affected group was significantly lower than that
of the unaffected group (P < 0.001, one-way ANOVA, Table 4),
while the theta and gamma RSPs of the stroke affected group were
significantly higher than those of the unaffected group (P < 0.05,
one-way ANOVA, Table 4). During the left-side stimulation, the
RSPs of the stroke affected group at theta, beta, and gamma
bands were significantly lower than those of the unaffected group
(P < 0.001, one-way ANOVA, Table 4), while the alpha RSPs
of the stroke affected group were significantly higher than that
of the unaffected group (P < 0.001, one-way ANOVA, Table 4).
A comparison of the RSP values of the control group and
the stroke unaffected group revealed significant differences in
the theta, alpha, beta, and gamma bands (P ≤ 0.001, one-way
ANOVA, Table 4) during the right-side stimulation. Similarly,
significant differences were found in the delta, beta, and gamma
bands (P < 0.05, one-way ANOVA, Table 4) during the left-
side stimulation.

Figure 5 demonstrates the whole brain EEG topography of
the mean RSPs in all EEG frequency bands for each group with

respect to the independent factors of temperature and stimulation
side. Hotspots of significant RSPs in all EEG frequency bands
were captured bilaterally, mainly in the parietal, frontal, and
occipital regions of both stroke and unimpaired participants. In
the control group, there were increased theta power (Figure 5B)
in the parietal and occipital regions bilaterally. The powers of
high frequency bands (i.e., beta and gamma bands, Figures 5D,E)
were increased not only in the parietal and occipital regions,
but also in the occipital lobe. For stroke participants who
had experienced right-side brain lesions (left hemiplegia), theta
activity was increased in the bilateral parietal areas and decreased
in the paramedian central area for both stimulation sides. Brain
activity in the beta band (Figure 5D) only slightly increased in the
bilateral parietal regions for both stimulation sides. In contrast,
for participants with stroke who had experienced left-side brain
lesions (right hemiplegia), theta activity (Figure 5B) increased
in the left hemisphere of the brain when the unaffected left
forearms were stimulated, while a remarkable increase in theta
activity could be observed over the frontal, parietal, and occipital
lobes when their affected right forearms were stimulated. In
terms of the high frequency bands (i.e., beta and gamma
bands, Figures 5D,E), brain activity in the central areas were
significantly increased for the affected right forearms, where the
0◦C stimulus initiated greater brain activity than the 25 and 10◦C
stimuli. Meanwhile, high frequency brain activities increased
significantly almost over the whole brain when the unaffected left
forearms were stimulated.

Table 5 presents the means and 95% CIs of each NPCS
evaluated by VAS, in addition to the statistical probabilities and
the EFs. The results demonstrated that the three temperatures
of cold water could provoke weak to strong non-painful
cold sensations in both stroke and unimpaired participants.
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TABLE 3 | The whole brain relative spectral power of each non-painful cold stimuli for each group.

25◦C 10◦C 0◦C One-way repeated ANOVA

Bands Groups Stimulation side Mean (95% confidence interval, E-03) P (Partial η2) F

Delta Control group Left forearm –13.22 (–17.90 to
–8.55)

–17.15 (–21.83 to
–12.48)

–28.92 (–33.60 to
–24.25)

<0.001*** (0.016) 16.457

Right forearm –15.37 (–19.73 to
–11.02)

–26.04 (–30.39 to
–21.69)

–31.08 (–35.43 to
–26.73)

<0.001*** (0.017) 17.242

Independent t-test
P (Cohen’s d)

0.437 (0.036) 0.007## (0.120) 0.554 (0.027)

Stroke
group-affected side

Left forearm –6.46 (–13.07 to
–0.16)

–21.88 (–28.49 to
–15.26)

–29.06 (–35.67 to
–22.44)

<0.001*** (0.042) 16.459

Right forearm –4.42 (–12.24 to
3.41)

–22.78 (–30.61 to
–14.95)

–30.60 (–38.43 to
–22.77)

<0.001*** (0.042) 16.202

Independent t-test
P (Cohen’s d)

0.644 (0.035) 0.860 (0.013) 0.797 (0.018)

Stroke
group-unaffected

side

Left forearm –32.00 (–40.87 to
–23.14)

–25.27 (–34.13 to
–16.40)

–40.10 (–48.97 to
–31.24)

0.012* (0.012) 4.489

Right forearm –6.50 (–13.00 to
0.01)

–17.39 (–23.90 to
–10.89)

–22.32 (–28.83 to
–15.81)

<0.001*** (0.023) 8.728

Independent t-test
P (Cohen’s d)

<0.001### (0.367) 0.147 (0.107) 0.004## (0.209)

Theta Control group Left forearm 3.72 (2.85–4.60) 6.20 (5.32–7.07) 8.25 (7.38–9.13) <0.001*** (0.030) 30.250

Right forearm 3.53 (2.74–4.31) 5.40 (4.61–6.19) 7.35 (6.56–8.13) <0.001*** (0.025) 25.899

Independent t-test
P (Cohen’s d)

0.651 (0.021) 0.204 (0.057) 0.198 (0.064)

Stroke
group-affected side

Left forearm –4.10 (–7.80 to
–0.39)

5.52 (1.82–9.22) 6.28 (2.57–9.98) <0.001*** (0.045) 17.637

Right forearm 3.54 (1.12–5.95) 9.01 (6.60–11.42) 9.75 (7.34–12.16) <0.001*** (0.029) 11.133

Independent t-test
P (Cohen’s d)

<0.001### (0.334) 0.137 (0.109) 0.188 (0.097)

Stroke
group-unaffected

side

Left forearm 4.39 (2.07–6.72) 7.27 (4.95–9.60) 6.40 (4.08–8.73) 0.119 (0.006) 2.144

Right forearm –5.82 (–9.37 to
–2.28)

0.97 (–2.58 to 4.51) 1.41 (–2.13 to 4.96) <0.001*** (0.036) 14.033

Independent t-test
P (Cohen’s d)

<0.001### (0.401) 0.004## (0.211) 0.038# (0.153)

Alpha Control group Left forearm 4.02 (1.43–6.62) 5.29 (2.69–7.88) 6.16 (3.56–8.75) 0.295 (0.001) 1.222

Right forearm 5.58 (3.13–8.03) 10.53 (8.09–12.98) 12.59
(10.14–15.04)

<0.001*** (0.011) 11.449

Independent t-test
P (Cohen’s d)

0.320 (0.046) 0.006## (0.123) 0.001## (0.146)

Stroke
group-affected side

Left forearm 7.00 (3.70–10.31) 10.88 (7.57–14.19) 16.84
(13.53–20.15)

<0.001*** (0.031) 11.694

Right forearm 2.17 (–1.13 to 5.46) 10.96 (7.67–14.26) 8.44 (5.14–11.73) <0.001*** (0.025) 9.568

Independent t-test
P (Cohen’s d)

0.017# (0.174) 0.972 (0.003) 0.002## (0.226)

Stroke
group-unaffected

side

Left forearm 8.69 (5.35–12.03) 6.22 (2.88–9.56) 11.67 (8.33–15.02) 0.034* (0.009) 3.433

Right forearm 10.31 (6.93–13.70) 12.01 (8.62–15.39) 15.40
(12.01–18.78)

0.026* (0.010) 3.679

Independent t-test
P (Cohen’s d)

0.496 (0.049) 0.013# (0.182) 0.146 (0.106)

Beta Control group Left forearm 4.67 (3.48–5.85) 5.50 (4.32–6.68) 9.34 (8.15–10.52) <0.001*** (0.020) 20.709

Right forearm 4.81 (3.64–5.97) 7.30 (6.14–8.47) 8.90 (7.73–10.06) <0.001*** (0.016) 16.625

(Continued)

Frontiers in Aging Neuroscience | www.frontiersin.org 9 May 2022 | Volume 14 | Article 86627262

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-866272 May 5, 2022 Time: 14:43 # 10

Huang et al. Post-stroke Elementary Thermal Impairment

TABLE 3 | (Continued)

25◦C 10◦C 0◦C One-way repeated ANOVA

Bands Groups Stimulation side Mean (95% confidence interval, E-03) P (Partial η2) F

Independent t-test
P (Cohen’s d)

0.851 (0.006) 0.028# (0.099) 0.647 (0.019)

Stroke
group-affected side

Left forearm 2.95 (1.92–3.98) 4.21 (3.19–5.24) 5.06 (4.03–6.08) 0.006** (0.013) 5.074

Right forearm –0.43 (–3.28 to
2.42)

3.18 (0.33–6.03) 8.72 (5.87–11.57) <0.001*** (0.036) 14.015

Independent t-test
P (Cohen’s d)

0.013# (0.184) 0.461 (0.052) 0.046# (0.144)

Stroke
group-unaffected

side

Left forearm 15.81
(11.79–19.82)

9.62 (5.61–13.63) 17.86
(13.85–21.87)

<0.001*** (0.024) 9.215

Right forearm 1.94 (0.79–3.08) 3.81 (2.67–4.96) 4.80 (3.66–5.95) <0.001*** (0.021) 7.909

Independent t-test
P (Cohen’s d)

<0.001### (0.482) 0.001## (0.248) <0.001### (0.387)

Gamma Control group Left forearm 2.32 (0.77–3.86) 0.77 (-0.78 to 2.31) 6.13 (4.59–7.68) <0.001*** (0.014) 13.633

Right forearm 2.03 (0.86–3.21) 3.11 (1.93–4.28) 2.83 (1.65–4.01) 0.286 (0.001) 1.251

Independent t-test
P (Cohen’s d)

0.752 (0.015) 0.012# (0.111) 0.004## (0.130)

Stroke
group-affected side

Left forearm 0.60 (0.34–0.86) 1.27 (1.01–1.53) 0.81 (0.54–1.07) 0.001** (0.020) 7.695

Right forearm –0.86 (–2.02 to
0.31)

–0.37 (–1.53 to
0.80)

3.69 (2.52–4.85) <0.001*** (0.054) 21.076

Independent t-test
P (Cohen’s d)

0.001## (0.244) 0.001## (0.264) 0.001## (0.257)

Stroke
group-unaffected

side

Left forearm 3.11 (1.92–4.31) 2.16 (0.96–3.35) 4.16 (2.96–5.36) 0.004** (0.015) 5.701

Right forearm 0.07 (–0.27 to 0.41) 0.61 (0.27–0.94) 0.71 (0.37–1.05) 0.003** (0.016) 5.978

Independent t-test
P (Cohen’s d)

<0.001### (0.366) 0.006## (0.207) <0.001### (0.353)

Differences with statistical significance are marked with superscripts beside the P-values (“*” for one-way repeated ANOVA intragroup tests with Bonferroni post-hoc
tests, “#” for independent t-test). Significant levels are indicated as, 1 superscript for < 0.05, 2 superscripts for < 0.01, and 3 superscripts for < 0.001.

Significant VAS variations with respect to the different
temperatures were observed for each group via one-way
repeated ANOVA (P < 0.001, Table 5). No statistical difference
was found in the intergroup comparison for each cold stimulus
(P > 0.05, one-way ANOVA, Table 5).

DISCUSSION

This study designed a novel configuration for the measurement
of post-stroke elementary thermal sensation with NPCS. We
utilized glass beaker with different temperatures of water, which
statically attached to the skin surface without friction and
load, to deliver the NPCSs with different intensities. In the
literature, cold stimuli were mainly delivered by thermal pack
(Mazzola et al., 2012; Ansari et al., 2018), thermode (Kwan
et al., 2000; Tseng et al., 2010), or direct contact with the
water (Maihöfner et al., 2002; Fardo et al., 2017), and these
approaches unavoidably introduced mixed sensory inputs other
than the thermal sensation. For example, direct contact with
the water would mix the thermal sensation and the wetness
sensation, while thermal pack and thermode with fasteners

would introduce the intermediate texture, shape, or even weight
perceptions. In comparison with those configurations in the
literature, the involvements of other unrelated sensory inputs like
texture, shape, wetness, and weight perceptions were effectively
minimized with the configuration of this study. Meanwhile, the
pain sensation was also avoided in the configuration with the
precise 3 s stimulus duration. The NPCSs of this study were
further verified by the VAS questionnaire (Table 5), where the
VAS scores of all stroke and unimpaired participants were lower
than 6 indicating without cold pain.

We measured the post-stroke sensory deficiency on the
elementary non-painful cold sensation using both EEG RSP and
VAS questionnaire. The VAS scores indicated that both stroke
and unimpaired participants could distinguish the different
NPCSs with statistical significance (Table 5). However, there
was no significant intergroup difference in VAS scores between
the stroke and unimpaired participants (Table 5), which could
not further assess the post-stroke sensory alteration on thermal
sensation. The insignificant intergroup VAS result could be due
to the compensation of voluntary cognition toward sensory
inputs for those stroke participants, leading to high thermal
discrimination (Barulli and Stern, 2013). During the VAS
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FIGURE 4 | The EEG overall relative spectral power in response to the non-painful cold stimuli on the left and right forearms for each group at the delta, theta, alpha,
beta, and gamma band, respectively, presented as mean value with SE (error bar). The significant intergroup differences are indicated by “#” (P < 0.05, one-way
ANOVA with Bonferroni post-hoc tests or Dunnett’s T3 post-hoc tests).

questionnaire, participants were asked to rate the cold sensation
provoked by each NPCS. This cognitive process could be
related to the individual experiences, and mainly consisted
of four primary elements including comprehension, retrieval,
judgment, and response (Sudman et al., 1997; Tourangeau
et al., 2000). On the contrary, significant group differences
in cortical responses were found between the stroke and
unimpaired groups toward different NPCSs. That is because
the cortical responses captured by EEG RSPs were associated
with involuntary attention drawn by the NPCS. During the EEG
recording, to minimize the bias caused by the participants’ active
cognitive process, the participants were requested to remain
awake yet mentally inactive. Therefore, the EEG RSP could
reveal much more preliminary cortical response on the post-
stroke sensory deficiency than the compensated cognitive process
during the VAS questionnaire rating.

The EEG results of the unimpaired participants (Figure 3A)
highlighted that different NPCSs could induce significant RSP
variations across the target frequency bands (i.e., theta, alpha,
and beta bands). These three bands were activated with increased
power during the NPCS. In line with our observations of
enhanced EEG beta RSP in both fronto-temporal and parietal
brain regions (Figure 5D), it has been reported in the literature
that beta activity increased bilaterally in the fronto-temporal
cortex in unimpaired people during the cold stimulation,
especially during the cold pain (Chang et al., 2002; De Pascalis
et al., 2019). Chang et al. (2002) suggested that the increased
beta power was related to the frontal and temporal muscle

activities in response to cold stimulation, caused by situational
tension factors like stress or pain. The increased beta activities
were then suspected to associate with residual muscle artifact, as
EEG artifact. However, the increased beta power of this study
was mainly located in sensorimotor cortex (Figure 5D), not
closely to the frontal or temporal muscles, which could not be
accounted as muscle artifact. In addition, the present results
also found that beta RSP intensities were increased with the
increase of stimulus intensities. De Pascalis et al. (2019) reported
a similar observation during the cold pain, and they found that
the higher EEG beta power in the left frontal, midline central,
posterior temporal cortices were correlated with the higher
cold pain scores (De Pascalis et al., 2019). Together with the
increased beta power during the NPCS in this work, it implied
that the beta power could be proportional to the intensities of
cold stimulations whether it was painful or non-painful. It was
also observed that both theta and alpha RSPs were increased
during the NPCS. It could be the involuntary attention aroused
during the non-painful thermal stimulation, i.e., outside events
attract spontaneous attentional processes (Eimer et al., 1996;
Iannetti et al., 2008; Wang et al., 2010), for example, to process
the different NPCSs in this work. Chen et al. (2017) reported
that the intensity of attentive oscillation (i.e., theta and alpha
bands) increased with the difficulty of sensory tasks. The attentive
oscillation would be relatively low when processing an easy
task, while its intensity would be higher when a difficult task
lasts for a longer duration to obtain more information (Chen
et al., 2017). These are consistent with our findings (Figure 3A),
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TABLE 4 | Intergroup comparisons on the whole brain relative spectral power of each EEG frequency band.

One-way ANOVA Mixed-model repeated measure ANOVA

P (partial η2) F Temperature Group Temperature × Group

Bands Stimulation
side

Temperature P (partial η2) F P (partial η2) F P (partial η2) F

Delta Left forearm 25◦C <0.001### (0.018) 15.943 <0.001M M M (0.013) 22.970 <0.001M M M (0.009) 7.724 0.017M (0.003) 3.008

10◦C 0.165 (0.002) 1.801

0◦C 0.090 (0.003) 2.414

Right forearm 25◦C 0.003## (0.007) 5.804 <0.001M M M (0.021) 37.990 0.012M (0.005) 4.456 0.315 (0.001) 1.186

10◦C 0.140 (0.002) 1.967

0◦C 0.160 (0.002) 1.836

Theta Left forearm 25◦C <0.001### (0.038) 34.097 <0.001M M M (0.023) 40.855 0.002M M (0.007) 6.121 <0.001M M M (0.009) 7.892

10◦C 0.587 (0.001) 0.532

0◦C 0.328 (0.001) 1.117

Right forearm 25◦C <0.001### (0.043) 38.554 <0.001M M M (0.028) 50.435 <0.001M M M (0.030) 26.779 0.003M M (0.005) 3.993

10◦C <0.001### (0.014) 12.355

0◦C <0.001### (0.014) 11.969

Alpha Left forearm 25◦C 0.052 (0.003) 2.961 <0.001M M M (0.007) 11.405 0.001M M (0.008) 7.058 0.011M (0.004) 3.260

10◦C 0.053 (0.003) 2.949

0◦C <0.001### (0.011) 9.322

Right forearm 25◦C 0.002## (0.007) 6.088 <0.001M M M (0.009) 15.911 0.022M (0.004) 3.842 0.180 (0.002) 1.569

10◦C 0.818 (0.000) 0.200

0◦C 0.051 (0.003) 2.985

Beta Left forearm 25◦C <0.001### (0.044) 40.099 <0.001M M M (0.011) 19.707 <0.001M M M (0.039) 35.077 <0.001M M M (0.008) 6.772

10◦C <0.001### (0.009) 7.685

0◦C <0.001### (0.024) 20.947

Right forearm 25◦C <0.001### (0.015) 12.796 <0.001M M M (0.020) 35.387 <0.001M M M (0.013) 11.568 0.002M M (0.005) 4.222

10◦C <0.001### (0.010) 8.586

0◦C 0.009## (0.005) 4.683

Gamma Left forearm 25◦C 0.143 (0.002) 1.949 0.002M M (0.003) 6.022 0.013M (0.005) 4.371 0.003M M (0.005) 3.985

10◦C 0.382 (0.001) 0.962

0◦C 0.001## (0.008) 7.010

Right forearm 25◦C <0.001### (0.009) 7.791 <0.001M M M (0.005) 8.678 0.001M M (0.008) 7.079 0.001M M (0.006) 4.817

10◦C <0.001### (0.009) 7.770

0◦C 0.038# (0.004) 3.288

Differences with statistical significance are marked with superscripts beside the P-values (“#” for one-way ANOVA intergroup tests with Bonferroni post-hoc tests or
Dunnett’s T3 post-hoc tests, “M” for mixed-model repeated measure ANOVA intergroup tests on the temperature and group effects). Significant levels are indicated as,
1 superscript for < 0.05, 2 superscripts for < 0.01, 3 superscripts for < 0.001.

among the three stimuli, the 0◦C stimulus obtained the highest
RSP intensity, and the RSP of 10◦C was higher than that of
the 25◦C stimulus. Of the three representative frequency bands,
the theta band showed the highest sensitivity in distinguishing
different cold stimuli in unimpaired participants, because theta
RSP obtained statistical differences between three cold stimuli for
both stimulation sides. The limited sensitivity toward cold stimuli
in the alpha and beta RSPs were possibly due to the dominance
of the theta band during involuntary attention evoked by the
sensory stimulation, as designed in this work.

Post-stroke neural responses of the elementary cold sensation
induced by NPCS were also investigated for both affected
and unaffected sides in the stroke participants. In the stroke
unaffected group, the sensitive EEG RSPs of distinguishing
different cold stimuli were concentrated in the beta and gamma

bands (Figure 3B). Varied with the control group, the theta
band was no longer the dominant frequency band toward cold
stimuli in the stroke unaffected group, and it only remained
limited resolution to different temperatures during the right-side
stimulation. Instead, significant variations were observed in beta
and gamma RSPs during the NPCS on both stimulation sides,
whereas its thermal resolution was also limited. For example,
both beta and gamma RSPs of the right side could not distinguish
the difference between the 10◦C and the 0◦C water. The sensory
deficiency in the unaffected upper limb of stroke survivors
was frequently overlooked in routine stroke clinical practice.
Recently, it has been pointed out that sensorimotor deficits
frequently occurring in the unaffected upper limb were mainly
due to the transcallosal interactions between the hemispheres
(Grefkes and Fink, 2011), and decreased sensory discrimination

Frontiers in Aging Neuroscience | www.frontiersin.org 12 May 2022 | Volume 14 | Article 86627265

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-866272 May 5, 2022 Time: 14:43 # 13

Huang et al. Post-stroke Elementary Thermal Impairment

FIGURE 5 | The whole brain EEG topography on the mean relative spectral
power of (A) delta, (B) theta, (C) alpha, (D) beta, (E) gamma in response to
the non-painful cold stimuli with respect to the stimulation side.

is one of the representative symptoms for sensory deficiency
in the unaffected upper limb. In this study, the reduced
sensory discrimination toward elementary cold sensation for the
unaffected side of the stroke participants was captured.

For the stroke affected group, in comparison with both
unimpaired participants and the unaffected side of stroke
survivors, a wider distribution of representative RSP across
the whole spectrum toward NPCSs was observed, and all EEG
frequency bands showed significant RSP differences toward the
different cold stimuli (Figure 3C). These broadly activated EEG

frequency responses could be related to the excessive cortical
effort after stroke. It indicated that the desired sensory responses
were challenging for chronic stroke survivors, even after the
recovery period of pathological reorganization (Thibaut et al.,
2017). It was widely reported that excessive cortical effort was
required in post-stroke motor recovery when a task became
more complex (Jones and Adkins, 2015; Thibaut et al., 2017).
In this work, we observed the similar additional cortical effort in
the sensory experiences during the NPCS. Meanwhile, although
significant RSP variations toward different cold stimuli could be
obtained in EEG frequency bands for the affected sides, their
thermal resolutions on different temperatures represented by
EEG RSP were low. For example, in unimpaired participants, the
theta RSP demonstrated the highest sensitivity in distinguishing
the three cold stimuli on both sides, while the theta RSP did
not show a significant difference between the 10◦C and the
0◦C water on both sides for the stroke affected group. Another
finding related to the power spectrum was the involvement of
high frequency gamma band during the NPCS to the affected
limbs of the stroke participants (Figure 3C). It could be due
to the compensation of the impaired afferent proprioception
and efferent control in sensorimotor system (Chen et al., 2018).
Increased unconscious employments of higher-level attention
and behavioral processes were usually observed in stroke
survivors, when compared with the unimpaired individuals
(Bannister et al., 2015; Chen et al., 2018). Previous studies also
highlighted the contributions of post-stroke gamma activation,
i.e., contributed to cognitive motor tasks (Gross and Gotman,
1999; Meador et al., 2002), and acted as a coding feature for
functional prevalence in hand sensory areas (Tecchio et al.,
2003, 2004). In our previous studies on post-stroke sensory
deficiency during mechanical tactile stimulation (i.e., textile
fabric stimulations), similar engagements of high frequency
bands (i.e., beta and gamma bands) were observed in persons
with chronic stroke (Huang et al., 2020). It further indicated the
importance of gamma oscillation for somatosensory functions,
including thermal and tactile sensations, following a stroke.

We also investigated the variations of neural responses during
the NPCS between the left and right sides for each group.
These variations were mainly investigated from two aspects,
which included the RSP intensity and its resolution. From the
resolution aspect, the RSP resolutions of the control and stroke
affected group toward different cold stimuli between the left
and right sides were comparable (Figures 3A,C). From the
intensity aspect, the control group obtained significantly higher
RSP intensities in the relative high frequency bands (i.e., alpha,
beta, and gamma bands) during the right-side stimulation than
left-side stimulation (Figure 3A). This could be related to the
higher amplitude of cortical potentials during the dominant
hand movement, in comparison with the non-dominant hand
(Tarkka and Hallett, 1990). In this study, all the unimpaired
participants were right-handed. In the stroke affected group, the
right-side stimulation achieved significant higher RSP intensities
in the relative high frequency bands (i.e., alpha, beta, and
gamma bands) during the strong NPCS (i.e., 0◦C) than the
left-side stimulation, while the right-side stimulation obtained
significant lower RSP intensities during the weak NPCS (i.e.,
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TABLE 5 | Non-painful cold sensation evaluated by visual analog scale.

Groups 25◦C 10◦C 0◦C One-way repeated ANOVA

Mean (95% confidence interval) P (partial η2) F

Control group 1.40 (1.12–1.68) 3.27 (2.99–3.55) 4.60 (4.32–4.88) <0.001*** (0.888) 110.480

Stroke group-unaffected side 1.42 (1.09–1.74) 3.25 (2.92–3.58) 4.67 (4.17–4.83) <0.001*** (0.893) 91.432

Stroke group-affected side 1.50 (1.14–1.86) 3.67 (3.30–4.03) 4.92 (4.55–5.28) <0.001*** (0.920) 125.673

One-way ANOVA

P (Partial η2) 0.871 (0.008) 0.181 (0.091) 0.180 (0.091)

F 0.138 1.795 1.797

Differences with statistical significance are marked with “*” beside the P-values (one-way repeated ANOVA intragroup tests with Bonferroni post-hoc tests). Significant
levels are indicated as, 1 superscript for < 0.05, 2 superscripts for < 0.01, 3 superscripts for < 0.001.

25◦C) (Figure 3C). It might imply that the affected left forearm
is more sensitive to a weak stimulus, where the affected right
forearm is more sensitive to a high stimulus. This particular
finding could be related to the lateralization of brain function,
which result in the differences of behavior and recovery outcome
between the left hemiplegia and right hemiplegia (Chen et al.,
2000; Park and Lee, 2011; Frenkel-Toledo et al., 2019). For
example, patients with left-hemisphere stroke often develop
a slow and cautious behavioral style; on the contrary, those
patients with right-hemisphere stroke usually present a quick
and overly curious behavior (Hayn and Fisher, 1997). Owing
to the superiority of controlling complex motor movements
in the left hemisphere (Serrien and Spapé, 2009), it was also
reported that patients with right hemiplegia had slower motor
restoration in gait functions (Laufer et al., 2003; Gama et al.,
2017). However, few works have been done on the differences in
sensory impairment after the left- and right-hemisphere lesions,
which necessitate further investigations (Goodin et al., 2018).

When it comes to the stroke unaffected group, asymmetric
neural responses from both aspects were observed in all EEG
frequency bands, especially in the high frequency bands (i.e.,
beta and gamma bands, Figures 3B, 5). Firstly, the thermal
resolution of different temperatures for right unaffected forearms
was higher than those of the left. In the theta band, significant
RSP variation toward different cold stimuli was only observed
during the right-side stimulation. In the gamma band, the RSP
of the right forearm could significantly distinguish the 25◦C
stimulus from the other two stimuli, where the RSP of the left
forearm could not. Secondly, the RSP intensities (theta, beta, and
gamma bands) were significantly higher for the left unaffected
forearms than the right ones (Figures 3B, 5). This excessive
neural response suggested that additional cortical efforts were
needed during the neural processing of thermal inputs for the
unaffected left forearms. The imbalance of neural responses
toward thermal stimulation for the stroke unaffected group could
be related to the handedness alteration after stroke. Typically,
dominant hands have better sensorimotor performance during
single-handed tasks, like better manual dexterity during motor
movements, and higher sensation thresholds for touch and
pain than non-dominant hands (Özcan et al., 2005; Dirnberger
et al., 2011). Most stroke survivors will use their unaffected
forearms to perform sensorimotor tasks in their daily lives after

stroke. In some stroke survivors with affected right dominant
forearms, the unaffected left forearms will gradually become their
new dominant upper limbs (Harris and Eng, 2006). However,
it can be difficult for stroke survivors during the handedness
alteration, with the unaffected left forearms presenting low
sensation resolution and poor control over voluntary motor
tasks, compared to their original dominant right arms. In this
study, all stroke survivors were right-handed before their stroke
onset. Among them, half were right hemiplegics, who had
experienced handedness alteration after stroke. The RSP results
of this study further verified the thermal sensitivity during
the NPCS for the unaffected left forearm was lower than the
unaffected right ones. In line with our previous study (Huang
et al., 2020), the unaffected right forearms also showed better
touch discrimination to the different fabrics during the tactile
stimulation when compared with the unaffected left forearms.

Significant intergroup differences of RSP intensities were
also observed (Figure 4). Significant variation on RSP intensity
between the stroke unaffected group and control group was
mainly captured in the beta band (Figure 4). When the left sides
were stimulated, the intensity of beta RSP in the unaffected group
was significantly higher than that in the control group. This
might also be related to the alteration in handedness after stroke.
When compared with the control group, the stroke affected
group displayed sensory deficiency related to attenuated cortical
responses during the weak cold stimuli (i.e., 10 and 25◦C). When
the right side was stimulated with the 10 and 25◦C water, the RSP
intensities of high frequency bands (i.e., beta and gamma bands,
Figure 4) in the stroke affected group were significantly lower
than the control group; however, the RSP intensities between
the two groups were comparable when stimulated by 0◦C. The
cortical activation in the stroke affected group was relatively low
during the processing of weak to moderate NPCSs (i.e., 10 and
25◦C), while strong NPCS (i.e., 0◦C stimulus) could initiate high
cortical activation. It implied that the reduced somatosensation
after stroke was mainly characterized as the insensitivity to those
weak sensory inputs and their discriminations.

The sensory cortical centers in response to elementary thermal
stimulation for both stroke and unimpaired participants were
revealed by the whole-brain RSP topography (Figure 5). For
those unimpaired participants, multiple brain regions were
activated bilaterally during the NPCS, which included the
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primary sensorimotor cortex, insula cortex, occipital cortex,
prefrontal, and frontal cortices. These findings were in line
with the literature (Chang et al., 2002, 2005; De Pascalis
et al., 2019), and further verified the cortical processing of
thermal stimulation was a distributed system, rather than a
strict somatotopic arrangement (Berman et al., 1998; Chang
et al., 2005). In several fMRI studies, innocuous thermal-related
activations in the anterior cingulate cortex and lateral-thalamus
pathway were also reported (Davis et al., 1998; Kwan et al., 2000;
Mazzola et al., 2012). For stroke survivors, the brain cortices
that process non-painful cold sensation were also activated
bilaterally in multiple brain regions as seen in unimpaired
individuals, where the activated regions were more extensive
with higher intensity. Similar distribution of post-stroke cortical
activation after thermal stimulation was reported by one fMRI
study (Chen et al., 2020). They observed that brain activations
promoted by thermal stimuli were in the inferior-middle frontal
cortex, superior-middle temporal cortex, insula, and primary
sensorimotor cortex (Chen et al., 2020).

One of the concerns in the EEG measurements is the
high signal to noise ratio (SNR) to ensure the signal quality,
and it could be achieved by ensemble mean via repetitions
(Väisänen and Malmivuo, 2009). In this study, we preferred
EEG power spectra to investigate the cortical responses to
NPCS, since it requires less repetition or signal length than the
measurement of intact waveform of SSEP in the time domain.
It is because the frequency components are less affected by
the background noises, e.g., environmental noise (50 Hz power
line) and spontaneous EEG unrelated to the stimulation, as the
target EEG frequency features may not be overlapped with the
noise features in the spectrum (Thut and Miniussi, 2009). For
instance, the SSEP waveform detection usually requires averaging
over 250–1,000 repetitions to obtain a reasonable SNR (Society,
2015), while Singh et al. (2014) only used a single trial to
achieve the significant power changes between the pleasant and
unpleasant touch stimuli.

The small sample size was one of the limitations of this
study. However, under the current small sample size, significant
differences in EEG RSP between the unimpaired population
and the chronic stroke population had been obtained. Another
limitation of this study was the significant gender differences
between the two groups (p = 0.005, Fisher exact test, Table 1).
In this study, we focused on the investigation of the impairment
in elementary thermal sensation introduced by the neurological
lesion after stroke, rather than the difference of gender. Gender
differences in post-stroke sensory impairment, e.g., thermal
sensation, has not been investigated yet. In future work,
more stroke participants in different recovery stages, gender,
age groups, and lesion sites will be investigated for a more
comprehensive understanding.

CONCLUSION

The contribution of this study was the objective and
quantitative evaluation of post-stroke elementary thermal
impairment toward non-painful cold stimulation via EEG

RSP analysis, with a new configuration minimizing the
unnecessary sensory inputs. The characteristics of cortical
responses during the NPCS following a stroke were (1)
wide distribution of representative RSP bands, (2) limited
sensitivity toward different thermal stimuli, (3) more extensive
sensory cortical areas, when compared with the EEG RSP
features of the unimpaired control. Meanwhile, the post-stroke
somatosensation of unaffected side was also impaired, which
was represented by lower resolution toward different NPCSs
and asymmetric RSP intensities toward different stimulation
sides. EEG RSP pattern could quantify the neural responses
of elementary thermal sensation after stroke, and enhance the
understanding of post-stroke sensory deficiency on elementary
thermal sensation.
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Background: Language recovery is limited in moderate to severe post-stroke aphasia
patients. Repetitive transcranial magnetic stimulation (rTMS) has emerged as a
promising tool in improving language dysfunctions caused by post-stroke aphasia, but
the treatment outcome is as yet mixed. Considerable evidence has demonstrated the
essential involvement of the cerebellum in a variety of language functions, suggesting
that it may be a potential stimulation target of TMS for the treatment of post-stroke
aphasia. Theta burst stimulation (TBS) is a specific pattern of rTMS with shorter
stimulation times and better therapeutic effects. The effect of continuous TBS (cTBS)
on the cerebellum in patients with aphasia with chronic stroke needs further exploration.

Methods: In this randomized, sham-controlled clinical trial, patients (n = 40) with
chronic post-stroke aphasia received 10 sessions of real cTBS (n = 20) or sham
cTBS (n = 20) over the right cerebellar Crus I+ a 30-min speech-language therapy.
The Western Aphasia Battery (WAB) serves as the primary measure of the treatment
outcome. The secondary outcome measures include the Boston Diagnostic Aphasia
Examination, Boston Naming Test and speech acoustic parameters. Resting-state
fMRI data were also obtained to examine treatment-induced changes in functional
connectivity of the cerebro-cerebellar network. These outcome measures are assessed
before, immediately after, and 12 weeks after cerebellar cTBS intervention.

Discussion: This protocol holds promise that cerebellar cTBS is a potential strategy to
improve language functions in chronic post-stroke aphasia. The resting-state fMRI may
explore the neural mechanism underlying the aphasia rehabilitation with cerebellar cTBS.

Keywords: study protocol, aphasia, continuous theta burst stimulation, cerebellum, randomized controlled trial
(RCT)
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INTRODUCTION

Aphasia is an acquired language disorder caused by ischemic
or hemorrhagic stroke (Engelter et al., 2006), characterized
by impairments in verbal fluency, language comprehension,
word repetition, and picture naming as well as reading/writing
skills. Approximately, one-third of post-stroke patients develops
aphasia (Engelter et al., 2006), which persists in approximate
20% of long-term stroke survivors (Berthier, 2005). Patients with
post-stroke aphasia suffer from decreased quality of life, limited
independence, and substantial long-term disability (Cruice et al.,
2011; Ellis et al., 2012). To date, speech-language therapy (SLT)
is considered as the standard protocol for the treatment of
post-stroke aphasia and produce beneficial effects on language
functions, but the effect size is somewhat small that results
in modest improvements (Brady et al., 2012). Therefore, it is
important to develop other therapeutic approaches to improve
the effectiveness of SLT for aphasia treatment.

In recent years, repetitive transcranial magnetic
stimulation (rTMS) has emerged as a promising non-invasive
neuromodulation method to augment the treatment of post-
stroke non-fluent aphasia (Hartwigsen and Saur, 2017; Fisicaro
et al., 2019; Ren et al., 2019). Generally, low-frequency rTMS
(≤1 Hz) is considered to decrease cortical excitability, while
high-frequency rTMS (≥5 Hz) produces the opposite effect
(Chen and Seitz, 2001). The majority of recent studies have
shown naming improvements in post-stroke non-fluent
aphasia by delivering inhibitory low-frequency rTMS over the
intact right inferior frontal gyrus (IFG) (the right hemisphere
homolog of Broca’s area) (Hara et al., 2015; Harvey et al., 2017;
Ren et al., 2019; Kim et al., 2020). Similar beneficial effects
on post-stroke aphasia were also observed when excitatory
high-frequency rTMS was applied over the left perilesional
cortex (Broca’s area) or right intact IFG (Hara et al., 2017;
Hu et al., 2018). Alternatively, applying rTMS over other
cortical regions is also beneficial for post-stroke aphasia, as
evidenced by improvement in speech perception and auditory
comprehension following low-frequency rTMS over the right
posterior superior temporal gyrus (pSTG) (Kawamura et al.,
2019; Ren et al., 2019). Nevertheless, it is noteworthy that the
evidence for beneficial effects of rTMS on post-stroke aphasia
is not unequivocal (Breining and Sebastian, 2020). Some studies
reported null results when low-frequency rTMS was applied
over the right hemisphere, showing that rTMS did not add to
the effect of SLT on post-stroke aphasia (Santos et al., 2017;
Heikkinen et al., 2018). Among many possible resources of the
inconsistencies across the studies investigating the efficacy of
rTMS for post-stroke aphasia are type of stimulation modality
(inhibitory or excitatory), laterality of brain hemisphere (left or
right), and choice of stimulation target (Broca’s area, STG, etc.)
(Breining and Sebastian, 2020). Particularly, the optimal protocol
of rTMS over the right hemisphere remains controversial for
aphasia rehabilitation (Anglade et al., 2014), which is due to
the limited knowledge about the causal links between cortical
brain regions and language functions. Accordingly, developing
a novel stimulation protocol with other potential targets that are
significantly involved in language processing is important for

improving effectiveness of TMS in augmenting the treatment of
post-stroke aphasia.

The present study protocol proposes a research protocol that
stimulates the right cerebellum with TMS to augment SLT for
patients with post-stroke aphasia. Multiple lines of evidence have
demonstrated significant contributions of the right cerebellum
to a variety of language functions, including word retrieval
and generation, verbal working memory, language learning, and
semantic processing (Gordon, 1996; Desmond and Fiez, 1998;
Murdoch, 2010; Stoodley, 2012; Mariën and Borgatti, 2018).
Clinical evidence has shown deficits in a variety of language tasks
as a result of damage to the right cerebellum (Marien et al., 1996,
2001; Silveri et al., 1998). Moreover, a growing body of empirical
and clinical studies using transcranial direct current stimulation
(tDCS) has established a causal link between the right cerebellum
and language functions. For example, applying tDCS over the
right cerebellum in healthy individuals exerts modulatory effects
on various speech/language tasks, such as verbal generation
(Pope and Miall, 2012), verbal fluency (Turkeltaub et al., 2016),
semantic prediction (D’Mello et al., 2017), and speech motor
learning (Lametti et al., 2018). Clinically, several recent studies
showed augmentation of SLT in post-stroke aphasia with tDCS
over the right cerebellum (Sebastian et al., 2016, 2020; Marangolo
et al., 2018). For example, one randomized, double-blind,
sham-controlled study found significant improvement in verbal
generation in patients with post-stroke aphasia following 4-
week cathodal tDCS over the right cerebellum coupled with SLT
(Marangolo et al., 2018). In another randomized, double-blind,
sham-controlled study (Sebastian et al., 2020), both cathodal
and anodal tDCS over the right cerebellum led to improved
picture naming in chronic post-stroke aphasia, while greater
gains were noted for patients receiving cathodal cerebellar tDCS.
Taken together, these studies provide evidence suggesting that the
cerebellum may be an optimal site of neuromodulation for the
treatment of post-stroke aphasia.

On the other hand, continuous theta burst stimulation
(cTBS) is applied over the right cerebellum in the present
study protocol. As a specific form of rTMS, cTBS produces an
inhibitory effect on cortical excitability for up to 60 min after
less than 1-min of stimulation (Huang et al., 2005). In addition
to modulating cerebellar activity (Koch, 2010), cTBS over the
right cerebellum exerts modulatory effects on speech/language
production (Arasanz et al., 2012; Sheu et al., 2019). Cerebellar
TBS is safe and tolerable and has reported no serious adverse
effects (Hurtado-Puerto et al., 2020). The previous studies
have shown that the cerebellar cTBS modulates motor cortical
excitability and improves motor symptoms (e.g., gait ataxia
and dyskinesia) in a variety of neurodegenerative diseases, such
as Parkinson’s disease (PD) and spinocerebellar ataxia (SCA)
(Koch et al., 2009, 2014; Benussi et al., 2020; Maas et al.,
2020). Moreover, one recent study on patients with SCA showed
that single-session c-TBS over the right cerebellum produces
facilitatory effects on their abnormalities in auditory-motor
integration for vocal pitch regulation (Lin et al., 2022). Therefore,
it is plausible to assume that stimulating the right cerebellum with
inhibitory cTBS coupled with SLT leads to beneficial effects on
chronic post-stroke aphasia, which is yet to be answered.
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To this end, the purpose of the present study is to investigate
the short- and long-term effectiveness of cTBS over the right
cerebellum in augmenting language recovery in chronic post-
stroke aphasia in a randomized, sham-controlled design. In
addition to aphasia test batteries and speech acoustic analyses
for evaluation of treatment outcome, the resting-state functional
magnetic resonance (RS-fMRI) is also used to explore the neural
mechanisms underlying aphasia rehabilitation. The previous
studies have shown associations between improved spelling
or phonemic fluency and increased resting-state functional
connectivity between the cerebellum and language-related
cortical regions for patients with chronic post-stroke aphasia or
healthy individuals following tDCS over the right cerebellum
(Sebastian et al., 2016; Turkeltaub et al., 2016). Accordingly,
we hypothesize that, following cTBS over the right cerebellum,
patients with chronic post-stroke aphasia will exhibit improved
language functions and increased functional connectivity within
the cerebro-cerebellar language network. This randomized,
sham-controlled study provides significant new insights into
the therapeutic efficacy of cTBS over the right cerebellum
to augment SLT for post-stroke aphasia and the underlying
neuroplastic mechanisms.

METHODS

Study Design
This is a prospective, randomized, sham-controlled, single-center
study (Registration number: ChiCTR210049828) that will be
conducted in the Department of Neurorehabilitation, Wuxi
Tongren Rehabilitation Hospital, China. Hospitalized patients
with chronic post-stroke aphasia are recruited to participate in
the study. They are randomly assigned with a ratio of 1:1 to a real
or sham stimulation group. Details about the study design and
data collection are shown in Figure 1 and Table 1. On the day
of enrollment (T0), after the end of cerebellar cTBS intervention
(T1), and 12 weeks post-treatment completion (T2), aphasia test
batteries and speech acoustic analyses are performed to evaluate
language functions in post-stroke aphasia. Also, RS-fMRI data
are collected before and after the end of the intervention. This
study has been approved by the Ethics Committee of Wuxi
Mental Health Center and Wuxi Tongren Rehabilitation Hospital
(WXMHCIRB2021LLky078).

Participants
The inclusion and exclusion criteria of the present study
correspond to the guidelines for using rTMS in clinics and
research (Wassermann, 1998; Rossi et al., 2009; Rossini et al.,
2015). Participant inclusion criteria are: (1) patients aged 40–
80 years; (2) first-ever unilateral ischemic stroke on the left
hemisphere; (3) longer than 6 months post-stroke; (4) non-
fluent aphasia as confirmed by the Western Aphasia Battery
(WAB); (5) right-handed, native-Chinese speakers without
experience of professional vocal or instrumental training; (6)
Boston Diagnostic Aphasia Examination (BDAE) Grades I–III;
and (7) elementary education level and above, with normal or
corrected to normal vision. Participant exclusion criteria are:

(1) history of substance or alcohol abuse, premorbid seizures,
or neuropsychiatric diseases; (2) contraindications involving
TMS and fMRI (e.g., skull defect or skin damage at the
stimulation site, intracranial implant, cardiac pacemaker, and
implanted drug pumps); (3) history of neurosurgical treatment;
(4) unable to cooperate with assessment and treatment due to
severe cognitive impairment; and (5) other neurological disease.
All participants provide written informed consent prior to
participating in the study.

Sample Size
The sample size was calculated using PASS software (v.15.0) on
the basis of previous studies. With an effect size of 0.5 based on
the WAB-AQ (Hu et al., 2018), we expect that the target effect
size had 80% of power with a type I error of 5% (α = 0.05). Thus,
the sample size of each group is at least 16. With an assumption
of 20% dropout rate, a sample size of 20 participants will be
targeted for each group.

Randomization and Blinding
Once the inclusion criteria are satisfied, the participant is
allocated to one real or sham cTBS group using the network-
based random sequence generator to receive real or sham cTBS
over the right cerebellum coupled with SLT. Based on the
previous studies, patients will receive a 10-day cerebellar cTBS
within 2 weeks (Thiel et al., 2013; Wang et al., 2014; Hara and
Abo, 2021). The concealment of allocation is performed using
sealed envelopes with numbers. The participants and physicians
performing the SLT or the data collection/processing are blinded
to the grouping. Note that physicians conducting the cTBS
intervention cannot be blinded due to the nature of the cTBS
intervention and are thus not involved in the research process.
The designer and the staff responsible for allocation concealment
will not participate in the whole intervention.

Interventions
The application of cerebellar cTBS is administered using
Magneuro 100 (Vishee Medical Technology Co., Ltd., Nanjing,
China) equipped with a figure 8-shaped coil (7 cm out diameter).
Before intervention, a single-pulse TMS will be applied over the
right primary motor cortex to determine active motor threshold
(AMT). The AMT is defined as the lowest stimulus intensity that
produces a motor evoked potential (MEP) of >200 µV in at least
5–10 consecutive trials with 10% maximal voluntary contraction
of the first dorsal interosseous muscle of the non-paretic hand
(Koch et al., 2020). Each participant receives real or sham cTBS
over the Crus I of the right lateral cerebellum (3 cm right and
1 cm inferior to the inion) at 80% of AMT (Lin et al., 2022).
A standard cTBS protocol consists of bursts of 3 pulses at 50 Hz
that are repeatedly presented at 5 Hz, resulting in a total of 600
pulses in 40 s. The coil is oriented vertically to the target with
the handle pointing superiorly during real stimulation; while the
stimulation face of the coil is turned 90◦, so that the side of the
coil is placed on the target during sham stimulation (Rastogi
et al., 2017). Immediately following real or sham cerebellar cTBS,
all participants receive a 30-min SLT that includes training on
comprehension, expression of spoken language, semantic, and
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FIGURE 1 | Flow chart of study procedure. cTBS, continuous theta burst stimulation.
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TABLE 1 | Overview of data collection and study timings.

Study period visits Pre-enrollment T0 T1 T2

Relative start of treatment days −1 week Day 0 ±3 days after intervention ±3 days after 12 weeks of intervention

Screening (in-/exclusion criteria) ×

Written informed consent ×

Medical history ×

Randomization ×

NIHSS ×

WAB × × ×

BDAE × × ×

BNT × × ×

Acoustic evaluation × × ×

RS-fMRI × ×

phonological processing. The content of SLT will be modified
based evaluation of language function on an individual level.
Totally, each participant receives 10 sessions of cerebellar cTBS
coupled with SLT (5 sessions per week) within 2 weeks.

Outcome Measures
The primary outcome measure is the WAB assessment that
is divided into four subitems including spontaneous speech,
auditory verbal comprehension, repetition, and naming. The
original scores of the four items are 20, 200, 100, and 100,
respectively. An aphasia quotient (AQ) is calculated using the
following formula: AQ = (spontaneous speech + auditory verbal
comprehension/20 + repetition/10 + naming/10) × 2. The AQ
indicates the severity of aphasia and can be used as an index for
evaluating the improvement and deterioration of aphasia. The
highest AQ score is 100, and the normal range is 98.4–99.6. AQ
<93.8 is considered as aphasia.

In addition to the WAB scores, there are several secondary
measures of treatment outcome including BDAE, Boston Naming
Test (BNT), speech acoustic parameters, and RS-fMRI. BDAE
is used to measure the severity of impaired language function
that can be divided into five grades from severe to mild. The
BNT is an assessment tool to measure the confrontational
word naming of 30 object pictures. The speech acoustic
parameters include fundamental frequency, intensity, speaking
rate, maximum phonation time, range of voice features, and
speech intelligibility. Speech signals are recorded using a laptop
at sampling frequency 44.1 K Hz and Praat software is used to
extract acoustic parameters.

RS-fMRI data are acquired using a 3.0 T MAGNETOM Skyra
scanner (Siemens, Germany). The participants are instructed
to lie still with their eyes closed and think of nothing.
Functional images are obtained using echo-planar imaging (EPI)
pulse sequence with the following parameters: repetition time
(TR) = 2,000 ms; echo time (TE) = 30 ms; 35 slices, field of
view (FOV) = 224 mm × 224 mm; slice thickness = 3.5 mm;
layer spacing 0.7 mm; flip angle (FA) = 90◦; acquisition matrix
64 × 64; voxel size = 3.5 mm × 3.5 mm × 3.5 mm. For
registration purposes, a set of high-resolution structural images
are acquired through a T1-weighted sequence: 192 sagittal slices;
slice thickness = 1 mm; TR = 6.6 ms; TE = 3.1 ms; FA = 12◦;

FOV = 256 mm × 256 mm. The scanning lasted for 8 min and
produced 240 brain volumes.

Data Analysis
Repeated-measures analysis of variances (RM-ANOVAs) are
performed to examine differences in the WAB, BDAE, and
BNT scores as well as speech parameters across the conditions,
with a within-subject factor of phase (pre- vs. post-treatment)
and a between-subject factor of group (real vs. sham cTBS). In
the post hoc analysis, multiple comparisons are corrected with
Bonferroni adjustment. Prior to entering the data into the RM-
ANOVAs, Kolmogorov–Smirnov test is used to verify whether
they are normally distributed. For non-normally distributed
measures, the Wilcoxon Signed Rank Test is used for comparison
across the conditions. The intention-to-treat (ITT) analysis is
used when there are missing data.

The preprocessing of RS-fMRI data is conducted using DPABI
software (v. 6.1) on the MATLAB platform (Mathworks, Natick,
MA, United States) (Yan et al., 2016). The main steps are as
follows: (1) use MRIConvert software (v. 2.1.0, Lewis Center,
Eugene, OR, United States) to convert raw data in DICOM
format to NIFI format; (2) remove the first 10 slices and correct
the remaining 230 slices for slice timing; (3) correct head motion
exceeding 3 mm in any direction or head rotation exceeding
3◦; (4) spatially normalize the functional images to a standard
Montreal Neurological Institute (MNI) space and resample them
to a voxel size of 3 mm × 3 mm × 3 mm; (5) apply a band-pass
filter (0.01–0.08) for each voxel to reduce the influence of low
frequency fluctuation and high-frequency noise (Lv et al., 2018);
and (6) smooth the functional data with a 6-mm full width at half
maximum (FWHM) Gaussian kernel.

After the preprocessing, regional homogeneity (ReHo), degree
centrality (DC), and seed-to-voxel analyses are conducted to
measure the local and global functional connectivity within
the language networks. ReHo is calculated based on the
Kendall’s coefficient of concordance (KCC), which measures the
consistency of the time signal between a voxel and surrounding
voxels. Higher ReHo values represent better consistency between
the local voxel and the regional brain activities. DC values
reflect the network connection intensity between a certain voxel
and all of the brain, indicating the importance of this voxel as
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the network node (Zang et al., 2004). One-way ANOVAs are
conducted on the ReHo and DC values to explore differences
across the conditions within the predefined gray matter mask.
The ANOVA F maps are corrected using Gaussian random
field (GRF) correction (single voxel p < 0.001, cluster level
p < 0.05). The ReHo and DC values of the peak voxels in the
surviving clusters are extracted and entered into SPSS (v. 22)
for further analysis. Seed-to-voxel analyses are conducted with
a priori regions of interest (ROI). The ROIs consist of language-
related regions in cerebellar Crus I; IFG pars opercularis; IFG pars
triangularis; primary motor cortex (M1); anterior and posterior
STG; angular gyrus; anterior and posterior supramarginal gyrus
(SMG), which are selected from the AAL atlas (Tzourio-Mazoyer
et al., 2002). These ROI-based functional connectivity maps
are statistically compared between pre- and post-treatment and
between real cTBS and sham stimulation group. Differences
across the conditions are considered significant when p < 0.05 at
the voxel level, with a false discovery rate (FDR) cluster corrected
p < 0.05.

Safety
Adverse effects are defined as any negative experiences that
occur to the patients who underwent the cerebellar cTBS or
MRI scanning. All adverse effects will be reported by the
investigator during the treatment and within 1 week after
the end of treatment. Particularly, seizures that are the most
severe TMS-related adverse effects with a risk of approximately
0.02%, are only expected to occur during or immediately after
cerebellar cTBS. In addition, adverse effects that occur during
the MRI scanning will be reported within 24 h. Earplugs
will be provided to patients to protect their hearing against
noise. Any serious incident will be immediately reported to
the Medical Research Ethics Committee of Wuxi Tongren
Rehabilitation Hospital.

DISCUSSION

This randomized, sham-controlled clinical trial investigates the
neural and behavioral effects of cTBS over the right cerebellum
on chronic post-stroke aphasia. We hypothesize that stimulating
the right cerebellum with inhibitory cTBS can produce
beneficial effects in augmenting SLT for language recovery
in post-stroke aphasia by regulating functional connectivity
between the right cerebellum and the cerebral cortical regions
involved in language processing. These results can provide
supportive evidence that the right cerebellum may be a potential
optimal stimulation target for the treatment of chronic post-
stroke aphasia.

Variability in lesion location and size in brain reorganization
for post-stroke aphasia complicate efforts to determine the
optimal stimulation strategy at the cortical level (Breining and
Sebastian, 2020). Right cerebellar stimulation, in contrast, can
potentially serve as a single target site that can be used across
patients with post-stroke aphasia with varying site and size of
lesion in the left hemisphere (Turkeltaub et al., 2016). The present
study proposes a new stimulation protocol for language recovery

in chronic post-stroke aphasia by applying inhibitory cTBS over
the right cerebellum, since this region has been demonstrated to
be essentially involved in a variety of language functions (Gordon,
1996; Desmond and Fiez, 1998; Murdoch, 2010; Stoodley, 2012;
Mariën and Borgatti, 2018) and damage to this region leads to
impaired language performance (Marien et al., 1996, 2001; Silveri
et al., 1998). More importantly, several clinical studies reported
improvement in verbal generation or naming functions in the
patients with chronic post-stroke aphasia following anodal or
cathodal tDCS over the right cerebellum (Sebastian et al., 2016,
2020; Marangolo et al., 2018), providing further evidence in
support of the right cerebellum as an optimal stimulation site
for neuromodulation in aphasia. On the other hand, Sebastian
et al. (2020) found greater beneficial effects on naming functions
(relative to sham) when chronic post-stroke patients received
cathodal tDCS over the right cerebellum than when they received
anodal cerebellar tDCS. And applying inhibitory cTBS over the
right cerebellum led to facilitatory effects on impaired vocal
motor control in patients with SCA (Lin et al., 2022). As
compared to rTMS, cTBS induces robust, long-lasting changes
in activation in much shorter periods. Therefore, cTBS over the
right cerebellum proposed in the present study protocol may be
a promising technique to augment SLT for language recovery in
chronic post-stroke aphasia.

The present study protocol also investigates the neural
effects of cTBS over the right cerebellum on chronic post-
stroke aphasia with RS-fMRI. The majority of previous studies
reported behavioral performance assessed by aphasia test
batteries following stimulation with rTMS or tDCS (Sebastian
et al., 2020), but little is known about the underlying neural
mechanisms (Sebastian et al., 2016). In a case report study that
combined tDCS and RS-fMRI, Sebastian et al. (2016) found
that improvement in spelling induced by anodal tDCS over
the right cerebellum was accompanied by increased functional
connectivity of the cerebro-cerebellar network. In another study
on healthy individuals (Turkeltaub et al., 2016), in addition to
improved phonemic fluency, increased resting-state functional
connectivity between the cerebellum and speech-motor areas
and within the left-lateralized network involved in cognitive
aspects of language and motor aspect of speech production were
found following tDCS over the right posterolateral cerebellum.
Moreover, cerebellar cTBS can modulate activity in the neural
pathway that reciprocally links the cerebellum and prefrontal and
parietal regions involved in language production (O’Reilly et al.,
2010; Stoodley, 2012) by altering short- and long-intracortical
inhibition (Koch et al., 2008). Therefore, it is possible that c-TBS
over the right cerebellum is effective in an augmenting chronic
post-stroke aphasia by altering functional connectivity of the
cerebro-cerebellar network.

The present study applies a figure-of-8 coil to the cerebellum.
This coil has been shown to be a flat coil model with increased
trial tolerances (Hardwick et al., 2014) that can stimulate the
superficial layers of the cerebellar cortex (Li et al., 2019). The
reported average depth of the lateral cerebellar gray matter is
approximately 14.6–14.7 mm from the scalp surface, which is
within a range of∼30 mm at 100% peak output of the figure-of-8
coil (Hardwick et al., 2014). Several studies have successfully
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applied rTMS or TBS over the cerebellum with a figure-of-8 coil
to change motor or speech performance (Theoret et al., 2001;
Koch et al., 2008; Popa et al., 2010; Demirtas-Tatlidede et al., 2011;
Lin et al., 2022). On the other hand, the present study protocol
performs acoustic signal analysis to extract speech parameters for
the evaluation of language function with the WAB, BDAE, and
BNT scores. The previous research has shown impaired abilities
of speech production and motor control in patients with non-
fluent aphasia (e.g., Broca’s aphasia) (Hillis, 2007; Behroozmand
et al., 2018). Therefore, performing speech acoustic analysis
has the potential to comprehensively elucidate the mechanisms
underlying the treatment of post-stroke aphasia with cTBS over
the right cerebellum coupled with SLT.

CONCLUSION

In conclusion, the present study protocol proposes a randomized,
sham-controlled clinical trial to investigate the efficacy of cTBS
over the right cerebellum in augmenting language recovery
in chronic post-stroke aphasia and the neural mechanisms
underlying the treatment outcome. If this intervention study
produces a significant positive effect as expected, the findings will
provide valuable evidence for establishing a novel and feasible
stimulation protocol to promote language recovery from chronic
post-stroke aphasia.
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Rehabilitation has been proposed as a valid measure complementary to themanagement

of Parkinson’s disease (PD). However, the mechanism underlying is not clear yet. The

differential expressions of exosomal messenger RNA (mRNA) and long noncoding RNAs

(lncRNAs) may play a critical role in PD progression and rehabilitation. To compare the

differential expressions of exosomal mRNAs and lncRNAs, patients with PD (PWPs,

Hoehn and Yahr stages 1.5-2.5, n= 6) and age- and sex-matched healthy controls (HCs,

n = 6) were included in this study. All PWPs received a 2-week rehabilitation treatment

in the hospital, which seemingly led to improvement in both the motor and non-motor

functions. A set of differentially expressed mRNAs (DEmRNAs) and differentially

expressed lncRNAs (DElncRNAs) extracted from exosomes in blood samples via

next-generation sequencing (NGS) was screened out. Compared to HCs, 2,337 vs.

701 mRNAs and 1,278 vs. 445 lncRNAs were significantly upregulated and significantly

downregulated, respectively, in pre-rehabilitation (pre-rehab) PWPs; 2,490 vs. 629

mRNAs and 1,561 vs. 370 lncRNAs were significantly upregulated and significantly

downregulated, respectively, in post-rehabilitation (post-rehab) PWPs. Compared to pre-

rehab PWPs, 606 vs. 1,056 mRNAs and 593 vs. 1,136 lncRNAs were significantly

upregulated and significantly downregulated, respectively, in post-rehab PWPs. Overall,

14 differentially expressed mRNAs (DEmRNAs) and 73 differentially expressed lncRNAs

(DElncRNAs) were expressed in the blood exosomes of HCs, pre- and post-rehab

PWPs, simultaneously. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analyses identified 243 significantly co-expressed

lncRNA-mRNA pairs. One DEmRNA of interest (ENSG00000099795, NDUFB7)

and three corresponding DElncRNAs (ENST00000564683, ENST00000570408, and

ENST00000628340) were positively related. Quantitative real-time polymerase chain

reaction (qRT-PCR) validated that the expression levels of NDUFB7 mRNA and the

3 DElncRNAs increased significantly in pre-rehab PWPs, but decreased significantly

in post-rehab PWPs compared to HCs. NDUFB7 mRNA is a marker related to

mitochondrial respiration. It is reasonably believed that mitochondrial function is
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associated with PD rehabilitation, and the mitochondrial pathway may involve in the

pathogenesis of PD.

Keywords: Parkinson’s disease, rehabilitation, exosome, messenger RNA, NDUFB7, mitochondrial function, long

noncoding RNAs

INTRODUCTION

Parkinson’s Disease (PD) is one of the fastest-growing
neurological disorders characterized by bradykinesia, rigidity,
and tremor (Bloem et al., 2021). The primary pathological
changes underlying PD are the degeneration of dopaminergic
neurons in the substantia nigra and significant decreases of
dopamine in the striatum (Ntetsika and Papathoma, 2021). The
neurodegenerative pathogenesis may be related to oxidative
stress (Puspita and Chung, 2017), genetic predisposition (Pinnell
et al., 2021), apoptosis (Venderova and Park, 2012), and
neuroinflammation (Tansey and Goldberg, 2010). Increasing
evidence has indicated that rehabilitation might be a promising
supplementary therapy to prevent PD development and delay PD
progression (Xu et al., 2019). However, the potential mechanisms
of PD, especially the mechanism underlying PD rehabilitation,
are not clear yet. High-quality, objective biomarkers are needed
for accurate PD evaluation.

Exosomes (EXOs) are intracellular membrane-based vesicles
with diverse compositions involved in biological and pathological
processes (Doyle and Wang, 2019), including intercellular
communication, the regulation of cellular function, and waste
management (Van Der Pol et al., 2012). Various important cell
signaling molecules, such as messenger RNA (mRNA), long
non-coding RNAs (lncRNA), and proteins can be transported
and transmitted by EXOs (Cheng et al., 2021). The contents of
exosomes are stable and can be transported into receiver cells
to exert their biological roles (Cheng et al., 2021). Therefore,
exosomes are considered potential biomarkers for diagnosing
various diseases, such as PD, e.g., miR-133b variant, a marker
involved in dopamine neuron survival in mice (Kim et al., 2007;
Lee et al., 2019). A previous study suggested that lnc-MKRN2-
42:1 may be involved in the occurrence and development of PD
(Wang et al., 2020). Considering the properties of exosomes,
it is appropriate to use RNA-based biomarkers from EXOs to
study PD.

Mitochondrial dysfunction has been observed in PD
(Macdonald et al., 2018). The nigral neurons are highly
susceptible to mitochondrial dysfunction due to high basal rates
of oxidative phosphorylation leading to increased oxidative stress
(Haddad and Nakamura, 2015). Mitochondrial dysfunction,
especially reductions in complex I activity has been evidenced in
both familial and sporadic forms of PD (Haddad and Nakamura,
2015). Complex I activity may become an essential marker of
the development and assessment of PD. However, the expression
of mRNAs and lncRNAs, and their interactions underlying
mitochondrial mechanisms in peripheral blood exosomes of
PWPs before and after rehabilitation remains unknown.

In this study, we aimed to compare the expression profiles
of exosomal lncRNA and mRNA in the peripheral blood

between healthy controls (HCs), pre-and post-rehab PWPs for
the purpose to elucidate their potential association with PD
pathogenesis and rehabilitation. The differentially expressed
mRNAs (DEmRNAs) and differentially expressed lncRNAs
(DElncRNAs) of interest were characterized to identify their
potential function and signaling pathways in PD rehabilitation.

MATERIALS AND METHODS

Subjects and Sample Collection
We included 80 PWPs between June 2020 and December 2020 in
the Parkinson Medical Center of Beijing rehabilitation hospital.
Six PWPs who met the inclusion criteria and were willing to
participate in the project were included. Six age- and sex-matched
healthy subjects were also included as HCs. Most HCs were life
partners or caregivers of the PWPs.

All PWPs met the clinical diagnosis of PD based on
the Movement Disorder Society (MDS) diagnostic criteria for
primary PD (Postuma et al., 2015), with a disease severity rating
of stage 1.5 to 2.5 on the Hoehn and Yahr (H&Y) scale (1 to 5
points from mild to severe) during the “ON” stage (Hoehn and
Yahr, 1967); <75 years of age; without comorbidities requiring
treatment; without deep brain stimulation therapy; Mini-Mental
State Exam (MMSE) score >24 if education level ≥ secondary
school or >20 if education level≤ primary school (Folstein et al.,
1975); stable medication use; and the ability to walk and stand
without assistance.

The PWPs were excluded if they had a history of other
neurological, psychological, or medical conditions, including
atypical PD; history of head injury (stroke, depression, or
learning disability); debilitating conditions other than PD
(e.g., hearing or vision impairment); or significantly abnormal
laboratory tests (including hematology, electrolytes, renal and
liver function tests).

Peripheral blood sample (5ml) was taken from each
participant under fasting conditions between 6 am and 7
am on Day 2 of hospitalization. All samples were stored at
−80◦C for later assay. The study protocol was approved by
the Ethics Committee of Beijing Rehabilitation Hospital, Capital
Medical University (approval No. 2020bkky010). All participants
voluntarily signed informed consent. Flow chart of the study is
shown in Figure 1.

Rehabilitation Procedure
Rehabilitation was administered as previously described (Chen

K. K. et al., 2021). Briefly, three to four patients with PD

were admitted to hospital simultaneously for a two weeks
rehabilitation covering four daily sessions, five days a week in

hospital. The four sessions consisted of (1) one on one physical
therapy; (2) balance and gait training using C-MiLL (Motekforce
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FIGURE 1 | Flow chart of the study. PWPs, patients with Parkinson’s disease; H and Y, Hoehn and Yahr; PD, Parkinson’s disease; HCs, healthy controls; NGS,

Next-generation sequencing; GO, Gene ontology Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEmRNAs, differentially expressed mRNAs;

DElncRNAs, differentially expressed lncRNAs.

link, Culemburg, Netherlands) and Balance Tutor (Meditouch,
Netanya, Israel); (3) aerobic training using upper and lower limb
trainer (T5XR; Nustep, AnnArbor,MI, USA); (4) speech therapy.
Each session lasted for 30 to 60min and run by one well-trained
physical (for session1, 2, and 3) or speech therapist (for session 4)
respectively to keep the consistency.

The total intervention time is 2.5 h per day. All sessions
were divided and completed in the morning and afternoon (1–
1.5 h for half a day). For example, the therapists conducted the
C-Mill treadmill training (30min) and one-on-one PT session
(30min) in themorning and conducted the balance tutor training
(30min), aerobic training (30min), and speech therapy training
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(30min) in the afternoon. The interval between sessions was
at least 30–60min, and the patients can get enough rest for
the upcoming training. In addition, they will be asked if any
discomfort appears on the next day such as muscle soreness.
No feelings of fatigue were reported. Especially, we screened for
cardiovascular endurance by cardiopulmonary exercise test for
each patient before intervention to avoid risk. The whole study
process lasted for about 1 year. The rehabilitation procedure for
patients with PD is shown in Table 1.

Clinical and Neuropsychological
Assessment
Demographic data were collected, including gender, age, and
disease duration. All PWPs underwent a battery of assessments
under “ON” medication state (1 h after taking their regular
antiparkinsonian medication and having a good therapeutic
effect) at baseline (pre-rehabilitation) and on Day 1 after
a 14-day rehabilitation (post-rehabilitation). The assessments
included motor function, cognitive function, quality of life, and
neuropsychological symptoms necessary for the evaluation of
PD motor and non-motor functions. The Movement Disorders
Society–Unified Parkinson’s Disease Rating Scale Part III (MDS-
UPDRS-III; Chung et al., 2020), the 10-m walk test (10MWT;
Tao et al., 2021), the 6-min walk test (6MWT; Koyanagi et al.,
2021), the Five Times Sit-to-Stand Test (FTSST; Duncan et al.,
2011), the Timed Up-and-Go Test (TUG; Giardini et al., 2018),
and the Mini Balance Evaluation System Test (Mini-BESTest;
Conradsson et al., 2015) were used to assess walking and balance
function. The Mini-mental State Examination (MMSE; Zhao
et al., 2020) and theMontreal Cognitive Assessment (MoCA; Van
Steenoven et al., 2014) were used to assess cognitive function.
The Hamilton Anxiety Scale (HAMA; Sumec et al., 2017) and
the Hamilton depression scale (HAMD; Sumec et al., 2017)
were used to evaluate psychiatric symptoms. The Parkinson’s
Disease Questionnaire (PDQ-39; Meng et al., 2022) was used
to measure perceived health in terms of physical, mental, and
social functions. The evaluations were performed randomly and
patients were given short breaks between assessments.

ExoRNA Isolation, Library Construction,
and Next-Generation Sequencing (NGS)
ExoRNA isolation, library construction, and high-throughput
sequencing were carried out by CloudSeq Biotech Inc. (Shanghai,
China). Briefly, total RNAs were extracted, followed by the
removal of ribosomal RNAs (rRNAs) using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and NEBNext R© rRNA
Depletion Kit (New England Biolabs, Inc., Massachusetts,
USA) according to the manufacturer’s instructions. The TruSeq
Stranded Total RNA Library Prep Kit (Illumina, USA) was
used for the construction of RNA libraries. The RNA libraries
underwent quantitative and quantitative evaluation on the
Agilent 2100 Analyzer (Agilent Technologies, USA). Ten pM
libraries were denatured to single-stranded DNA molecules and
were then captured on Illumina flow cells, amplified in situ as
clusters, and sequenced with 150 cycles on Illumina NovaSeq
6000 sequencer following the manufacturer’s protocol.

Differential Expression Analysis
The raw reads were generated by Illumina NovaSeq 6000
sequencer. Low-quality reads were removed using fastp software
(v0.20.0). STAR software (v2.7.9a) was used to align the
high-quality clean reads to the human reference genome
(GRCh38/hg38). Featurecount software (v2.0.2) and HTSeq
software (v0.13.5) were used to obtain the raw read counts of
mRNA gene level and lncRNA transcript level as the mRNA
and lncRNA expression profiles, respectively. The fold change
and P-value between two groups of samples were calculated
using the DESeq2 R package, and the fold change ≥2.0 and a
p ≤ 0.05 were categorized as the threshold for DEmRNA and
DElncRNA screening.

Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Pathway Analyses
The GO and KEGG analyses were carried out for the DEmRNAs.
GO analysis provides a controlled vocabulary for annotating and
inferring the functions of DEmRNAs. The GO terms covered the
common terms of biological process (BP), molecular function
(MF), and cellular component (CC). The KEGG pathway analysis
was used to speculate on the biological functions involved in
DEmRNAs. In brief, the Ensembl human GTF gene annotation
database (v104) was used to annotate the DEmRNAs. GO
and KEGG pathway enrichment analyses were performed with
clusterProfiler R package (v3.18.1) based on the DEmRNAs. A
p < 0.05 was considered statistically significant.

lncRNA–mRNA Co-expression Network
Analysis
A co-expression network was constructed to evaluate
relationships between DE mRNAs and DElncRNAs. The
Pearson’s correlation coefficient (PCC) between coding and
non-coding genes was calculated. The mRNA–lncRNA pairs
were selected if PCC ≥ 0.990. The network of lncRNA–mRNA
interactions was visualized using the Cytoscape software (http://
www.cytoscape.org/).

Experimental Validation of Selected
Co-expressed mRNA and lncRNA
The expression of selected lncRNA and mRNA was validated
by qRT-PCR. Total RNA was reverse transcribed into cDNA
using the PrimeScript RT Reagent Kit (Perfect Real Time;
TaKaRa, Osaka, Japan) following kit instructions. cDNAwas then
subjected to qRT-PCR analysis on a QuantStudio 5 Real-Time
PCR System using qPCR SYBR Green master mix (CloudSeq).
The data were then normalized to the β-actin expression
level. The relative expression ratios of selected co-expressed
mRNA and lncRNA were calculated using the 11Ct method.
The experiment was repeated three times. qRT-PCR primers
of selected co-expressed mRNA and lncRNA are shown in
Table 2.
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TABLE 1 | Illustration of rehabilitation procedure for patients with PD.

Intervention Description and dose Selection and adjustment of intervention

One on one physical therapy This session was conducted by one well-trained therapist for

30 minutes per day:

1. warm-up activities (5 minutes): Stretching all the joints and

major muscle

2. Active and passive exercises (20 min):

2.1 Stretching: extremities and spine stretching,

ROM traction

2.2 Strength training: isometric training, isotonic training,

resistance training

2.3 Balance training: tandem, one leg stance, inclined ramp

2.4 Gait training: external cueing (visual or auditory cues),

dual-task training

2.5 Adjustment /control of posture: antigravity

trunk extension

3 Cool-down (5min): Stretching all the joints

• H and Y stage 1-2: Items 2.2, 2.3, and 2.4 are required. Difficulty

was raised according to patients’ adaptation to the intervention.

For example, balance training performed on different surfaces like

foam and inclined ramp and less cues were provided during gait

training.

• H and Y stage>2:All items are required. Difficulty was reduced

according to the severity of symptoms.

Balance and gait training The training was conducted by one well-trained therapist

using automatized and standardized program supported by

C-Mill (conducted in the morning for 30min per day) and

Balance Tutor (conducted in the afternoon for 30min per day).

Difficulty was adjusted according to the severity of symptoms. For

example, more reaction times or cues were provided for patients

with worse function of gait or balance.

Aerobic training The training was conducted by one well-trained therapist

using upper and lower limb trainer (T5XR; Nustep, Ann Arbor,

MI, USA) for 30min per day.

Difficulty was adjusted according to patients’ adaptation to the

intervention. For example, increased resistance level was set for

patients with good adaptation to the training.

Speech therapy Three possible kinds of interventions were conducted by one

speech therapist for 30min per day:

(1) counseling for the management of swallowing and

language problems;

(2) individual swallowing training

(3) speech therapy to treat hypokinetic dysarthria

The determination of speech therapies for patients with PD was

mainly based on their complaints and symptoms, as well as the

results of swallowing angiography:

• For patients with PD with mild dysphagia or dysarthria, only one

kind of intervention was needed.

• For patients with PD with both dysphagia and dysarthria, we

gave two kinds of intervention (2 and 3).

Home exercise program A platform of home exercise program for patients with PD

was established by Beijing Rehabilitation Hospital, which

consisted of several home exercise video courses.

patients with PD keep doing exercise at home and sign up every

day after 2-week rehabilitation.

PD, Parkinson’s disease; ROM, range of motion; H and Y, Hoehn and Yahr.

TABLE 2 | Primers for mRNA and lncRNAs.

Genes Type of primers Sequences (5′-3′)

mRNA

ENSG00000099795 1-Forward ACAGCTTCCCCAACTTCCTG

1-Reverse AACTCTGCCGCCTTCTTCTC

lncRNA

ENST00000564683 1-Forward GTCTTGAACTCCTGGGCTCA

1-Reverse GTGCCTCCGTTTTCCTCATC

ENST00000570408 1-Forward AGGGAAGCAGAAACGAGACA

1-Reverse AGTTAATTCCGTGGGGCTCT

ENST00000628340 1-Forward GCCAAACCCATAACAGTGCT

1-Reverse CCTCTCCTTCCTCAACGTCA

Statistical Analysis
Graphs were plotted and analyses were performed by GraphPad
Prism 8 software (San Diego, CA, USA). The statistical difference
in relative expression ratios of the selected co-expressed mRNA
and lncRNA between multiple groups was evaluated by one-way
ANOVA followed by Tukey’s multiple comparison test. The level
of significance was set at P < 0.05.

RESULTS

Demographic and Laboratory Test Data
The demographic and laboratory test data of 6 PWPs and 6 age-
and sex-matched HCs are shown in Table 3. The PWPs were 52–
68 years of age at early-stage (Hoehn and Yahr score 1.5–2.5) of
PD for more than 2 years(range of 2–9 years). All laboratory tests
of PWPs and HCs were within normal range.

The clinical and neuropsychological assessments of pre-and
post-rehab PWPs are shown inTable 4. Post-rehab PWPs showed
better and improved motor function (velocity and mean time
of 10MWT, FTSST, 6MWT, TUG, the score of Mini-BESTest),
cognition (the score of MMSE, MoCA), quality of life (the
score of PDQ-39), and neuropsychological function (the score of
HAMA, HAMD) compared with the pre-rehab PWPs.

Differential Expression of Exosomal
mRNAs and lncRNAs
The DEmRNAs and DElncRNAs are visually displayed in the
form of scatter plots and volcano maps. Fold change ≥2.0 and
p ≤ 0.05 were used as the thresholds for significantly differential
expression. Compared with the HCs, there were 3,038 (including
2337 upregulated and 701 downregulated mRNAs) and 3,119
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TABLE 3 | Clinical characteristics and blood biochemical features in PWPs and HCs.

PD-01 PD-02 PD-03 PD-04 PD-05 PD-06 HC-01 HC-02 HC-03 HC-04 HC-05 HC-06

Sex (male/female) Fmale Male Fmale Fmale Male Fmale Fmale Male Fmale Male Fmale Fmale

Age (y) 67 55 68 62 52 66 65 52 67 55 62 64

Duration (y) 8 8 9 7 9 2 – – – – – –

H and Y (score) 2.5 2 2.5 2 1.5 2 – – – – – –

UPDRS III-off (score) 48 31 53 28 25 18 – – – – – –

SBP (mmHg) 91 155 117 125 117 127 – – – – – –

DBP (mmHg) 61 91 79 70 73 57 – – – – – –

RBC (1012/L) 4.7 4.92 4.39 4.48 4.74 4.32 – – – – – –

Hb (g/L) 140 153 127 135 154 130 – – – – – –

WBC (109/L) 6.85 6.45 5.67 7.44 4.6 7.68 – – – – – –

NC (1049/L) 55.6 4.34 3.16 5.01 2.54 4.66 – – – – – –

NR (%) 3.8 67.2 55.7 67.5 55.3 60.6 – – – – – –

Plt (109/L) 191 231 240 242 226 223 – – – – – –

Na (mmol/L) 145 140 141 141 143 145 – – – – – –

K (mmol/L) 4.2 3.8 3.7 4.1 4 4.1 – – – – – –

Ca (mmol/L) 2.36 2.54 2.47 2.24 2.32 2.35 – – – – – –

ALT (U/L) 12 20 26 15 24 9 – – – – – –

AST (U/L) 18 16 19 18 22 17 – – – – – –

TBIL (umol/L) 15.1 19.8 15.9 11.6 9.5 14.5 – – – – – –

GHb (%) 6.6 7.1 6.6 5.9 5.4 5.8 – – – – – –

Cre (umol/L) 64.8 62.2 61 60.1 80.3 72.6 – – – – – –

BUN (mmol/L) 5.7 4.3 6.1 4.5 4.1 5.1 – – – – – –

PWPs, patients with PD; HCs, Healthy controls; H and Y, HoehnandYahr; UPDRS, Unified Parkinson Disease Rating Scale; SBP, systolic blood pressure; DBP, diastolic blood pressure; RBC, red blood cell count; Hb, hemoglobin;

WBC, white blood cell count; NC, neutrophil count; NR, neutrophil ratio; Plt, platelet; Na, sodium ion; K, potassium ion; Ca, calcium ion; ALT, alanine transaminase; AST, aspartate aminotransferase; TBIL, total bilirubin; GHb, glycated

hemoglobin; Cre, creatinine; BUN, blood urea nitrogen.
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TABLE 4 | The results of motor, cognitive, quality of life, and neuropsychological assessment in the pre- and post-rehabilitation PWPs.

Case No. PD-01 PD-02 PD-03 PD-04 PD-05 PD-06

Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post-

Motor functional assessment

10MV-VCGS (m/s) 1.14 1.15 0.97 0.97 1.05 1.19 1.01 1.47 1.4 1.41 1.23 1.34

10MV-MTCGS (s) 8.76 8.69 10.26 10.25 9.51 8.37 9.89 6.76 7.13 7.04 8.08 7.42

10MV-VMGS (m/s) 1.82 1.87 1.86 1.43 1.61 1.68 1.24 1.91 2.04 2.42 1.54 1.95

10MV-MTMGS (s) 5.46 5.34 5.35 6.96 6.18 5.94 8.02 5.22 4.88 4.12 6.46 5.1

FTSST (s) 9.37 10.03 12.1 9.91 9.09 10.99 10.61 8.9 6.92 5.49 8.72 7.87

6MWT (m) 522 527 445 520 466 446 509 536 559 591 464 498

TUG (s) 8.15 7.34 10.15 8.43 9.58 10.08 8.48 7.36 8.85 6.57 8.14 7.16

Mini-BESTest (score) 22 25 25 25 22 25 22 25 23 27 25 26

Cognitive assessment

MMSE (score) 26 27 27 30 25 27 25 30 24 30 29 30

MoCA (score) 27 30 27 28 22 25 21 27 23 29 29 30

Quality of life assessment

PDQ-39 (score) 39.74 23.71 23.07 14.1 20.51 18.58 14.1 13.46 21.15 14.74 17.3 12.17

Neuropsychological assessment

HAMA (score) 15 4 4 4 5 9 10 9 6 6 12 8

HAMD (score) 12 4 7 4 2 8 5 3 6 1 8 4

Pre-, pre- rehabilitation; Post-, post-rehabilitation; 10MWT-VCGS, the velocity of 10-m walk test in comfortable gait speed; 10 MWT-MTCGS, the mean time of 10-m walk test in comfortable gait speed; 10MWT -VMGS, the velocity of

10-m walk test in maximum gait speed; 10MWT -MTMGS, the mean time of 10-m walk test in maximum gait speed; FTSST, the Five Times Sit-to-Stand Test; 6MWT, the six-minute walk test; TUG, the time up and go; Mini-BESTest, Mini

Balance Evaluation System Test; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton depression scale; MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment; PDQ-39, The Parkinson’s Disease Questionnaire.
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FIGURE 2 | Changes in the mRNA expression profiles of the HCs, pre- and post-rehab PWPs. The scatter plot (A) and volcanic map (D) reveal that a significant

difference existed in the distribution of mRNAs between pre-rehab PWPs and the HCs. The scatter plot (B) and volcanic map (E) reveal that a significant difference

existed in the distribution of mRNAs between Post-rehab PWPs and the HCs. The scatter plot (C) and volcanic map (F) reveal that a significant difference existed in

the distribution of mRNAs between pre- and post-rehab PWPs. Red represents upregulation, while green represents downregulation. Pre-rehab, pre-rehabilitation;

Post-rehab, post-rehabilitation; PWPs, patients with Parkinson’s disease.

(including 2,490 upregulated and 629 downregulated mRNAs)
DEmRNAs in the blood exosomes of pre-rehab (Figures 2A,D)
and post-rehab PWPs (Figures 2B,E), respectively. Compared
with pre-rehab PWPs, mRNA expression levels of post-rehab
PWPs (Figures 2C,F) revealed 1,662 DEmRNAs, of which 606
and 1,056 were up and downregulated, respectively. In addition,
lncRNA expression profiles revealed that, compared with the
HCs, a total of 1,723 (including 1,278 upregulated and 445
downregulated lncRNAs) and 1,931 (including 1,561 upregulated
and 370 downregulated lncRNAs) DElncRNAs were identified
in the blood exosomes of pre- rehab (Figures 3A,D) and post-
rehab (Figures 3B,E) PWPs, respectively. Compared with pre-
rehab PWPs, lncRNA expression levels of post-rehab PWPs
(Figures 3C,F) revealed 1,729 DElncRNAs, of which 593 and
1,136 were up and downregulated, respectively.

GO Analysis of DEmRNAs
Gene ontology enrichment analysis was performed to
investigate the role of the DEmRNAs in the process of
rehabilitation (Figure 4). GO analysis between HCs and pre-
rehab PWPs revealed that the upregulated DEmRNAs were

significantly enriched in biological processes related to thymus
development, protein autophosphorylation, and extracellular
matrix organization (Figure 4A), while the downregulated
DEmRNAs were enriched in protein localization to the
endoplasmic reticulum, establishment of protein localization
to the endoplasmic reticulum, SRP–dependent cotranslational
protein targeting the membrane (Figure 4D).

Gene ontology analysis between HCs and post-rehab PWPs
revealed that the upregulated DEmRNAs were significantly
enriched in post–translational protein modification, positive
regulation of apoptotic signaling pathway, and negative
regulation of mitochondrion organization (Figure 4B). The
downregulated mRNAs were enriched in protein localization to
the endoplasmic reticulum, protein K48–linked ubiquitination,
SRP-dependent cotranslational protein targeting the membrane
(Figure 4E).

Gene ontology analysis between pre-and post-rehab PWPs
revealed that the upregulated DEmRNAs were significantly
enriched in collagen metabolic process, skin morphogenesis, and
RNA stabilization (Figure 4C). These downregulated DEmRNAs
are involved in proteasome-mediated ubiquitin-dependent
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FIGURE 3 | Changes in the lncRNA expression profiles of the HCs, pre- and post-rehab PWPs. The scatter plot (A) and volcanic map (D) reveal that a significant

difference existed in the distribution of lncRNAs between pre-rehab PWPs and HCs. The scatter plot (B) and volcanic map (E) reveal that a significant difference

existed in the distribution of lncRNAs between post-rehab PWPs and the HCs. The scatter plot (C) and volcanic map (F) reveal that a significant difference existed in

the distribution of lncRNAs between Pre- and Post-rehab PWPs. Red represents upregulation, while green represents downregulation. Pre-rehab, pre-rehabilitation;

Post-rehab, post-rehabilitation; PWPs, patients with Parkinson’s disease.

protein catabolic process, proteasomal protein catabolic process,
and the regulation of innate immune response (Figure 4F).

Pathway Analysis of DEmRNAs
KEGG pathway analysis identified the pathways influenced by
exosomal DEmRNAs of HCs, pre- and post-rehab PWPs. The
pathways of upregulated DEmRNAs between HCs and pre-rehab
PWPs are involved in “axon guidance,” “Fc epsilon RI signaling
pathway,” “B cell receptor signaling pathway” (Figure 5A),
while the pathways of downregulated DEmRNAs are involved
in “long–term potentiation,” “ribosome,” and “neurotrophin
signaling pathway” (Figure 5D).

Compared to the HCs, the pathways associated with
upregulated DEmRNAs in post-rehab PWPs are involved in
“lysosome,” “natural killer cell mediated cytotoxicity,” “calcium
signaling pathway” (Figure 5B), while the pathways associated
with downregulated DEmRNAs are involved in the “mRNA
surveillance pathway,” “mTOR signaling pathway,” and “protein
export” (Figure 5E). Then compared to the pre-rehab PWPs,
the pathways associated with upregulated DEmRNAs of the

post-rehab group are involved in the “B cell receptor signaling
pathway,” “ubiquitin-mediated proteolysis,” “VEGF signaling
pathway” (Figure 5C), while the pathways associated with
downregulated DEmRNAs are involved in the “MAPK signaling
pathway,” “neurotrophin signaling pathway,” and “proteasome”
(Figure 5F).

Co-expression of DElncRNAs and
DEmRNAs
The potential functions of mRNA can be inferred from lncRNA–
mRNA co-expression networks. We screened all DEmRNA
and DElncRNA, and 14 DEmRNAs and 73 DElncRNAs of
interest were expressed simultaneously in HCs, pre-and post-
rehab PWPs. The lncRNA–mRNA co-expression revealed that
the interaction network comprised 87 nodes, including 14
DEmRNAs and 73 targeted DElncRNAs. These nodes formed
243 positive network pairs (Figure 6). The network displays that
a single mRNA may be correlated with several lncRNAs and
vice versa.
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FIGURE 4 | GO analysis of differentially expressed genes. GO analysis of upregulated (A) and downregulated (D) mRNAs between Pre-rehab PWPs and HCs. GO

analysis of upregulated (B) and downregulated (E) mRNAs between Post-rehab PWPs and HCs. GO analysis of upregulated (C) and downregulated (F) mRNAs

between Pre- and Post-rehab PWPs. Pre-rehab, pre- rehabilitation; Post-rehab, post-rehabilitation; PWPs, patients with Parkinson’s disease; GO, gene ontology; BP,

biological process, MF, molecular function, CC, cellular component.

Experimental Validation of Selected
lncRNAs and mRNAs
For validation purposes, we selected one DEmRNA
(ENSG00000099795, NDUFB7) of interested and three related
DElncRNAs (ENST00000564683, ENST00000570408, and
ENST00000628340) from the co-expression pairs of DEmRNAs
and DElncRNAs. The housekeeping gene β-actin was used
as an internal control for normalization. NDUFB7 encodes
a subunit of reduced nicotinamide adenine dinucleotide
(NADH) dehydrogenase-ubiquinone oxidoreductase (complex
I), which is a marker related to mitochondrial respiration.
The qRT-PCR results were consistent with our sequencing
results for the variation of DEmRNA (Figure 7A) and
DElncRNAs (Figure 7B). According to qRT-PCR results,
the expression of selected exosomal DEmRNA was significantly
upregulated in pre-rehab PWPs (P < 0.0001) and post-rehab
PWPs (P = 0.0475) compared with HCs, and significantly
downregulated in post-rehab PWPs compared with pre-rehab
PWPs (P < 0.0001).

Meanwhile, compared with HCs, all of the selected
exosomal DElncRNAs were expressed at a significantly
higher level (all P ≤ 0.0001) in pre-rehab PWPs and two
of the selected exosomal DElncRNAs, (ENST00000564683,
P = 0.0025; ENST00000570408, P = 0.0005) expressed

at a significantly higher level in post-rehab PWPs. All of
the selected exosomal DElncRNAs were expressed at a
significantly lower level in the post-rehab PWPs than in
pre-rehab PWPs (P < 0.05).

DISCUSSION

This pilot study included 6 early-stage PWPs and 6 age-
and sex-matched HCs. The PWPs responded well to
rehabilitation treatment based on comprehensive clinical
assessment, including motor behavior, cognition, quality
of life, anxiety, and depression. Rehabilitation seems to
be a promising non-pharmacological therapy for PD
(Goodwin et al., 2008). Some studies have previously
reported that rehabilitation measures could lead to significant
improvement in motor function, including walking ability,
posture, and balance control for PWPs (Ashburn et al.,
2007; Chen K. K. et al., 2021). However, the underlying
mechanisms for improvement of PWPs after rehabilitation is
not clear.

High-quality biomarkers are important for PD diagnosis,
monitoring, and treatment response evaluation (Cao et al., 2017).
Exosomes are extracellular vesicles (EVs) secreted by multiple
cells and contain cargos including protein, lncRNA, microRNA
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FIGURE 5 | KEGG pathway analysis of differentially expressed genes. KEGG pathway analysis of upregulated (A) and downregulated (D) mRNAs between pre-rehab

PWPs and HCs. KEGG pathway analysis of upregulated (B) and downregulated (E) mRNAs between pre-rehab PWPs and HCs. KEGG pathway analysis of

upregulated (C) and downregulated (F) mRNAs between pre- and post-rehab PWPs. Pre-rehab, pre-rehabilitation; post-rehab, post-rehabilitation; PWPs, patients

with Parkinson’s disease; KEGG, Kyoto Encyclopedia of Genes and Genomes.

(miRNA), and mRNA. Exosomes will transfer to the central
nervous system (CNS) and release to exert pleiotropic effects
(Deng et al., 2020). Exosomes can take part in many biological
processes and contribute to intracellular communication, which
makes them important in neurodegenerative diseases (Kalluri
and Lebleu, 2020). Previous analysis of exosomes isolated from
the blood or CSF of PWPs suggested that exosomes may be
valid biomarkers of PD (Vella and Hill, 2016). As a result,
we quantitatively analyzed the exosomal mRNA and lncRNA
expressions in peripheral blood of PWPs andHCs using NGS and
real-time quantitative PCR.

Gene ontology analysis revealed that the DEmRNAs were
significantly associated with the biological processes such
as regulation of mitochondrion organization, regulation of
apoptotic signaling pathway, and calcium ion transport.
The significantly enriched CC term included mitochondrial
outer membrane, primary lysosome, and dendritic spine.
The significantly enriched MF term comprised cysteine–type
endopeptidase activity involved in the apoptotic process,
ubiquitin–like protein ligase activity, and ribosome binding.
The functional annotations demonstrated that the aberrantly
expressed genes participate in mitochondrial dysfunction-
related pathologic processes in PD, such as oxidative stress
response, ubiquitin system, apoptosis, and calcium signaling

(Zhang et al., 2010). KEGG pathway analysis revealed that
DEmRNAs were involved in several biological pathways, of
which protein processing in the calcium signaling pathway
and the mTOR signaling pathway is related to mitochondrial
metabolism in PD (Zhu et al., 2019). Thus, it is reasonable
to consider that mitochondrial-related exosomal mRNA and
lncRNA are implicated in the pathogenesis and rehabilitation
of PD.

One DEmRNA of interest (NDUFB7) and three related
DElncRNAs were selected to explore the potential role of the
mRNA and lncRNAs in this process. NDUFB7 mRNA, encoding
a subunit of reduced NADH dehydrogenase-ubiquinone
oxidoreductase (complex I), was positively related to three
DElncRNAs. Previous reports were consistent in describing
a selective deficiency of respiratory chain complex I in the
substantia nigra (SN) of PWPs (Janetzky et al., 1994). Adenosine
triphosphate is generated through the mitochondrial electron
transport chain (ETC) and the oxidative-phosphorylation
system (Perier and Vila, 2012). In the process of oxidative
phosphorylation, complex I works as the entry point for
electrons being transmitted from mitochondrial matrix to the
ETC by catalyzing the electron transfer from NADH into the
ETC subunits (Subramaniam and Chesselet, 2013). A reduction
in electron transfer capacity was observed in patients with PD
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FIGURE 6 | lncRNA-mRNA Co-expression network analysis. lncRNA-mRNA co-expression networks contained 87 nodes, including 73 lncRNAs and 14 mRNA

DEmRNAs which were positively related. lncRNAs, long noncoding RNAs; mRNA, messenger RNA; DElncRNAs, differentially expressed lncRNAs; DEmRNAs,

differentially expressed mRNAs.

indicating that oxidative damage to mitochondria may result in
complex I impairment (Keeney et al., 2006). MPTP (1-Methyl-
4-phenyl-1,2,5,6-tetrahydropyridine) induced inhibition of
mitochondrial CI, and subsequent DA neuronal loss has been
reproduced in mammalian models such as primates and mice.
Post-mortem studies have suggested a complex I deficiency in
the SN of patients with PD, reflecting the mitochondrial injury
of the neuronal cells (Subrahmanian and Lavoie, 2021). So,
we assumed that mitochondrial pathway of NDUFB7 mRNA

may be involved in the rehabilitation of PD. Some lncRNAs
also play an important role in PD by promoting or inhibiting
translation (Chen Y. et al., 2021). In our study, the selected
lncRNAs positively regulated the selected mRNA, suggesting
that the lncRNAs also play important roles in expression and
regulation of the genes implicated in PD rehabilitation. However,
exosomal lncRNAs have not been investigated in depth and
little is known about the role of exosomal lncRNAs in the
pathogenesis of PD.
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FIGURE 7 | qRT-PCR validation of differentially expressed mRNA and lncRNAs. qRT-PCR verification of the expression profiles of NDUFB7 mRNA (A) and 3 related

lncRNAs (B) in HCs, pre- and post-rehab PWPs. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Pre-rehab, pre-rehabilitation; post-rehab, post-rehabilitation; PWPs, patients

with Parkinson’s disease.

The qRT-PCR validation for the DEmRNA of interest and
related DElncRNAs revealed upregulated expression level of
NDUFB7 in pre-rehab PWPs compared to post-rehab PWPs.
The release of damage-related molecules of mitochondria is a
potential mechanism connectingmitochondrial dysfunction with
systemic inflammation in the setting of various diseases, such as
PD (Currim et al., 2021). A previous study indicated that mildly
damagedmitochondria were primed by serine/threonine-protein
kinase PINK1 and Parkin and generated mitochondrial-derived
vesicles (MDVs; Mclelland et al., 2014). MDVs containing
mitochondrial components are secret out of the endolysosomal
system and are released into the extracellular compartment
as exosomes (Matheoud et al., 2016). Therefore, we suppose
that the benefits of rehabilitation for PWPs may involve
the restoration of mitochondrial function, and NDUFB7 is
a potential biomarker for the evaluation of the effect of
PD rehabilitation.

Several limitations may affect the interpretation of our

findings. The insufficient sample size in our study may

undermine our conclusion. More convincing evidence is

required to validate the conclusion with a larger sample
size. Our results suggested downregulated expression of

NDUFB7 mRNA in favor of the post-rehab PWPs, but

the difference between pre-rehab and post-rehab PWPs
was not statistically significant. Better baseline motor
function of PWPs may be partially responsible for this

phenomenon. The functions of DElncRNAs were only
predicted through the co-expression analyses. The precise

underlying mechanisms have not been clarified yet. Additional

studies are required to investigate the exact roles of exosomal
lncRNAs in PD. Future research will clarify how NDUFB7
may contribute to PD pathogenesis and how rehabilitation
treatment down-regulates NDUFB7 expression at cellular and
animal levels.

CONCLUSION

NDUFB7 mRNA and three related lncRNAs are
potentially associated with the rehabilitation of PD
by restoring mitochondrial function. These findings
provide valuable insight into the potential biomarkers
pertinent for evaluating the treatment strategies
for PD.
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Background: There was a reorganization of the brain network after stroke. Some
studies have compared the characteristics of activation or functional connectivity
(FC) of cortical and subcortical regions between the dominant and non-dominant
hemisphere stroke.

Objectives: To analyze hemispheric dominance differences in task-state motor network
properties in subacute stroke by functional near-infrared spectroscopy (fNIRS).

Materials and Methods: Patients with first ischemic stroke in the basal ganglia within
1–3 months after onset and age- and sex-matched right-handed healthy subjects
(HS) were enrolled. fNIRS with 29 channels was used to detect the oxyhemoglobin
concentration changes when performing the hand grasping task. Activation patterns
of motor cortex and two macroscale and two mesoscale brain network indicators
based on graph theory were compared between dominant and non-dominant
hemisphere stroke.

Results: We enrolled 17 subjects in each of left hemisphere stroke (LHS), right
hemisphere stroke (RHS), and HS groups. Both patient groups showed bilateral
activation. The average weighted clustering coefficient and global efficiency of patients
were lower than those of healthy people, and the inter-density was higher than that of
the HS group, but the significance was different between LHS and RHS groups. The
intra-density changes in the RHS group were opposite to those in the LHS group.
The correlation between mesoscale indicators and motor function differed between
dominant and non-dominant hemisphere stroke.
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Conclusion: The changes in macroscale cortical network indicators were similar
between the two patient groups, while those of the mesoscale indicators were different.
The mesoscale brain network characteristics were affected by the severity of dysfunction
to varying degrees in the LHS and RHS patients.

Keywords: hemispheric dominance, fNIRS, brain network, motor, task-state, stroke

INTRODUCTION

The brain has plasticity, and makes adaptive changes after
stroke, resulting in the reorganization and compensation of
neural networks (Carlson et al., 2020). The mechanism of motor
function rehabilitation and brain motor network remodeling
after stroke has always been a research hotspot. The activation
of the primary motor cortex (M1) of the affected hemisphere was
weakened when the affected hand performs simple movements
after stroke, while the ipsilateral premotor cortex (PMC),
supplementary motor area (SMA), and the contralesional motor
areas were activated to varying degrees according to the location
and size of the injury (Shimizu et al., 2002; Calautti et al., 2003).
Its physiological basis may be that in addition to most of the
projection fibers from the M1 area, the corticospinal tract also
includes projections from the PMC, SMA, parietal lobes, and
other cortices, and about 10–15% of the corticospinal tract fibers
do not cross (Kato et al., 2002).

Based on the abovementioned physiological mechanisms,
neuromodulation techniques such as repetitive transcranial
magnetic stimulation (rTMS) have been widely used to promote
brain network remodeling after stroke. At present, the most
commonly used strategy is the excitatory rTMS on the ipsilesional
motor cortex and/or the inhibitory rTMS on the contralesional
hemisphere (Harvey et al., 2018; Watanabe et al., 2018; Yang
et al., 2021). However, some patients have poor treatment effects.
This may be related to the heterogeneity of stroke severity,
course, lesion location, and stroke type, and stroke patients with
different characteristics may respond differently to stimuli. For
example, the state and plasticity of the brain are different during
different phases (acute, subacute, or chronic) of stroke (Miyai
et al., 2003; Wang et al., 2010; Park et al., 2011). In 2015, a
systematic review including 37 studies on the effect of rTMS
on the upper extremity function after stroke found that low-
frequency rTMS on the uninjured hemisphere had a better effect
on chronic stroke, and high-frequency rTMS on the injured
hemisphere had a better effect on acute stroke (Ludemann-
Podubecka et al., 2015a). One study compared the effect of rTMS
in patients with different infarct sites and found that facilitative
rTMS on the ipsilesional M1 was more effective in patients with
subcortical infarction than in patients with cortical infarction
(Ameli et al., 2009). In addition, the severity of the disease is
a key factor affecting the efficacy. In severely injured patients,
inhibition of the contralesional motor area may not be beneficial
(McCambridge et al., 2018).

In recent years, studies have found that whether the
lesion is located in the dominant hemisphere also affects the
effect of rTMS treatment. Ludemann-Podubecka et al. (2015b)
found that low-frequency rTMS on the contralesional cortex

only improved hand function in patients with lesions in the
dominant hemisphere. Therefore, it is necessary to analyze
the characteristics of the brain network in the dominant
or non-dominant hemisphere stroke to guide rehabilitation
treatment. At present, studies have used functional magnetic
resonance imaging (fMRI), functional near-infrared spectroscopy
(fNIRS), and electroencephalography (EEG) to compare the
characteristics of activation or functional connectivity (FC) of
cortical and subcortical regions between the dominant and non-
dominant hemisphere stroke. For example, two fMRI-based
studies analyzed cortical and subcortical activation signatures
in acute and chronic stroke patients and found that they were
dependent on hemisphere (Liew et al., 2018; Vidal et al., 2018).
Caliandro et al. (2017) analyzed the small-world properties of
resting-state brain networks by EEG in acute stroke patients, and
found similar outcomes for left and right hemisphere strokes
(RHSs) in delta and alpha rhythms, but in the theta rhythm,
bilaterally decreased small-worldness was observed only in the
left hemisphere stroke (LHS). Another two studies used fNIRS to
investigate post-stroke FC changes and also found that there were
differences in whether or not the dominant hemisphere stroke
(Lu et al., 2019; Arun et al., 2020). However, there was no study
to compare the task-state brain network characteristics between
left and RHS. Considering the needs of the motor task and the
advantages of fNIRS (portability, tolerance to head motion, better
spatial resolution than EEG, and better temporal resolution than
fMRI) (Harrivel et al., 2013; Chen et al., 2020), we used fNIRS to
capture hemispheric dominance differences in task-state motor
network characteristics in patients with subacute ischemic stroke.

MATERIALS AND METHODS

Participants
While brain functional compensation in the acute phase of stroke
is passive or transient (Bonkhoff et al., 2020), we included stroke
patients in the subacute phase to observe the actively established
and relatively stable functional connections. In addition, because
hemodynamic responses measured by fNIRS may be affected by
brain artery occlusion and lesion location, only patients with
stroke in the basal ganglia were enrolled. The main inclusion
criteria were as follows: (1) Age 40–79 years; (2) First ischemic
stroke in the basal ganglia within 1–3 months after onset; (3)
Right-handed according to the Edinburg Handedness scale; (4)
Brunnstrom stage (hand) II or above; and (5) Can cooperate with
the fNIRS assessment. Exclusion criteria were as follows: (1) Be
afraid of the dark; (2) Severely impaired cognition or inability to
pay attention to the computer screen; and (3) Visible movements
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of other limbs other than the task hand were observed during the
task state collection. A total of 28 LHS and 31 RHS patients were
screened from our ongoing trial “Dynamic Individualized rTMS
Based on fNIRS” in our rehabilitation center (clinicaltrials.gov:
NCT04617366), and they were divided into LHS group and
RHS group. In addition, age- (difference <5 years) and sex-
matched right-handed healthy subjects (HS) without motor
dysfunction were recruited.

The study was approved by the Ethics Committee of the First
Affiliated Hospital of Xi’an Jiaotong University on 25 March 2020
(No. 2020 G-103), and all patients or their authorized agents have
signed informed consent.

Functional Near-Infrared Spectroscopy
Measurement
The acquisition was performed using the NirSmart system
(Danyang Huichuang Medical Equipment Co., Ltd., China)
having 12 sources and eight detectors at a sampling rate of 10 Hz
in a quiet and relatively darker room. The wavelengths used
were 730 and 850 nm. The montage of the probes is shown
in Figure 1. The S1 probe was placed at the Cz point (10/20
international system), and a total of 29 channels were formed
with a fixed 3 cm inter-probe distance. The area covered by the
probes included three regions of interest (ROI) both in the left
and right hemispheres: (SMA; Left: Channel 1, 5, 6, 16; Right:
Channel 1, 5, 7, 20), premotor area (PMC; Left: Channel 17, 18,
19, 24, 26, 27; Right: Channel 21, 22, 23, 25, 28, 29), and primary
sensorimotor area (SM1; Left: Channel 2, 3, 8, 9, 12, 13; Right:
Channel 2, 4, 10, 11, 14, 15). The Fugl-Meyer Assessment (FMA)
of upper limbs (FMA-UL) was performed on the day of the fNIRS
measurement. A dedicated physician was assigned to perform the
FMA assessment for all patients.

Task Paradigm
All subjects were asked to remain at a resting state before
performing the measurement. After communicating with the
subjects about the measurement procedure, speaking was
prohibited. In the resting state, the subjects remained relaxed
in a sitting position, with their palms up on the legs, and the
photograph of the stationary hand was observed on the computer
screen for 180 s. Next was the task state, in which the patient
only performed the affected hand grasping, and the HS group
performed both the left (HS-L) and right hand (HS-R) tasks. The
task included five trails with no gaps, and each trial included a 25 s
resting block and a 20 s task block. The rules of resting-block were
the same as the resting-state, and in the task-block, the subjects
were taught to follow the video to perform the hand grasping task
(1 Hz) while keeping the ipsilateral upper and forearm and other
limbs relaxed and still.

Data Pre-processing
The NirSpark software package (Danyang Huichuang Medical
Equipment Co., Ltd., China) was used to process fNIRS
data. First, we converted the raw optical intensity data to
optical density data. Second, we used a bandpass filter at
0.01–0.20 Hz to remove physiological noise (heart rate and

respiration). Then, spline interpolation was used three times to
remove motion artifacts (Scholkmann et al., 2010). Finally, the
denoised optical density data were converted into hemoglobin
concentration data. It has been shown that oxyhemoglobin
(HbO) concentration was considered to have a better signal-
to-noise ratio than deoxyhemoglobin (HbR) concentration
(Strangman et al., 2002); therefore, we used HbO concentration
for subsequent analysis.

Activation and Lateralization Index
The general linear model (GLM) was used to analyze
hemodynamic time series in task blocks to evaluate the
activations. The significantly activated channels in the task state
compared with the resting state were obtained by one-sample
t-test and FDR correction.

The lateralization index (LI) was calculated based on the mean
HbO concentration in the MS1 region of both hemispheres. For
example, the LI formula during the left hand task is given as
follows:

LI =
Right− Left
Right + Left

(1)

The range of LI scores is −1 to 1, where 1 means only
right hemisphere activation, and −1 means only left hemisphere
activation. Besides, the activation patterns were categorized as
bilateral (| LI | ≤ 0.1), hemisphere dominant (0.1< | LI |< 0.2),
or hemisphere lateralized (| LI | ≥ 0.2) (Jansen et al., 2006).

Brain Network Analysis
We conducted brain network analysis by graph theory, treating
the 29 channels as nodes in a graph. First, Pearson correlation
analysis was used to calculate the correlation coefficient of time
series in task blocks between 29 channels (Equation 2) (Yu et al.,
2020). Then, a 29 × 29 correlation matrix (or FC matrix) was
established with the averaged correlation coefficients of the five
task blocks. A Fisher’s z transformation was further applied to the
correlation matrix to convert the sampling distribution of ρ to the
normal distribution (Nguyen et al., 2018).

ρi,j =

∑N
n = 1

(
yi,n − yı

) (
yj,n − yj

)√∑N
n = 1

(
yi,n − yı

)2
√∑N

n = 1
(
yj,n − y

)2
(2)

where yi represents the time series of all sampling points (N)
of the channel i, yi,n represents the time series of a sampling
point n of the channel i; ρi,j represents the Pearson correlation
coefficient between the channel i and j, the range is −1 to
1, where 1 means that the two channels have a perfectly
positive correlation and −1 means that the two channels have a
completely negative correlation.

Next, the proportional thresholding (10–50% network
sparsity) was applied to exclude weak or irrelevant FC
from the analysis of the graph (Duan et al., 2012), and a
total of nine brain networks under corresponding sparsity
thresholds were constructed. When the percentile of the
correlation coefficient between two nodes among all correlation
coefficients in the network was greater than the threshold,
the connections between nodes were considered valid. Each
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FIGURE 1 | The montage of the probes.

remaining connection was identified as an edge of the graph,
and the correlation coefficient was the weight of the connection
between nodes (wi,j); thus, an undirected weighted graph
was constructed. Four most commonly used graph-theoretic
indicators were selected to describe the network characteristics:
macroscale average weighted clustering coefficient (C) and
global efficiency (E) (Mazrooyisebdani et al., 2018) and the inter-
density (K-inter) and intra-density (K-intra) at the mesoscale
(De Vico Fallani et al., 2013).

(1) Average weighted clustering coefficient (C)
The C represents the degree to which the nodes in the graph

tend to cluster and is a measure of the local separation of the
graph. The higher is the C, the higher is the degree of segregation
(or specialization). The formula of weighted clustering coefficient
of a node i is given as follows:

ci =
1

ki
(
ki − 1

) ∑
j,k

(wi,jwj,kwk,i)
1
3 (3)

where ki represents the degree of a node i.
Then, the C of a network is calculated as follows:

C =
1
N

∑
i∈N

ci (4)

(2) Global efficiency (E)
The E is the inverse property of the shortest path length,

which represents the ability of nodes to transmit information
and is a measure of the level of integration of the network.
The higher is the E, the stronger is the ability of the network
to transmit information. The E of a network is calculated
as follows:

E = 1
N(N−1)

∑
i∈N

∑
j∈N,j6=i dij

−1 (5)

where dij is the shortest path length from node i to j (Equation
6). The higher is the correlation coefficient between two nodes,
the shorter is the path length, which is converted by reciprocal
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mapping of the weights of connections (wi,j).

di,j = min{wij
−1
} (6)

(3) Inter-density (K-inter)
The K-inter is defined as the ratio of the actual number of

connections among all possible connections between two sets
(Equation 7). By definition, the K-inter ranges from 0 to 1, with
higher K-inter reflecting more inter-hemispheric connectivity.

K − inter = 1
N2
S

∑
i,j∈SAhemi,Uhemi

ai,j (7)

where S (or SAhemi,SUhemi) represents the set of nodes within
the affected hemisphere (Ahemi) and unaffected hemisphere
(Uhemi), NS represents the total number of nodes in the two
sets [N(SAhemi) = N(SUhemi) = NS = 13], and ai,j represents the
connection state of the nodes i and j. The rule is given as follows:

ai,j =
{

0, wi,j = 0
1, else

(8)

(4) Intra-density (K-intra)
The K-intra is defined as the proportion of actual

connections among all possible connections within a set
[N(SAhemi) = N(SUhemi) = NS = 16], which also ranges from 0 to
1 (Equation 9). Higher K-intra reflects more intra-hemispheric
connectivity.

K − intra (S) = 2
NS(NS−1)

∑
i6=j∈S ai,j (9)

(5) Area under the curve
For each brain network indicator, a curve was plotted with

the ordinate as the network indicator value and the abscissa as
the 10–50% sparsity stepped by 5%. Then, we calculated the area
under curves (AUCs) over the whole sparsity range for the above
network indicators, which may represent the average levels under
different sparsity and was used for the following analysis.

Statistical Analysis
The comparison of measurement data between the two groups
was performed by two independent-samples t-test or Kruskal–
Wallis rank-sum test; the comparison of count data was
performed by chi-square test or Fisher’s exact test. After
testing the normal distribution or homogeneity of variance,
the comparison of the AUCs for the brain network indicators
between patients and HS was performed using two independent-
samples t-test. Then, Spearman correlation analysis (r) was used
to analyze the correlation between the AUCs and FMA-UL
(and FMA-hand). Furthermore, the generalized additive model
(GAM) was used to fit the AUCs and FMA-UL (or FMA-hand) to
a smooth curve to evaluate whether there is a threshold effect.
Two-sided α = 0.05 was used. The sample size was set to be
larger than 15 in each group according to the previous related
studies. We used Empower (R) (X&Y solutions, Inc., Boston,
MA, United States),1 R software, version 3.1.2,2 and MATLAB
version 2019b (MathWorks, Inc., Natick, MA, United States) for
the statistical analyses.

1www.empowerstats.com
2http://www.r-project.org

RESULTS

Participants’ Characteristics
We enrolled 17 right-handed patients with subcortical stroke
both in the LHS and RHS groups and 17 HS from November 2020
to July 2021. The mean age of patients was 60.7 ± 9.6 years in
both groups, and 56.1 ± 4.3 years in the HS group (p = 0.022).
Although there was statistical difference of age between patients
and HS, it was recognized that the difference of less than 5 years
did not have clinical significance. There were five female patients
in each group (29.4%). Most patients presented with moderate
motor dysfunction in the upper limb. The mean FMA-UL score
was 35.8 ± 22.2 (hand part: 7.5 ± 4.6) in the LHS group, and
35.2± 17.1 (hand part: 6.2± 4.2) in the RHS group, respectively.
No significant difference was observed in time from onset to
admission, the history of hypertension and diabetes, and other
baseline characteristics between the two stroke groups (Table 1).

Activation and Lateralization Index
In the HS group, the activation of the contralateral hemisphere
was dominant during the hand grasping task. The mean LI
of SM1 was 0.436 (SD: 0.240) for the left-hand task, and
0.138 (SD: 0.002) for the right-hand task. Both patient groups
showed activation of bilateral hemispheres (LI of SM1: RHS,
−0.056 ± 0.002; LHS, 0.015 ± 0.111). We may see that
absolute values of LI were both less than 0.1, so the activation
pattern was thought to be bilateral (Jansen et al., 2006). In
the LHS (dominant side) group, the contralesional PMC and
bilateral SM1 were mainly activated in the right-hand grasping
task, while the ipsilesional PMC and bilateral SMA, SM1 were
mainly activated in the RHS (non-dominant side) group. The
significantly activated channels are shown in Figure 2.

Brain Network Analysis
Under the 10–50% sparsity threshold, the average weighted
clustering coefficient and global efficiency of the two groups
of patients were both lower than those of healthy people
(Figures 3A,B,D,E). The difference was significant for the LHS

TABLE 1 | Baseline characteristics of stroke patientsa.

LHS RHS p

N 17 17

Age, years 60.2 (8.3) 61.2 (11.0) 0.767b

Female 5 (29.4%) 5 (29.4%) 1.000c

Time of onset, days 38 (35–47) 34 (32–45) 0.369d

FMA-UL 34 (17–62) 33 (21–47) 0.959d

FMA-hand 6 (3–13) 4 (3–9) 0.367d

Hypertension 12 (70.6%) 13 (76.5%) 1.000c

Diabetes 3 (17.6%) 2 (11.8%) 1.000c

LHS, left hemisphere stroke; RHS, right hemisphere stroke; FMA, Fugl-Meyer
Assessment; FMA-UL, Fugl-Meyer Assessment of upper limbs.
aValues are presented as mean (SD), median (Q1–Q3), or N (%).
bEvaluated using t-test.
cEvaluated using Fisher’s exact test.
dEvaluated using Kruskal-Wallis rank sum test.
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FIGURE 2 | The cerebral cortex activation map. (A) Right-hand task of healthy subjects (HS); (B) left-hand task of HS; (C) right-hand task of left hemisphere stroke
(LHS) patients; (D) left-hand task of right hemisphere stroke (RHS) patients. The circled channels are significantly activated channels.

FIGURE 3 | The macroscale brain network indicators under 10–50% sparsity and their area under curves (AUCs) for patients and healthy subjects (HS). (A) the
average weighted clustering coefficient under 10%-50% sparsity for HS group (right hand task) and LHS group; (B) the average weighted clustering coefficient under
10%-50% sparsity for HS group (left hand task) and RHS group; (C) the AUCs over the whole sparsity range for the average weighted clustering coefficient in the
HS, LHS and RHS groups. (D–F) are for the indicator global efficiency. *p < 0.05, **p < 0.01.
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group (C: p = 0.044, E: p = 0.040), and for the RHS group (C:
p = 0.004, E: p = 0.014) (Figures 3C,F). The inter-density in the
two groups of patients was higher than that of the HS group,
and the difference was significant only in the LHS group (LHS:
p = 0.016, RHS: p = 0.396) (Figures 4A–C). The intra-density
in the left hemisphere (K-intra.L) of the LHS group was lower
than that of the HS group (p = 0.038, Figures 4D,F); the intra-
density in the right hemisphere (K-intra.R) was higher than that
of HS group (p = 0.427 Figures 4G,I). However, the intra-density
changes in the RHS group were opposite to those in the LHS
group. That is, the intra-density in the affected hemisphere was
higher than that of the HS group (p = 0.639, Figures 4H,I),

while that in the unaffected hemisphere was lower (p = 0.168,
Figures 4E,F).

Correlation With Fugl-Meyer Assessment
Correlation analysis was made between AUCs of the network
indicators and FMA-UL or FMA-hand (Table 2). At large scales,
the higher C and E values reflected greater motor function of the
upper limb in both groups. But only indicator E in the LHS group
was significantly correlated with FMA-UL (r = 0.524, p = 0.031).
At the mesoscale, inter-density and FMA-UL were positively
correlated in the LHS group (r = 0.304, p = 0.235) and slightly
correlated in the RHS group (r = −0.027, p = 0.918). In the LHS

FIGURE 4 | The mesoscale brain network indicators under 10–50% sparsity and their area under curves (AUCs) for patients and healthy subjects (HS). (A) The
inter-density under 10%–50% sparsity for HS group (right hand task) and LHS group; (B) the inter-density under 10%–50% sparsity for HS group (left hand task) and
RHS group; (C) the AUCs over the whole sparsity range for the inter-density in the HS, LHS and RHS groups. (D–F) are for the indicator intra-density of left
hemisphere; (G–I) are for the indicator intra-density of right hemisphere. *p < 0.05.
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TABLE 2 | Spearman correlation coefficients (r) of the AUC of brain network
indicators and FMA.

FMA-UL FMA-hand

r p r p

C LHS 0.367 0.147 0.324 0.205

RHS 0.253 0.3288 0.319 0.212

E LHS 0.524 0.031 0.458 0.064

RHS 0.326 0.201 0.408 0.104

K-inter LHS 0.304 0.235 0.266 0.303

RHS −0.027 0.918 0.100 0.702

K-intra.L LHS 0.098 0.708 0.036 0.891

RHS −0.115 0.659 −0.345 0.175

K-intra.R LHS −0.262 0.311 −0.210 0.419

RHS 0.157 0.547 0.142 0.586

AUC, area under curve; LHS, left hemisphere stroke; RHS, right hemisphere
stroke; FMA, Fugl-Meyer Assessment; FMA-UL, Fugl-Meyer Assessment of upper
limbs; C, average weighted clustering coefficient; E, global efficiency; K-inter,
inter-density; K-intra.L, intra-density of left hemisphere; K-intra.R, intra-density of
right hemisphere.

group, there was a negative correlation between the K-inter.R
and FMA-UL (r = −0.262, p = 0.311). The correlation between
other intra-density and FMA-UL was small. Correlation results
between brain network indicators and FMA-hand were similar.
Among them, the intra-density of the contralesional hemisphere
was negatively correlated with the FMA-hand in the RHS group
(r = −0.345, p = 0.175). It can be seen from the above results
that the correlation between each network indicator and FMA in
the LHS group was higher than that in the RHS group. Was that
because there was a non-linear correlation?

Through smooth curve fitting, the relationship between
average weighted clustering coefficient or global efficiency and
FMA-UL of the two groups has the same trend as the above
correlation analysis (Figures 5A,B). Most of the mesoscale
network parameters in the LHS group remained approximately
linear with the FMA-UL, except for the K-intra.L. When
motor function was poor (FMA-UL < 52), a better function
was associated with larger intra-density of the left hemisphere
(r =−0.196, p = 0.541). But when FMA-UL≥ 52, the relationship
was the opposite (r = −0.618, p = 0.191) (Figure 5D). That
is, only the intra-density of the left hemisphere was affected
by function severity in the LHS group. However, all of the
relationships between inter-density or intra-density and FMA-UL
had threshold effects in the RHS group (Figures 5C–E). When
the FMA-UL was less than 33, there was a negative correlation
between inter-density and FMA-UL (r = −0.303, p = 0.429),
but when FMA-UL ≥ 33, higher inter-density values reflected
greater motor function of upper limb (r = 0.571, p = 0.084). The
relationship between K-intra.L and FMA-UL was also affected
by the severity of motor dysfunction. When motor function
was poor (FMA-UL < 42), the value of K-intra.L decreases
with poorer motor function was better (FMA-UL ≥ 42), the
value of K-intra.L increased (r = −0.714, p = 0.088). When
33 ≤ FMA-UL < 49, there was a significant negative correlation
between ipsilesional intra-density and upper limb motor function
(r = −0.883, P = 0.009), while there was a positive correlation

when FMA-UL < 33 (r = 0.555, p = 0.121) and ≥ 49 (r = 0.800,
p = 0.333).

DISCUSSION

Hemiplegia after stroke is especially slow in hand motor
function recovery, so we tried to guide the post-stroke hand
function rehabilitation by analyzing the motor-related network
characteristics during the hand grasping task. Our study found
that both left and RHS exhibited bilateral activation during the
affected hand task, but the activation regions were different.
Miyai et al. (2003) used fNIRS to dynamically observe eight
stroke patients with an average onset of 3 months for 2 months
and found that the activation of contralesional SM1 gradually
decreased, while the activation of ipsilesional PMC gradually
increased. Wang et al. (2010) observed the complete motor
network topological changes from the acute phase to the chronic
phase after stroke using resting-state fMRI. The connections
between the ipsilesional M1 and contralesional primary sensory
area (S1), ventral PMC (PMv), dorsal PMC (PMd), and M1,
between the ipsilesional PMv and the contralesional dentate
nucleus of the cerebellum, and between the ipsilesional PMd
and the contralesional superior parietal lobule (SPL) were
significantly enhanced. These studies confirmed the role of SM1
and PMC activation in neurological compensation after stroke. In
our study, we also found that both groups of stroke patients had
compensatory activation of contralesional SM1, but the LHS was
dominated by the contralesional PMC activation, and the RHS
was dominated by the ipsilesional PMC activation.

Several published studies comparing hemispheric dominance
have also demonstrated whether or not the dominant hemisphere
stroke differs in brain network remodeling after stroke. Vidal et al.
(2018) used fMRI to analyze the motor network activation during
shoulder forward flexion-maintenance-release for 10 s each in the
acute phase of stroke. The brain activation for RHS occurred in
bilateral motor cortex, especially in SMA; while the LHS showed
the ipsilesional cortical activation during forward flexion, and
bilateral activation when put down (Vidal et al., 2018). Liew et al.
(2018) analyzed brain activation during motor observation by
fMRI in chronic-phase stroke patients. The RHS patients showed
activation of left supramarginal gyrus and bilateral M1, SPL, and
occipital lobe when observing left-hand movements, while the
activation of left PMC and bilateral M1, supramarginal gyrus, and
occipital lobes was noted in the LHS patients during right-hand
movement (Liew et al., 2018). Although the brain activation also
correlated with task paradigms (Allison et al., 2000; Nirkko et al.,
2001; Grefkes et al., 2008), the activation characteristics of LHS
and RHS were different under the same motor task.

At the macroscale level, our study found that the clustering
coefficient and global efficiency of the patients were lower than
those of the HS group, but the significance at each threshold
was different. Caliandro et al. (2017) analyzed the small-world
characteristics of cortical connectivity in acute stroke and came
to a similar conclusion: the segregation and integration abilities
of both dominant and non-dominant hemisphere stroke patients
were lower than healthy people in all of the δ/ θ/ α2 rhythms, but

Frontiers in Aging Neuroscience | www.frontiersin.org 8 June 2022 | Volume 14 | Article 932318103

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-932318 June 20, 2022 Time: 19:55 # 9

Yuan et al. Motor Network Show Hemispheric Dominance

FIGURE 5 | The smooth curve fitting between area under curves (AUCs) of the brain network indicators and Fugl-Meyer Assessment of upper limbs (FMA-UL). (A)
For the average weighted clustering coefficient; (B) for the global efficiency; (C) for the inter-density; (D) for the intra-density of left hemisphere; (E) for the
intra-density of right hemisphere.

it varied in significance in different rhythms. At mesoscale, the
inter-density of the patients was higher than that of HS in our
study. The intra-density of the affected hemisphere was decreased
and that of the unaffected hemisphere was increased in the LHS
group, yet the results of the RHS group were opposite. We
may infer that the motor function of the dominant hemisphere
stroke was mainly compensated by the motor network of the
contralesional hemisphere, while the non-dominant hemisphere
stroke was compensated by the bilateral motor networks. Arun
et al. (2020) compared the resting-state FC of left and RHS
patients at 4–8 weeks using fNIRS; the findings of this group
were similar to ours: there was decreased FC in the left
hemisphere and increased FC in the right hemisphere for LHS
(dominant side), and increased intrahemispheric (both sides) and
interhemispheric FC for RHS.

It was considered that activation in the ipsilesional hemisphere
predicted better motor recovery (Favre et al., 2014), whereas
hyperactivation of the contralesional hemisphere predicted
persistent neurological and motor deficits (Rehme and Grefkes,
2013; Grefkes and Fink, 2014). However, we found that brain
network parameters in RHS (non-dominant side) were affected
by the severity of dysfunction. When the dysfunction was higher
(FMA-UL < 33), the worse motor function needed greater
interhemispheric connections, but less intra-density of both
hemispheres. It showed that the worse is the function, the
more information exchange was needed from the contralesional

hemisphere to the ipsilesional side, but the information exchange
was less dependent between the three motor areas in the
two hemispheres, so the compensation of the contralesional
hemisphere was more critical when the motor function was
poor. Whereas the brain network results were reversed when
the dysfunction was mild (33 ≤ FMA-UL < 49), and smaller
FMA-UL values reflected smaller inter-density and larger intra-
density of the affected hemisphere. Then, the compensation in the
ipsilesional hemisphere seemed to be more important. Especially
when FMA-UL ≥ 49, the information exchange between the
motor areas in the ipsilesional hemisphere increased with the
further improvement of motor function, also illustrating the
importance of the compensation on the lesion side for the final
functional recovery. Therefore, based on the above results, we
inferred that the RHS patients with more severe dysfunction
may not benefit from inhibiting the unaffected hemisphere, while
those with milder dysfunction may benefit more by exciting the
ipsilesional hemisphere. Yet for the LHS patients, larger intra-
density of the affected hemisphere reflected better function when
the impairment was severe (FMA-UL < 52). This phenomenon
explained the importance of information exchange between the
motor areas in the ipsilesional hemisphere, so these patients may
benefit more by exciting the ipsilesional hemisphere. But when
the left hemisphere was mildly injured (FMA-UL ≥ 52), there
was less need for compensation from other motor areas. As
demonstrated in the study by Sankarasubramanian et al. (2017),
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for patients with severe injury [fraction anisotropy (FA) of
DTI > 0.5, FMA of the upper extremity (max = 36) < 26–
28], facilitative rTMS on the contralesional PMd yielded more
benefit than inhibitory rTMS on the contralesional M1, whereas
it was the opposite for mild patients. McCambridge et al.
(2018) also indicated that inhibition of the motor area of
the unaffected hemisphere may not be beneficial in severely
injured patients. What is more, Ludemann-Podubecka et al.
(2015b) found that inhibitory rTMS on the contralesional
hemisphere could only improve hand function in patients with
dominant hemisphere stroke, and had no significant effect on
non-dominant hemisphere stroke. Therefore, it is necessary
to individualize neuromodulation according to the severity of
dysfunction and the location of the lesion.

There were a few limitations of this study. The first was
issues about the signal pre-processing of fNIRS. We set strict
collection environment and conditions: a darker and quiet room,
rest for 3 min, and restricting the movement of other limbs; then,
the commonly used spline interpolation method was introduced
to remove motion and blinking artifacts in fNIRS. However,
the effect of removing some small artifacts was relatively poor.
Besides, our probe coverage was limited to the common motor
networks and failed to analyze the participation of other regions.
Another limitation was that the sample size was small, and
some results were not statistically significant, even with large
effect sizes. On the one hand, we referred to the sample size of
previous related studies; on the other hand, we strictly follow
the inclusion and exclusion criteria to screen suitable patients
to ensure high-quality fNIRS data. This study found differences
in brain network characteristics between dominant and non-
dominant hemisphere strokes. Yet, whether we can benefit from
individualized treatment based on these results still needs to be
verified by interventional studies.

CONCLUSION

This is the first fNIRS-based study to compare the characteristics
of macroscale and mesoscale brain networks between the
dominant and non-dominant hemisphere stroke. Both LHS and
RHS patients showed activation of bilateral hemispheres, but
the activation regions were different. The average weighted
clustering coefficient and global efficiency of both patient groups

were lower than those of healthy people. The motor function
execution of the LHS was mainly compensated by the motor
network of the contralesional hemisphere, while that of the
RHS was compensated by bilateral motor networks. Moreover,
the mesoscale brain network characteristics were affected by
the severity of dysfunction to varying degrees in the LHS
and RHS patients. Our findings may help to develop an
individualized neuromodulation strategy based on the patient’s
stroke site and severity.
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Background: Age-induced sarcopenia negatively affects walking stability and increases

the risk of falls, which is the leading cause of accidental death in the elderly.

Objective: This study aimed to analyze and contrast body composition and gait

characteristics in those with sarcopenia in relation to healthy controls to shed some light

on the prevention of falls in elderly patients with sarcopenia.

Materials and Methods: In this study, 68 community dwellers were scanned by

the Hologic QDR-4500A Dual-energy X-ray absorptiometry (DXA). The appendicular

lean mass index (ALMI) results were used to distinguish the normal participants from

those with sarcopenia: 24 in the sarcopenia group, and 44 into the normal group. The

participants were asked to undergo gait analysis on a plantar pressure measurement

system. Statistical analysis was conducted to contrast both groups’ gait and butterfly

parameters from their gait test, and then a gait forward dynamics method was performed

to quantify the analysis for both groups.

Results: The ALMI of the female was not related to their age (r = 0.06) while that of

the male was weakly related (r = 0.17). Body mass index (BMI) from both groups was

normal, although with a statistically greater BMI from the normal group compared with

sarcopenia (p < 0.001). Greater values and significant differences were found in step

length and stride length from the normal elderly group (p < 0.01), and so was the length

of the gait line and single support line (p < 0.05). Gait forward dynamics analysis results

showed no motor neural or musculoskeletal disorders in their gait performance from the

sarcopenia group.

Conclusion: For the elderly, age did not largely affect the ALMI, BMI, or T-score, but

BMI and ALMI were strongly correlated. In this study, significant differences were found in

certain gait parameters between the elderly with sarcopenia and the normal elderly, which

were related to absolute muscle strength, suggesting that sarcopenia was a disease

mainly caused by decreased muscle mass. In addition, when abnormities were identified

in step length, stride length, length of gait line, or length of single support line, it is

proposed to take a DXA scan to confirm whether the elderly suffer from sarcopenia.

Keywords: sarcopenia, body composition, gait parameters, butterfly parameters, gait forward dynamics method
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INTRODUCTION

Over the past few decades, the decrease in fertility rate and the
increase of life expectancy (Li and Lin, 2016) have caused China
to be one of the fastest population aging countries in the world
(Phillips and Feng, 2015). Aging is one of the major challenges
for Chinese society (Han et al., 2020), leading to body structure
senescence and motor function decline. The lower limb muscles
in the elderly have a reduced cross-sectional area by 25–35%
compared with those of the young (Lexell, 1995), explaining
why the elderly are more vulnerable to sarcopenia. Sarcopenia is
characterized by symptoms of age-related loss of skeletal muscle
mass and poor muscle strength or physical fitness (Cruz-Jentoft
et al., 2010; Kirk et al., 2021). Differences in age, gender, and
race mediate different degrees of muscle loss. Among the elderly
over 65 years of age, the age- and sex-adjusted prevalence of
sarcopenia was 6–15%, depending on the assessment of muscle
mass parameters (Baumgartner et al., 1998; Iii et al., 2000).

Sarcopenia is a complex syndrome caused by many factors
(Ribeiro and Kehayias, 2014). The quality of lean principle
proposes to utilize body composition assessment to indirectly
assess sarcopenia. This principle connects muscle mass and
metabolic function to fat-free mass (Ribeiro and Kehayias, 2014).
Research findings have shown that sarcopenia presents in an
impaired state of health, and is related to falls, bone fracture risk,
movement disorders, reduction of daily activities, disabilities,
loss of independence, and an increased risk of death (Cawthon
et al., 2007; Cruz-Jentoft et al., 2010; Morley et al., 2011; Fukuoka
et al., 2019; Coll et al., 2021). For instance, the decrease in
walking stability and the increased risk of falling might lead
to the loss of physical function independence (Dutta, 1997).
Other consequences of sarcopenia included the increased risks of
chronic diseases, such as diabetes and osteoporosis (Dutta, 1997;
Fukuoka et al., 2019).

The clinical diagnosing standard of sarcopenia by the
European Working Group on Sarcopenia in Older People
(EWGSOP) included low muscle mass, low muscle strength,
or poor physical performance (Cruz-Jentoft et al., 2010). The
Asian Working Group for Sarcopenia (AWGS) issued regional
consensus guidelines in 2014, which were mostly consistent with
those from EWGSOP (Chen et al., 2014). Clinically assessment
techniques included bioelectrical impedance analysis (BIA),
dual energy X-ray absorptiometry (DXA), and anthropometric
measures to calculate muscle mass (Falsarella et al., 2014).

To avoid suffering from sarcopenia, walking speed was
one of the most frequently used measurements to assess the
elderly’s ability to live independently (Kang and Dingwell,
2008; Bohannon and Andrews, 2011), because muscle mass
was closely associated with motor function (Rosenberg, 1997).
Other syndromes or diseases might affect the accuracy of using
walking speed to assess muscle function, though. In addition, the
decreased hip movements in the sagittal plane and the increase in
pelvic tilt in the anteroposterior plane extended the support phase

Abbreviations: ALM, Appendicular lean mass; ALMI, appendicular lean mass

index; BMI, Body mass index; COM, Center of mass; DXA, Dual-energy X-ray

absorptiometry; VGRF, vertical ground reaction force; GRF, ground reaction force.

and reduced the stride time (Sanchez-Rodriguez et al., 2015),
which may, at the same time, affect the accuracy of using walking
speed as an assessment technique. A comprehensive gait analysis
served as a useful tool to assess muscle loss, whereas cameras
and force plates were gold-standard tools to assess gait clinically
(Kim et al., 2021). Gait analysis could be used to predict the risk
of fall, or to distinguish age groups, disease types, or physical
activity levels (Senden et al., 2009; Bautmans et al., 2011), to
identify abnormal gait characteristics and to provide additional
information about the patients’ degree of functionality or their
risk of fall (Senden et al., 2012; Thiede et al., 2016). To assess
and identify factors that may impair gait stability was essential
to design intervention programs to maintain the independence
and mobility of the elderly (Leiros-Rodriguez et al., 2018).

This study aimed to explore body composition and gait
characteristics in those with sarcopenia in relation to healthy
controls as well as the relationship among body composition, gait
parameters, and sarcopenia to shed some light on the prevention
of falls among the elderly.

MATERIALS AND METHODS

Participants
Community-dwelling elderly (aged 53–78 years) participants
were recruited—their body composition was measured by a
DXA scanner (Hologic QDR-4500A). Appendicular lean mass
(ALM) was calculated by collecting the sum of arm and leg lean
mass. Based on their appendicular lean mass [ALMI, height, H;
ALMI = ALM/H2 (kg/m2)], the sarcopenia group (n = 24) was
identified, i.e., ALMI < 7.0 kg/m2 in men and 5.8 kg/m2 in
women (Tanimoto et al., 2014). Those without low muscle mass
or strength and low physical performance were classified into the
normal group (n = 44). Participants’ basic information is shown
in Table 1.

All participants’ annual medical reports were checked to
exclude patients with neural or musculoskeletal disease. The
experimental procedures were explained to the participants
and written informed consent forms were obtained from the
participants before testing. This study was approved by the Ethics
Committee of Fujian Normal University.

Equipment
A bone mineral density scanner DXA system (Hologic QDR-
4500A; Hologic, Mass, USA) was utilized. The system was
allowed to warm up for 10min prior to use, and self-tests
were undertaken on a daily basis in accordance with the
manufacturer’s requirements. The scanning parameters were as
follows: 140/100 kVp, 2.5mA; scanning mode: e whole body;
software: Version 12.4:3; analysis: Auto Whole Body. Figure 1
shows the equipment.

A Zebris FDM plantar pressure measurement system (Zebris
Medical GmbH, Isny, Germany-6.08 (L) × 0.56 (W) m), with
45,056 sensors frequency of 100Hz) was utilized. The system was
calibrated prior to each testing session to ensure data integrity.
Figure 2 shows the equipment.
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TABLE 1 | Basic information of the participants.

Sarcopenia (n = 24) Normal (n = 44)

Male (n = 5) Female (n = 19) Male (n = 26) Female (n = 18)

Age, year 66.60 ± 8.17 62.68 ± 6.01 64.58 ± 5.22 63.61 ± 6.99

Height, m 161.52 ± 6.55 156.64 ± 6.14 169.10 ± 4.03 157.78 ± 4.43

Weight, kg 56.44 ± 7.27 52.68 ± 5.58 72.29 ± 7.94 59.92 ± 5.98

BMI* 21.57 ± 1.79 21.46 ± 1.77 25.26 ± 2.46 24.07 ± 2.27

ALM#, g 16193.22 ± 2534.52 13369.89 ± 1553.64 23226.45 ± 2008.18 15731.66 ± 1392.78

ALMI@ kg/m2 6.18 ± 0.58 5.43 ± 0.31 8.12 ± 0.62 6.32 ± 0.44

T-score −1.74 ± 1.59 −1.72 ± 1.30 −0.21 ± 1.04 −0.83 ± 1.12

*BMI, body mass index; #ALM, appendicular lean mass index; @ALMI [H, height, ALMI=ALM/H2 (kg/m2 )].

FIGURE 1 | A dual-energy X-ray absorptiometry (DXA) scanner (Hologic QDR-4500A).

Gait Test and Calculation
Participants were asked to walk at a self-selected velocity on the
Zebris FDM System. Data were collected at a sampling rate of
100Hz. For each participant, data that included 10 complete
successive foot contacts were accepted and then analyzed. Gait
parameters were processed by the Win FDM (V1.18.40).

Gait Forward Dynamics Method
For bipedal walking, the ground reaction force (GRF) satisfies the
following conditions:

∫ T

o

(

F1(t)+ F2(t)−mg
)

dt = 0 (1)

where, F1(t) and F2(t) refer to the GRF of the left and right
foot at a certain time, respectively; T the stride time, t a certain
moment in a stride cycle,m the body mass, and g the acceleration
of gravity.

Introduce the foot’s ground contact moment tinitial, F(t +
tinitial) GRF. Since F1(t) + F2(t) = F(t + tinitial), the component
form of GRF is as follows:

F(t + tinitial) = Fx(t + tinitial)+ Fy(t + tinitial)+ Fz(t + tinitial) (2)

where, Fx (t + tinitial) , Fy (t + tinitial) , and Fz(t + tinitial) refer to
the components of GRF in x, y, z directions of the Cartesian
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FIGURE 2 | A Zebris FDM plantar pressure measurement system.

coordinate system respectively, and t a certain moment in a
stride cycle.

By Equations (1) and (2), restraint conditions of
∫ T
0 Fx(t)dt =

0 in x direction will be

∫ T

0
Fx(t)dt =

∫ T

0
Fx(t + tinitial)dt = 0 (3)

By Equations (1) and (2), restraint conditions of
∫ T
0 Fy(t)dt = 0

in y direction will be

∫ T

0
Fy(t)dt = −

∫ T

0
Fy(t + tinitial)dt (4)

By Equations (1) and (2), restraint conditions of
∫ T
0 Fz(t)dt =

∫ T
0 mgdt in z direction, and since

∫ T
0 Fz(t)dt =

∫ T
0 Fz(t + to)dt,

we will get

∫ T

0
Fz(t)dt +

∫ T

0
Fz(t + tinitial)dt =

∫ T

0
mgdt (5)

By Equation (5), and by Newton’s second law, the acceleration
equation of the body’s center of mass (COM) at a certain moment
in a stride cycle in z direction will be

az (t + tinitial) = Fz (t) + Fz (t + tinitial) −mg (6)

where, az stands for acceleration, Fz GRF, t a certain moment in a
stride cycle, tinitial initial ground contact moment,m body weight,
and g the acceleration of gravity.

Take the body coordinates of COM as a non-inertial reference
frame, and set the initial velocity of COM at the beginning of the
stride cycle to be v0(tinitial). By Equation (6), when the ground
contact moment is tinitial, the relationship between the centroid
velocity at any time t in a stride cycle and the acceleration and
initial velocity will be

v(t, tinitial) =

∫ t

0
a(t, tinitial)dt + v0(tinitial) (7)

vx, vy and vz stand for the velocities in the three directions of

COM, respectively. So, vx (t, tinitial) =
∫ t
0 ax (t, tinitial) dt +

vx0 (tinitial) , vy (t, tinitial) =
∫ t
0 ay (t, tinitial) dt +

vy0 (tinitial) , and vz(t, tinitial) =
∫ t
0 az(t, tinitial)dt + vz0(tinitial).

It seems impossible to determine the magnitude of v0(tinitial) in
Equation (7) by means of dynamics method, but based on the
least-action principle in gait (Fan et al., 2009), v0(tinitial) has a
unique value. Equation (7) shows that v0(tinitial) is a function
of tinitial for the ground contact moment. The relationship
between the initial velocity of relative motion and acceleration is
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as follows:

v0(tinitial) = −

T
∑

λ=1

∫

λ

0
a(t, tinitial)dt (8)

For any ground contact moment,
∫ T
0 a(t, tinitial)dt = 0. By

Equation (7), v(T, tinitial) = v0(tinitial). It should be noted that
the initial velocity calculated by Equation (8) refers to the stable
stepping speed of body at the beginning of the stride cycle, and it
is the initial velocity of the COM relative to the dynamic reference
frame, not the absolute velocity of the COM relative to the static
reference frame. By Equations (6) and (8), the foot’s ground
contact moment determines the initial speed of relative motion,
but it has nothing to do with the implicated velocity, which is
quite intriguing. When running on a linear path, the commonly
used gait parameter of “step velocity” is the implicated speed, and
the step velocity is related to stride frequency and stride length.
Relative velocity, therefore, is independent of stride frequency
and stride length.

When the body coordinate of COM is used as a non-inertial
reference frame, the sum of the potential energy of COM is
∑T

1 Ep(t) = 0, and the mean potential energy is Ep = 0; the
kinetic energy of COM t at any time of relative motion is Ek(t) ≥

0. In a stride cycle, the sum of kinetic energy is
∑T

1 Ek(t) > 0, and
the mean kinetic energy is Ek > 0. Therefore, we use the relative
motion centroid energy to simplify the description of mechanical
energy consumption in gait as follows:

E(t, tinitial) =
1

2
v2(t, tinitial) (9)

Vertical ground reaction force (VGRF) and gravity from Zebris
FDM System gait analysis report were normalized by self-
weight, and stride cycle normalized by percentage. Equations
(1)–(9) were established to calculate both groups’ VGRF,
acceleration, velocity, displacement, and dynamic energy of
COM, respectively. An application of these equations is shown
in Supplementary Tables 1–3.

Statistical Analyses
Data from the sarcopenia and normal groups were expressed
in the format of means ± standard deviation (SD). Gait
parameters from the two groups were compared using an
independent sample t-test analysis (two-tailed distribution).
In addition, linear associations between the experimental
measurements were explored using correlation analyses.
Correlation analyses were interpreted as follows: 0–0.2 =

very weak, 0.21–0.4 = weak, 0.41–0.6 = moderate, 0.61–
0.8 = strong, and 0.81–1.0 = very strong. The statistical
significance level throughout was determined at the p ≤

0.05 level.

RESULTS

Correlations
Scanning reports derived from Hologic QDR-4500A were
presented in six scatter plot figures—participants’ age and ALMI,

age and BMI, age and T-score, BMI and ALMI, BMI and T-score,
and ALMI and T-score, as shown in Figures 3–8. In addition,
linear regression equations were given.

The relationship between gender, age, and ALMI is shown
in Figure 3, where y (female) = −0.0068x + 6.3098 (p <

0.01), a linear equation of scatter plot of the female’s age and
ALMI, with the correlation coefficient of 0.06, suggesting a very
weak correlation between conditions. Furthermore, y (male) =

−0.0323x + 9.9173 (p < 0.01) was the linear equation of scatter
plot of the male’s age and ALMI, with the correlation coefficient
of 0.17, suggesting a weak correlation.

The relationship among gender, age, and ALMI is shown in
Figure 4, where y (female) = −0.0084x + 23.318 (p < 0.01)
was a linear equation of scatter plot of the female’s age and BMI,
with the correlation coefficient of 0.05, suggesting a very weak
association. In addition, y (male) = −0.0096x + 24.045 (p
< 0.01) was a linear equation of scatter plot of the male’s age
and BMI, with the correlation coefficient of 0.5, also suggesting
a moderate correlation.

The relationship between among gender, age, and T-score is
shown in Figure 5, where y (female) = 0.0073x 1.759 (p <

0.01) was a linear equation of scatter plot of the female’s age and
T-score, with the correlation coefficient of 0.03, showing a very
weak association. Whereas, y (male) = 0.0308x 2.4408 (p <

0.01) was a linear equation of scatter plot of male age and T-
score, with the correlation coefficient of 0.13, suggesting a very
weak correlation.

The relationship between BMI and ALMI in female and male
is shown in Figure 6, where y (female) = 2.5775x + 7.6501 (p
< 0.001) was a linear equation of scatter plot of the female’s BMI
and ALMI, with the correlation coefficient of 0.62, suggesting a
strong correlation. Whereas, y (male) = 1.9554x + 9.4156 (p <

0.001) was a linear equation of scatter plot of the male’s BMI and
ALMI, with the correlation coefficient of 0.69, also suggesting a
strong correlation.

The relationship between BMI and T-score in female andmale
is shown in Figure 7, where y (female) = 0.0218x + 22.797 (p <

0.01) was a linear equation of scatter plot of the female’s BMI and
T-score, with the correlation coefficient of 0.01, suggesting a very
weak association; y (male) = 0.7615x + 24.997 (p< 0.01) was a
linear equation of scatter plot of the male’s BMI and T-score, with
the correlation coefficient of 0.35, suggesting a weak correlation.

The relationship between ALMI and T-score in female and
male is shown in Figure 8. In Figure 8, where y (female) =

0.1735x + 6.0839 (p < 0.01) was a linear equation of scatter plot
of the female’s ALMI and T-score, with the correlation coefficient
of 0.38, suggesting a weak correlation; y (male) = 0.4529x +

8.0133 (p < 0.001) was a linear equation of scatter plot of the
male’s ALMI and T-score, with the correlation coefficient of 0.60,
suggesting a moderate correlation.

Comparisons Between Groups
Comparisons between the sarcopenia and normal groups are
presented below and more details are shown in Tables 2, 3.

Table 2 demonstrates extremely significant differences in both
sides’ step length and stride length between the sarcopenia group
and the normal group (p < 0.01). The mean cadence of the
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FIGURE 3 | Scatter plots of participants’ age and appendicular lean mass index (ALMI).

FIGURE 4 | Scatter plots of participants’ age and body mass index (BMI).
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FIGURE 5 | Scatter plots of participants’ age and T-score.

FIGURE 6 | Scatter plots of participants’ BMI and ALMI.

sarcopenia group was higher than that of the normal group, and
the mean step speed is smaller than that of the normal group, but
there were no significant differences between them.

Table 3 demonstrates extremely significant differences in the
length of right gait line and left single support line between the
two groups (p < 0.01). Significant differences were found in
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FIGURE 7 | Scatter plots of participants’ BMI and T-score.

FIGURE 8 | Scatter plots of participants’ ALMI and T-score.
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TABLE 2 | Basic gait parameters of the participants.

Sarcopenia (n = 24) Normal (n = 44)

Step length, cm Left 59.6 ± 4.96� 64.04 ± 7.52�

Right 59.78 ± 4.36� 63.96 ± 7.15�

Step time, sec Left 0.52 ± 0.03 0.53 ± 0.05

Right 0.52 ± 0.04 0.53 ± 0.05

Stance phase, % Left 62.74 ± 1.43 62.44 ± 1.70

Right 63.03 ± 1.62 62.98 ± 1.72

Swing phase, % Left 37.26 ± 1.43 37.56 ± 1.70

Right 36.97 ± 1.62 37.02 ± 1.72

Double stance phase, % 25.61 ± 2.83 25.13 ± 3.07

Stride length, cm 119.39 ± 9.15� 128.01 ± 14.46�

Stride time, sec 1.05 ± 0.08 1.06 ± 0.09

Cadence, steps/min 115.10 ± 7.81 113.11 ± 9.66

Velocity, km/h 1.14 ± 0.14 1.21 ± 0.18

�p < 0.01; Paired samples t-test (two-tailed distribution) is used for the gait parameters

of participants in both groups.

TABLE 3 | Butterfly parameters of the participants.

Sarcopenia (n = 24) Normal (n = 44)

Length of gait line,

mm

Left 195.17 ± 15.10♦ 205.28 ± 17.29♦

Right 193.53 ± 15.60� 205.31 ± 18.15�

Single support

line. mm

Left 111.08 ± 7.12� 117.21 ± 11.45�

Right 110.11 ± 12.19♦ 117.21 ± 11.24♦

Anterior/posterior

position, mm

74.24 ± 63.68 97.64 ± 64.24

Anterior/posterior

position variability,

mm

2.98 ± 2.98 2.43 ± 1.41

Lateral symmetry,

mm

0.03 ± 4.71 −0.71 ± 3.83

Lateral variability,

mm

3.59 ± 2.84 2.6 ± 1.33

Max gait line

velocity, cm/sec

153.64 ± 93.07 143.87±114.64

�p < 0.01, ♦p < 0.05; Paired samples t-test (two-tailed distribution) is used for the gait

parameters of participants in both groups.

the length of left gait line and right single support line (p <

0.05). The mean values of anterior/posterior position variability,
lateral variability, and max gait line velocity of the sarcopenia
group were greater than those of the normal group, but without
significant difference in all of them.

Equations (1)–(9) were established to calculate both groups’
VGRF, acceleration, velocity, displacement, and dynamic energy
of COM, respectively, and the results are shown in Figure 9,
where the variation trend of VGRF with standardized weight of
both groups was similar in a stride cycle. However, the peak value
of the left resultant VGRF in the sarcopenia group was greater
than that of the normal group, while the peak value of the right
resultant VGRF was smaller than that of the normal group. In
both groups, the resultant VGRF peaked at 1.4 times of their body

weight. The other dynamic quantities of the COM conformed to
these characteristics.

DISCUSSION

This study aimed to explore body composition and gait
characteristics in those with sarcopenia in relation to healthy
controls as well as the relationship among body composition,
gait parameters, and sarcopenia to shed some light on the
prevention of falls among the elderly. Importantly, in this study,
we calculated gait parameters and COM dynamics between the
two groups by providing correlations between body composition
and gender and age. We found that the elderly with sarcopenia
have abnormal gait parameters, which may be useful to predict
and assess the risk of sarcopenia using a simple gait test.

Research has shown that the limb muscles of the elderly are
reduced in the cross-sectional area by 25–35% compared with
those of the young (Lexell, 1995; Jeon et al., 2021). Sarcopenia
occurs with aging, and it is a major factor for frailty (Rolland
et al., 2008), mainly due to age-related declines inmuscle strength
and function, that affects postural reflexes (Landi et al., 2012).
Figure 3 shows that ALMI of the female was not correlated
with age, while that in men, it was weakly correlated. What
was notable was the weak correlation among elderly men. For
example, Supplementary Table 4 shows 13 participants with
sarcopenia before the age of 65 years, including 10 women and
3 men. Among participants over 65 years old, 11 suffered from
sarcopenia. Lifestyle habits, exercise, diet (Fiatarone et al., 1994),
and sleepmay reduce the incidence of sarcopenia (Piovezan et al.,
2015). For instance, resistance exercise was reported to increase
muscle mass and strength even in the very elderly (Fiatarone
et al., 1994; Hurst et al., 2022).

Body mass index is the gold standard for diagnosing obesity
(Romero-Corral et al., 2008; Liu et al., 2022), which is considered
ametabolic disease (Pedersen and Saltin, 2015; Korac et al., 2021),
and associated with many other comorbidities (Afolabi et al.,
2020). For example, obese patients often have hypertension or
symptomatic ischemic cardiovascular disease (Johns et al., 2014;
Valensi et al., 2021). However, a U-shaped association has been
reported between BMI and mortality rate (Allison et al., 2008;
Childers and Allison, 2010). Figure 4 showed that age in the
elderly was not correlated with BMI, which may be explained by
the “obesity paradox” (Childers and Allison, 2010). In Table 1,
the BMI of the sarcopenia group was 21.48± 1.73 and that of the
normal group was 24.77 ± 2.43, and significant difference (p <

0.001) was found. It may provide evidence to the fact that people
with moderate BMI tend to live longer than those with a higher
or lower BMI (Childers and Allison, 2010).

Figure 5 shows that the age of the female was not correlated
to T-score while that of the male was weakly correlated. Using
only a certain part of bone mineral density (g/cm2) to diagnose
osteoporosis may lead to misdiagnose (Binkley et al., 2005). In
this study, “e Whole Body” scanning mode and “Auto Whole
Body” analysis were used to avoid measurement errors when
selecting measuring body part (Bazzocchi et al., 2016). Results
from Figure 5 revealed that the decreasing trend of bone mineral

Frontiers in Aging Neuroscience | www.frontiersin.org 9 July 2022 | Volume 14 | Article 909551115

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Fan et al. A Zebris FDM Plantar Pressure Measurement System

FIGURE 9 | Dynamics results of center of mass (COM). (A) The vertical ground reaction force (VGRF) on COM in a stride cycle. (B) Vertical acceleration of COM in a

stride cycle. (C) Vertical velocity of the COM in the stride cycle. (D) Vertical displacement of COM in a stride cycle. (E) The vertical dynamic energy of COM in a stride

cycle. In (A), the dashed line is VGRF on both sides, and the solid line is the resultant force. In (B–D), dashed lines represent the sarcopenia group and solid lines the

normal group. In (E), the dark color is sarcopenia and the light color is normal.

density with age was indisputable (Pocock et al., 1989; O’Gorman
et al., 2022). However, lifestyle and other factors may slow
down the possibility of suffering from osteoporosis due to aging
(Zhu and Prince, 2015). However, in Supplementary Tables 4, 5,
among the 41 participants younger than 65 years old, the
number of people with low T-score (T-score < −1) reached 18
(Kanis et al., 1994), which should be attended. This confirms
the relationship between “functional vs. chronological age” and
disease again (Soto-Perez-de-Celis et al., 2018).

Figure 6 shows that BMI was positively correlated with the
ALMI in all participants, though moderately correlated, with
correlation coefficients greater than 0.6 for both women and
men. The U-shaped association between BMI and mortality rate
(Allison et al., 2008; Childers and Allison, 2010) highlighted the
importance of moderate BMI for the elderly. Table 1 shows that,
within the range of normal BMI values, it was wise to choose
the Highest Normal, because Figure 6 reflected the positive
correlation between BMI and ALMI, indicating that maintaining
a BMI of Highest Normal was significantly correlated with the
absence of sarcopenia (p < 0.001).

Figure 7 shows that BMI of the female was not correlated
with T-score while that of the male was moderately correlated.
Figure 5 shows that the female’s T-score was not correlated with
age nor BMI, while that of the male was positively correlated
with age and BMI. Though the correlation coefficient was low,
the gender difference was significant. The reason remains to be
further investigated (Greco et al., 2010; Kim et al., 2017; Wung
et al., 2021).

Sarcopenia and osteoporosis are two diseases that require
further exploration for evidence of biochemical and molecular
interactions between the two (Reginster et al., 2016). Diagnostic
standards for sarcopenia were controversial (Edwards et al., 2015;
Landi et al., 2018), but the ALMI was an indicator for diagnosing

sarcopenia, and T-score an indicator for diagnosing osteoporosis.
According to the diagnostic standard of T-score (Kanis et al.,
1994; El Maghraoui and Roux, 2008), in the morbidity rate of
osteopenia and osteoporosis in sarcopenia was 75.00%, while the
morbidity rate in the normal group was 25.00% as shown in
Supplementary Tables 4, 5. The morbidity rate of osteoporosis
in sarcopenia was 33.33%, while that in the normal group was
4.55%. The moderate positive correlation between ALMI and
T-score of all participants in Figure 8 was consistent with the
connotation of the difference in the incidence of osteoporosis
between both groups presented in Supplementary Tables 4, 5.

Table 2 shows that no statistical difference was found in
parameters, such as stride frequency and stride time between
both groups (p > 0.05), and there were significant differences
in bilateral stride length and step lengths (p < 0.01). Though
considerable debate about the value of step velocity was ongoing
(Kim et al., 2012; Liu et al., 2013; Tanimoto et al., 2014),
consensus had been reached, i.e., slow step velocity was associated
with the incidence of sarcopenia.Table 2 confirms the differences
in step velocity in patients with sarcopenia—the incidence
of sarcopenia was significantly increased when bilateral stride
length reduced, which was the main cause of the decreased step
velocity (Kim et al., 2021).

The butterfly parameter assessment has been used in the
assessment of the patients with acute stroke (Jin, 2010). Butterfly
parameters in Table 3 shows significant differences between the
sarcopenic group and the normal group in both the bilateral
length of the gait line and the single support line. The length
of the gait line represented the trajectory of center of pressure
during the interaction between the foot and the supporting
surface (Lugade and Kaufman, 2014). While walking, the support
phase includes single support and double support phase. The
ratio of the support phase was correlated to the walking speed,
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so the faster the walking speed, the smaller the support phase
ratio (Fan et al., 2016). No statistical difference between the
support phase and the swing phase was found between both
the groups in Table 2, and the shorter the single support line in
Table 3 the longer the double support phase, which was normal
for sarcopenia. In addition, aging is accompanied by the decline
of the function of the first metatarsophalangeal joint (Fan et al.,
2016), and the shorter length of gait line in sarcopenia in Table 3

offered evidence for the decline of the first metatarsophalangeal
joint during the propulsive phase.

The COM dynamics method is used to diagnose diseases
of the musculoskeletal system of the lower limb by the
changing law of force, acceleration, velocity, and displacement
of the COM during walking (Fan et al., 2009, 2016). Figure 7
shows that sarcopenia is neither an asymmetric musculoskeletal
disease caused by sports injury or a motor nerve-induced
musculoskeletal condition (Fan et al., 2009), but a disease of
decreased appendicular muscle mass (Ribeiro and Kehayias,
2014). It can be concluded that the method of assessing
sarcopenia by ALMI from a DXA scanner for the assessment of
sarcopenia is reliable. Furthermore, considering the radiation of
X-ray and the cost of the DXA, a simple gait test for screening
sarcopenia offers an attractive new method.

From Tables 2, 3, significant differences were found in step
length, stride length, length of gait line, and single support
line between the sarcopenia group and the normal group, but
no significant difference was found in velocity or cadence,
suggesting that sarcopenia was related to the reduction of muscle
mass. In addition, Figure 9 shows that in the load response
phase, the VGRF peak values from the left and right side of
the sarcopenia group were 1.43 and 1.36 times of their body
weight, respectively, while those of the normal group were
1.39 and 1.40 times, respectively, suggesting that no significant
difference was found in relative muscle strength between these
two groups. In Table 1, however, significant difference was found
in BMI between these two groups, and BMI of the normal
group (115.33%) was greater than that of the sarcopenia group,
suggesting that significant difference was found in the absolute
muscle strength. Observations of gait parameters andmechanical
parameters showed that sarcopenia was a disease mainly caused
by decreased muscle mass.

The reduced muscle mass led to the shorter step length,
length of gait line, and single support line, which means
a change in the gait pattern of the sarcopenia elderly. An
increase in cadence and decrease in stride length in the elderly
would not cause instability (Fan et al., 2016). However, the
cadence of the sarcopenia group was very similar to that of
the normal group, and the absolute muscle strength of the
sarcopenia group decreased, suggesting decreased stability of
body control and increased risk of falling. This study offers a
preliminary screening for sarcopenia by a gait test and BMI
calculation, speeding up screening and greatly reducing the
cost of testing. In addition, the mortality rate of the elderly
with slow walking speed was higher than that of the elderly
with fast walking speed. The general manifestation of the
elderly with slow walking speed included: the older the age,
the higher their BMI, depressive mood, and less daily exercise

(Harwood and Conroy, 2009; Studenski et al., 2011), consistent
with the results of this study.

The study’s limitations included the following: (1) elderly
male generally reported faster velocity and longer stride length
and lower cadence than those of the female, suggesting that
there may be gender differences in gait in elderly men and
women (Winter et al., 1990; Román et al., 2014). Due to the
limited number of community dwellers’ screening, bothmale and
female participants were included in the comparative analysis
of this study, so future analyses should be conducted with a
larger sample size with separated gender; (2) participants were
differentiated only by ALMI, calculated from ALM obtained
from DXA scans, and no other functional tests were performed
to functionally diagnose sarcopenia. A longitudinal study to
correlate changes in body composition with gait stability during
aging can be an important future research topic.

CONCLUSION

This study examined the correlations between body composition
and gender and age in the elderly with sarcopenia by ALMI
screening as well as differences in gait parameters between
healthy controls and patients with sarcopenia. For the elderly, age
did not largely affect ALMI, BMI, or T-score, but BMI and ALMI
were strongly correlated. Significant differences were found in
certain gait parameters between the elderly with sarcopenia and
normal elderly. The dynamics of COM based on the gait forward
dynamics method showed that sarcopenia is a disease mainly
caused by decreased muscle mass. When abnormities were found
in step length, stride length, length of gait line, or single support
line, a DXA scan can then be performed. This may shed some
light on the prevention of falls among the elderly.
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Background: The aging of the world population poses a major health challenge, and

brain–computer interface (BCI) technology has the potential to provide assistance and

rehabilitation for the elderly.

Objectives: This study aimed to investigate the electroencephalogram (EEG)

characteristics during motor imagery by comparing young and elderly, and study

Convolutional Neural Networks (CNNs) classification for the elderly population in terms

of fatigue analysis in both frontal and parietal regions.

Methods: A total of 20 healthy individuals participated in the study, including 10 young

and 10 older adults. All participants completed the left- and right-hand motor imagery

experiment. The energy changes in the motor imagery process were analyzed using

time–frequency graphs and quantified event-related desynchronization (ERD) values. The

fatigue level of the motor imagery was assessed by two indicators: (θ + α)/β and θ/β,

and fatigue-sensitive channels were distinguished from the parietal region of the brain.

Then, rhythm entropy was introduced to analyze the complexity of the cognitive activity.

The phase-lock values related to the parietal and frontal lobes were calculated, and

their temporal synchronization was discussed. Finally, the motor imagery EEG data was

classified by CNNs, and the accuracy was discussed based on the analysis results.

Result: For the young and elderly, ERD was observed in C3 and C4 channels, and

their fatigue-sensitive channels in the parietal region were slightly different. During the

experiment, the rhythm entropy of the frontal lobe showed a decreasing trend with time

for most of the young subjects, while there was an increasing trend for most of the older

ones. Using the CNN classification method, the elderly achieved around 70% of the

average classification accuracy, which is almost the same for the young adults.

Conclusion: Compared with the young adults, the elderly are less affected by the

level of cognitive fatigue during motor imagery, but the classification accuracy of motor

imagery data in the elderly may be slightly lower than that in young persons. At the
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same time, the deep learning method also provides a potentially feasible option for the

application of motor-imagery BCI (MI-BCI) in the elderly by considering the ERD and

fatigue phenomenon together.

Keywords: aging, brain–computer interfaces, motor imagery, fatigue, CNN

INTRODUCTION

Population aging is one of the severe challenges faced by all
countries in the world nowadays and in the next few decades.
According to the report of the Global Health andAging published
by WHO, by the middle of this century, the proportion of people
over 65 years will increase from 11 to 22%, and the 85 years-
and-over population is projected to increase by 351% between
2010 and 2050 (Mary et al., 2007). It also indicates that there
will be a larger number of older people aged 60 years or over
than adolescents aged 10–24 years by the middle of this century
(Rudnicka et al., 2020). With the increase of age, the elderly
generally have a decline in self-care ability and suffer from the
risks of various diseases, which affect both their physical and
mental health, leading to the degradation of the life quality in
this group. Therefore, promoting the health level of the elderly
is a critical factor in solving the aging problem.

As part of the aging process, a great number of changes occur

in the central nervous system (CNS), and the brain function
of the elderly is inevitably changed with the increase of age.

Aging may also cause chronic neurological diseases which affect
the motor system (Nikhil et al., 2014), and even healthy aging
is accompanied by a decline in cognitive function (Gard et al.,
2014). These kinds of cognitive or motor problems are reflected

in the electrical activity of the brain and could be studied from
electroencephalogram (EEG) signals. EEG analysis reveals the
features of brain activities during the motor and cognitive tasks
by various signal processing approaches (Pavlov et al., 2020).
Many studies use EEG to explain the changes in the CNS due to
the appearance of some aging-related diseases (Paiva et al., 2012).
Brain–computer interface (BCI) establishes the direct interaction
path between the brain and the external world by decoding the
information from the brain during the mental tasks (Wolpaw
et al., 2000). To help the elderly maintain a healthy, good quality
of life, and sense of wellbeing, a number of BCI applications have
been developed in recent years (Belkacem et al., 2020).

EEG could provide a non-invasive way to BCI with the
characteristics of simple structure, high safety, and good real-
time performance (Castermans et al., 2013). With the features
extracted from the EEG signals, the classification based on
the machine learning algorithms can convert them into the
control commands for assistive or rehabilitation devices (Li et al.,
2016). Several common paradigms are proposed to make the
brain generate proper EEG signals. Generally, the EEG could be
categorized as self-paced or non-self-paced ones. The self-paced
ones only need the inner brain activities of the users (Müller-
Putz et al., 2016), so these users can make their own decisions
for control aims. In self-paced EEG, motor imagery (MI) is
a dynamic cognitive process during which the movement is
mentally simulated without actually being executed (Jeannerod,

2011). In the cerebral cortex, MI and motor execution of the
same action have similar activity patterns. The goal of motor-
imagery BCIs (MI-BCIs) is to control an external object by
inducing and modulating the brainwaves of interest during the
training sessions so that the BCI system can determine the user’s
intention in real-time in testing sessions (Jiang et al., 2022).
Several studies have explored the influences of aging on different
aspects of MI, such as vividness (Malouin et al., 2010), working
memory (Schotta, 2012), and the temporal performance of the
MI (Personnier et al., 2010). However, these studies are based
on scales and statistics analysis, and the EEG indicators have not
been introduced to evaluate the difference in MI ability across
different age groups.

EEG sensorimotor rhythm changes from the resting state to
the MI or motor execution state. This phenomenon reflects a
decrease in the power of EEG over the primary sensorimotor
area in the alpha (7–4Hz) and beta (15–35Hz) bands indicating
underlying cortical cells to be desynchronized, which is named
as event-related desynchronization (ERD) (Hisato et al., 2018).
A comparative study of the ERD of EEG signals during MI
tasks in different age groups would be helpful to understand the
changes in cerebral cortex activity and the influence of aging on
improving theMI training in neurological rehabilitation and BCI
system design for the elderly.

In the MI-BCI, it is significant to make a cognitive effort to
focus on MI tasks, but the EEG signal quality heavily depends on
the mental state, level of attention, and fatigue of BCI users. Loss
of attention due to mental fatigue significantly decreases signal
characteristics, and thus reduces the performance of BCI systems
(Cao et al., 2014). Some studies (Talukdar et al., 2018) also have
confirmed that long-term MI can cause mental fatigue, and the
level ofmental fatigue corresponds to the EEG data separability of
MI, which relates to the further application of MI-BCI. However,
most of the current studies were only conducted on young adults.
Aging increases the complexity of human brains (Anokhin
et al., 1996), and this effect is demonstrated in the frontal
inferior and sensorimotor areas (Scheel et al., 2018). In addition,
entropy-based tools are widely used to quantify complexity,
and approaches related to time–frequency analysis in separate
frequency bands provide a clear physiological interpretation of
the changes in EEG signals (Pavlov et al., 2020). Thus, it is
necessary to investigate the fatigue caused byMI from the aspects
of EEG power on both frontal inferior and sensorimotor regions.

With the different fatigue characteristics of EEG in the young
and elderly population, a suitable MI data classification method
is crucial for generating the control commands for the assistive
and rehabilitation device application in aging groups. In the MI
data classification stage, the extracted features are interpreted
as the BCI user intentions, and machine learning is the most
frequently used classification method. Deep learning belongs to
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representation learning, which aims to better represent input
data using multiple layers of processing blocks such as neural
networks (e.g., CNN and RNN). CNN (Lecun et al., 1989),
proposed for the first time in the 1980s, was used to classify
handwritten digits. CNN is of vital importance for EEG decoding
using deep learning methods. To introduce CNN algorithms
to EEG data classification, two measures are generally taken.
First, in the aspect of the good performance of CNN for
image classification, many researchers firstly convert the EEG
signal into image information and then input it into CNN for
classification. It uses the time–frequency maps of C3, Cz, and C4
channels at 6∼13Hz and 17∼30Hz for splicing as the feature of
EEG data input to the convolutional neural network (CNN) for
classification (Tabar and Halici, 2017). Another idea is to utilize
the “end-to-end” characteristics of deep learning by importing
the preprocessed EEG data as the input of the neural network
and directly extracting the deep abstract features in the EEG
data through the neural network. EEGNet (Lawhern et al., 2018)
builds a deep learning model based on a CNN to directly classify
EEG data samples, and the core idea is to convolve the channel
dimension and the time dimension, respectively, and directly
extract and classify features from these two dimensions. In the
previous studies, the classification of EEG signals by CNN is
usually applied to younger subjects, while the comparative study
of young adults and the elderly has not been thoroughly carried
out. If this effectiveness of the tool is also verified onMI data from
older groups, it will promote the development of rehabilitation
and assistive BCI more suitable for the elderly population and
facilitate their everyday lives.

This study investigates the ERD of EEG signals in MI tasks in
different age groups to clarify the differences in MI ability in both
groups. The changes in fatigue level during MI will be studied.
Fatigue analysis includes three aspects: the first is to distinguish
fatigue-sensitive channels in the parietal region; another is to
calculate rhythm entropy (RE) in the frontal region; the third is
to analyze whether the fatigue in the parietal region and the EEG
complexity in the frontal lobe are synchronized through phase-
locked values (PLVs). Based on such analysis, it investigates the
differences in the classification performance of deep learning
methods (CNN) on young and the elderly, which will provide a
reference for designing BCIs for rehabilitation and daily living
aids used by the elderly.

METHODS

Participants
Ten young adults (S1–S10, 8 males and 2 females, mean age
23) and 10 older adults (T1–T10, 3 males and 7 females, mean
age 66) participated in this study. All participants were right-
handed and had a normal or corrected vision, without known
neurological or psychological disorders, use of psychiatric drugs,
or any drugs affecting the CNS. The participants were asked
to have a good sleep before the experiment. Each participant
was informed about the experimental protocol and included
after receiving verbal consent for the experimental trials. The
protocol studied was approved by the local ethical committee and
performed in accordance with the Declaration of Helsinki.

EEG Recording
EEG data were acquired with a 64-channel EEG cap (Waveguard
Original, ANT Neuro b.v., Enschede, Netherlands) and a
mobile EEG amplifier (eego sports, ANT Neuro b.v., Enschede,
Netherlands) at a sampling rate of 1,024Hz. The 64-electrode
configuration was set according to the international 10–20
system. The reference and ground electrodes were placed on
CPz and AFz, respectively. Most electrodes (about 65%) had
impedances <5 K�.

Experiment Setup and Paradigm
Participants are asked to sit in a comfortable chair and look at
the computer screen, which displays the experimental paradigm.
Participants are asked to avoid blinking and body movements
during EEG recording. The two different MI tasks (left-hand
movement vs. right-hand movement) are performed by the
participants. The experimental session consists of four runs of
continuous EEG signal recording. Each participant performs 40
trials in each run, with a total of 160 trials. During each trial,
the computer screen first displays a black screen for 3 s, then a
video of the left or right-hand movement of the fist for 3 s, and
finally a 5-s up-left or up-right arrow together with 30 s rest for
every 10 trials. Participants keep relaxed when the screen is black,
concentrate when the video is playing, and begin to imagine the
corresponding movement when the arrow appears. The sequence
of events in the trial is illustrated in Figure 1, and a 5-min rest is
given between runs. It should be noted that S8 collected twomore
runs for some reasons, reaching 240 samples.

EEG Data Pre-processing
The EEG signals were processed using the EEGLAB toolbox. A
50Hz industrial frequency interference has been removed and
the band-pass was filtered from 1 to 35Hz using a finite impulse
response (FIR) filter. The filtered data is resampled to 512Hz.
Then, the resample data was segmented to extract epochs and
removed baseline. This resulted in a total of 160 epochs for each
participant, except for S8. All artifacts were removed in each
epoch (such as eyeblinks and body movement) by independent
component analysis (ICA). The attributes of components were
observed by the ICLabel function, and the components which
belong to EOG, EMG, noises, and other artifacts were discarded,
and only those with more than 60% probability of being
estimated as EEG were retained. The run with more artifacts
in the four runs of experiments was eliminated in young adults
when ERD and fatigue were analyzed, but all runs were retained
in older adults.

Event-Related
Desynchronization/Synchronization
(ERD/S)
To analyze the fatigue levels in the process of MI, it needs
to verify the ERD/ERS phenomenon in the process of MI
through time–frequency analysis and the results are used for
time–frequency analysis to carry out the subsequent related
calculation of fatigue. The time–frequency analysis implemented
by Letswave7.ERD/ERS is calculated in a defined frequency
band about a baseline reference interval. The baseline reference
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FIGURE 1 | Experimental protocol for a single trial.

interval for the ERD/ERS calculation was taken from 0 to 1 s
for each epoch. After performing the artifact removal mentioned
above, wavelet transformation was applied to analyze the law of
EEG signal energy changing with frequency and time. The single
time–frequency map under the same task is superimposed and
averaged to obtain the final time–frequency map.

Fatigue Analysis in Motor Imagery
The α and β EEG signals increase and θ EEG signal decrease
during fatigue, and the (θ + α)/β has the strongest positive
correlation with fatigue (Jap et al., 2009). This paper fuses (θ +

α)/β and θ/β into a comprehensive fatigue index to analyze and
evaluate the fatigue level in real-time. The preprocessed EEG
signal is decomposed and reconstructed by wavelet transform,
and the EEG signal of different characteristic frequency bands
(θ, α, and β frequency bands) is extracted. The EEG signal has
strong individual differences, and the EEG channels sensitive
to fatigue differ among subjects. It calculates the correlation
between the fatigue index and the experimental time of each
channel, selects the channel whose correlation value is larger than
the threshold, and then sets it as the sensitive channel. According
to experience, the threshold is set to 0.75 in this paper. Fatigue-
sensitive channels in the parietal lobe are extracted, which are
located in the center of the human brain that processes sensory.
After that, the power spectral density of each sensitive channel is
calculated separately, and the fatigue level is finally obtained.

Entropy is robust in assessing the regularity and predictability
of complex systems and has been used to analyze EEG signals
(Arunkumar et al., 2018). RE extracts each rhythm of the EEG
signal and then calculates its entropy value. For the six channels
(F3, F4, F5, F1, F2, and F6) located in the frontal cortex of each
subject, their RE is calculated.

First, calculate the energy for each trial of different rhythmic
cortical activity:

Power =

m
∑

i=1

S(x)2

where S(x) represents estimated cortical activity and m is the
number of sample points.

Then, the energy normalized by the jth frequency band
rhythm cortical activity is calculated, and the value is obtained
by dividing the sum of the energies of the three frequency bands
according to the following equation:

Pj =
Powerj

∑k
j=1 Powerj

where Powerj represents the energy of the jth frequency
band rhythm cortical activity and k is the number of the
frequency band.

The formula of RE calculation is:

En = −

k
∑

j=1

Pjlog2Pj

To verify the selection of parietal lobe fatigue channels and
the rationality of prefrontal lobe RE fatigue analysis, the
synchronization of the channels was verified by calculating the
PLVs of fatigue-sensitive channels and prefrontal lobe channels.
For two univariate continuous-time signals, x(t) and y(t), the
phase synchronization relationship can be expressed by the PLV.

PLV =

∣

∣

∣

〈

eiΦxy(t)
〉

t

∣

∣

∣
=

√

〈

cosΦxy(t)
〉2

t
+

〈

sinΦxy(t)
〉2

t

Φxy (t) = Φx (t) − Φy(t)

where, <> represents the average value of time and 8x (t)
and 8y(t) represent the instantaneous phases x(t) and y(t),
respectively. According to the above formula, the PLVs of any
two time-signals x(t) and y(t) can be obtained. If PLV = 0, it
means that x(t) and y(t) have no phase synchronization. If PLV
= 1, then x(t) and y(t) synchronize in their phases. The range of
PLVs is [0,1].
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FIGURE 2 | The rearranged order of the selected 32 channels.

FIGURE 3 | CNN structure diagram that fuses spatial information.

Proposed CNN Architecture
Referring to the network structure of EEGNet, combined with the
MI characteristics of the young and elderly, a CNN algorithm that
integrates spatial information to classify and identify MI-EEG
signals is proposed. It is of great help to improve the classification
accuracy and enhance the generalization ability of the CNN
model by extracting time, frequency, and space information from
the EEG signals (Yimin et al., 2020). To preserve the spatial
information on the ipsilateral side and distinguish that on the

opposite side, the rearranged order of the selected 32 channels, as
shown in Figure 2, was as follows: F5, FC5, C5, CP5, P5, P3, CP3,
C3, FC3, F3, F1, FC1, C1, CP1, P1, Cz, FCz, F2, FC2, C2, CP2, P2,
P4, CP4, C4, FC4, F4, F6, FC6, C6, CP6, and P6. In addition, it
normalized the samples as a whole. The standardization method
was to subtract the mean value of all the data in the sample
and divide it by the standard deviation. After normalization,
all data points of each sample fit a distribution with mean 0
and standard deviation 1, which helped to speed up the rate of
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TABLE 1 | Implementation details for proposed CNN architecture.

Type Maps Size Kernel size Stride Padding Parameter

Input 1 32 × 512 – – – 0

Convolutional 1 16 32 × 256 1 × 24 × 16 1 × 2 0 × 11 400

Batch normalization 1 16 32 × 256 – – – 0

Activation 1 16 32 × 256 – – – 0

Convolutional 2 32 16 × 256 2 × 11 × 32 2 × 1 0 × 5 11,296

Batch normalization 2 32 16 × 256 – – – 0

Activation 2 32 16 × 256 – – – 0

Average pooling 1 32 8 × 64 2 × 4 2 × 4 0 0

Spatial dropout 1 32 8 × 64 – 0.25 – 0

Convolutional 3 32 4 × 64 2 × 5 × 32 2 × 1 0 × 2 10,272

Batch normalization 3 32 4 × 64 – – – 0

Activation 3 32 4 × 64 – – – 0

Average pooling 2 32 2 × 16 2 × 4 2 × 4 0 0

Spatial dropout 2 32 2 × 16 – 0.25 – 0

Flatten – 1,024 – – – 0

Fully-connected – 2 – – 2,050

Softmax – 2 – – 4

Total 24,022

gradient descent in CNN. The MI-EEG classification problem in
this paper belongs to a small sample set classification problem. To
avoid the overfitting phenomenon caused by the overcomplicated
model, the CNN structure designed in this paper only contains
three convolutional layers, with two pooling layers and one fully
connected layer, as shown in Figure 3. Based on the classic
EEGNet, the structure modifies the size of the convolution kernel
and the convolution stride.

As shown in Figure 3 and Table 1, the dimension of a single
sample input to CNN is 1× 32× 512. The size of the convolution
kernel of the first layer of convolution is 1 × 24, the stride
of the convolution kernel is 1 × 2, and the mode of partial
filling is adopted. The first layer of convolution is mainly to
perform time-domain convolution of one-dimensional signals.
Its function is to refine the characteristics of each channel in the
time domain signal. The main purpose is to reduce the length
of the signal in the time dimension. The number of feature
map channels output by the first layer of convolution is 16.
The second layer of convolution uses a 2 × 11 convolution
kernel, and the convolution stride is 2 × 1. This convolution
operation can integrate the information of adjacent channels
while keeping the signals of the left and right brain channels
from mixing. After the second layer of convolution, the pruning
operation is performed at a ratio of 0.25. The pruning randomly
makes some neurons inactive, thereby avoiding overfitting in the
neural network. This is followed by the first pooling layer with
a pooling kernel size of 2 × 4. The pooling layer can extract
important information from the feature map computed by the
convolutional layer. As the feature map is much longer than
the width, a 2 × 4 pooling kernel is used. The third layer of
convolution uses a 2 × 5 convolution kernel, and the stride of
the convolution is still 2× 1. After that, pruning is performed at a

ratio of 0.25, and a 2× 4 pooling operation is also performed. The
padding parameter of all convolution operations is set to 0, i.e.,
no padding mode. In addition, batch normalization is performed
after each convolution operation, and the activation is performed
using the exponential linear unit (ELU) activation function. The
batch normalization operation can speed up the learning of the
neural network and reduce the dependence on the initial weights.
The ELU activation function is an improved version of the ReLu
activation function. Compared with the ReLu activation function,
the average value of its output is close to 0, which will not add
additional bias to the next layer of neurons, thereby speeding up
the convergence of the model. In the negative case, it has soft
saturation characteristics and is more robust to noise.

RESULTS

Time–Frequency Diagram of the ERD/ERS
To analyze the fatigue of young and elderly subjects and find out
the difference between them, it needs to prove that the subjects
have obvious ERD/ERS phenomenon in the process of MI and
then carry out fatigue calculation on this theoretical basis. For
this purpose, the most representative C3 and C4 channels in
the sensorimotor area of the cerebral cortex were selected for
analysis, and the time–frequency diagram of the channels of
the S1 subject is shown in Figure 4. The desynchronization at
channels C3 and C4 is visually more pronounced in the alpha–
beta (8–30Hz) frequency band. The same subject had different
levels of desynchronization in different periods and showed
a trend of decreasing ERD significance with the increase of
experimental time.

Table 2 gives the quantified average value of ERD of C3 and
C4 channels within 0∼1 s and 1∼2.5 s in the alpha frequency
band, and t-tests were performed, respectively. In both channels,
the desynchronization phenomenon in the 1∼2.5 s time period
is more significant than that in the 0∼1 s time period (C3: P <

0.05; C4: P < 0.05). It is regarded that 0∼1 s is the preparation
period of MI, and 1∼2.5 s is the execution period of MI. Through
the above process, other subjects were also verified, and the
conclusion could prove that these subjects showed obvious
ERD/ERS phenomenon in the MI process.

Results of the Fatigue Analysis During
Motor Imagery
Based on verifying the ERD/ERS phenomenon, it can conduct
fatigue analysis on the parietal lobe channels of the subjects
according to the fatigue calculation method mentioned above
for selecting the fatigue-sensitive channels. The fatigue-sensitive
channels of young and older participants in the parietal lobe areas
are shown in Table 3. In this group of young participants, the
P6 channels were more sensitive to fatigue, and the P5 channels
were relatively less sensitive to fatigue. The P2 channels were
more sensitive to fatigue in elderly subjects, and the P6 channels
were relatively less sensitive to fatigue. The relationship between
fatigue and test time is shown in Figures 5, 6. For most of the
young subjects, the increase in the experimental time did not
have a strong effect on the fatigue level, and the general trend
was that the fatigue level increased with the duration of the

Frontiers in Aging Neuroscience | www.frontiersin.org 6 July 2022 | Volume 14 | Article 909571125

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Li et al. Age-Related Motor Imagery EEG Classification

FIGURE 4 | ERD/ERS time–frequency analysis of three groups in S1.

TABLE 2 | T-test of ERD phenomena for C3 and C4.

Channel Band ERD quantitative values

0∼1 s 1∼2.5 s

S1-1 C3 α (8∼13Hz) −0.45044 −0.94739

S1-2 C3 α (8∼12Hz) −0.31794 −1.0896

S1-3 C3 α (9∼12Hz) −0.56522 −1.6016

Significant 0.021975815

S1-1 C4 α (8∼12Hz) 0.026749 −0.51328

S1-2 C4 α (8∼13Hz) −0.047736 −0.34357

S1-3 C4 α (9∼12Hz) 0.20375 −0.15104

Significant 0.036622313

experimental time. For most older subjects, the fatigue showed
a general increasing trend with the experimental time. Moreover,
the increase in experimental time had less effect on fatigue for
them than for the young ones.

Fatigue is a set of events produced by labor or prolonged
exercise and can influence the performance of most tasks, since
it contributes to the reduction of perceptual, cognitive, and

TABLE 3 | The fatigue-sensitive channels of the young and elderly subjects on the

parietal lobe.

Subject Fatigue-sensitive Subject Fatigue-sensitive

channels channels

The young subjects S1 P1 P6 S6 P7 P3 P4 P2 P6

S2 P4 P8 P2 P6 S7 P7 P3 P4 P1 P6

S3 P3 P8 P1 P2 P6 S8 P7 P4 P8 P2 P6

S4 P7 P3 P4 P1 P6 S9 P4 P8 P2 P6

S5 P7 P4 P1 P8 P6 S10 P7 P3 P4 P8 P2

The elderly subjects T1 P3 P4 P1 P2 T6 P3 P4 P8 P1

T2 P4 P5 P1 P2 P6 T7 P7 P3 P8 P5 P1 P6

T3 P7 P3 P5 P1 P2 T8 P7 P3 P4 P5 P1 P2

T4 P7 P4 P8 P2 P6 T9 P7 P3 P4 P5 P2

T5 P7 P4 P8 P5 P2 P6 T10 P4 P8 P1 P2

motor skills (Tello et al., 2014). The parietal lobes are responsible
for spatial reasoning and motor information processing, while
the frontal lobes are involved in planning and higher cognitive
abilities (Rao, 2013). Entropy-based feature analysis can obtain
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FIGURE 5 | Relationship between fatigue changes over time in 10 young subjects.

FIGURE 6 | Relationship between fatigue changes over time in 10 elderly subjects.
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FIGURE 7 | Mean rhythm entropy of six channels on the frontal lobe of young adults.

FIGURE 8 | Mean rhythm entropy of six channels on the frontal lobe of elderly adults.
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FIGURE 9 | PLV of fatigue sensitive channel P6 to frontal channels of 10 young subjects.

the relationship between the complexity of the EEG signal and
the fatigue state of the subjects (Hu and Min, 2018). Lehmann
et al. (2022) observed that prefrontal activity was generally amore
important predictor of balance performance in older adults than
in younger ones. The above analysis of fatigue is only done in the
parietal lobe area. Here, RE is used to detect fatigue changes in
the frontal lobe area.

It treated the first 20 MI trials as awake state and the last 20
trials as fatigue state, and then calculated the average of the RE
of the six channels of the frontal cortex (F3, F4, F5, F1, F2, and
F6) in the awake state and the fatigue state of the 20 participants.
As shown in Figures 7, 8, RE is roughly equal in young and
elderly in the awake state, while such value in the fatigued state
is lower than that in the awake state in the youngest subjects (9
participants) but higher in the most elderly ones (8 participants).
The RE changes of subjects S9 and T9 differed from others in
their own groups, with the changes not obvious between the two
states, which may be due to individual differences, especially for
subject T10. Human brain activity is complex in the awake state,
so the RE is high. When the brain activity becomes orderly and
complexity is reduced in the fatigued state, it results in a decrease
in RE. From the RE variations, it can infer that for the young
adults, the fatigue occurred accompanied by the execution of
the MI, while older adults remain alert during the experiment
in that they might require greater cognitive effort to complete
MI tasks.

Combining with the above conclusion, it selected the 10
groups of young subjects fatigue sensitive channels (P6) and 10
groups of elderly subjects fatigue sensitive channels (P2), and the
PLV of P6 and P2 to 6 frontal channels (F3, F4, F5, F1, F2, and
F6) were calculated, respectively. Figure 9 shows the calculation
results of PLVs for 10 young subjects, and Figure 10 shows the
results of PLVs for 10 older subjects. It can be found that there
is a high synchronization between the fatigue-sensitive pathway
and the frontal cortex pathway for both young and old subjects.

Results of the Classification by CNN
For validating the classification method, the dataset was
separated into 80% as the training set and the remaining 20%
as the test set. At first, all the original samples of each subject
were preprocessed, and then they were divided. At the same time,
considering that the original sample size is too small and the
neural network training model performance is insufficient, the
sliding window method is introduced to expand the sample size
of the data. The expansion steps are as follows: a 32× 2,048 EEG
fragment is obtained by taking the first 2 s as a time window, and
a 32 × 512 sample is generated by taking the data with the 4-
point interval from the fist point. The starting position moves to
the second, the third, and the fourth point for further sampling.
In this way, a 2 s time window is divided into four samples.
Meanwhile, to avoid a high repetition rate between samples, the
next 2 s time window started from 1 s, and the following 2 s time
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FIGURE 10 | PLV of fatigue sensitive channel P2 to frontal channels of 10 elderly subjects.

window began on 2 s. With the data enhancement, each original
sample was converted into 12 32 × 512 samples, and the total
data dimension of the experiment became 1,920 × 32 × 512.
Then, it divided the training set and test set according to the
ratio of 8:2 mentioned above, and the training set with about
1,536 samples and the test set with about 384 samples would be
produced (except for S8), and compared the elderly and young
people separately, as shown in Figure 11.

From Figures 11A,B, it can be seen that the global average
accuracy rate of young people is higher than that of the elderly
group, with a peak value of 82.81%, while the average and
maximum accuracy rates of the elderly are lower than those of
young people. In addition, the overall accuracy rate for most of
the young subjects was above 0.7, while the older ones were a little
lower, around 0.7. During the training stage, the epochs of young
subjects gradually tended to stabilize around 240 iterations,
while most older ones stabilized after 350 iterations, and the
data quality of young persons is slightly better than that of the
elderly. In addition, from Figures 11B,D, it also can be seen that
the difference in the loss function of different young people is
significantly larger than that of different elderly people, and the
difference in data quality between young persons may be slightly
larger than that between elderly individuals.

In addition, it also attempted classification tests on the cross-
sample dataset for each age group. Here the data of two subjects

S6 and S8 were selected as the mixed dataset of young adults,
and the data of two subjects of T2 and T3 as the mixed dataset
of old ones. It can be clearly seen from Figure 12A that the
average accuracy of the youth mixed sample set is higher than
the two data sets of the elderly mixed sample, and the highest
accuracy rate of the mixed sample of young people can reach
0.725, indicating that the quality of mixed data between young
individuals is still better than that of older individuals. The loss
function on the training set is different. From Figure 12B, it
can be seen that the decline rate of the mixed sample of young
adults is lower than that of the mixed sample data of the elderly,
probably because the mixed sample of S6 and S8 has 80 more
trials than that of T2 and T3, and this result is also consistent with
the highest loss function for S8 in Figure 11B. At the same time,
due to the differences among subjects, the classification accuracy
on the mixed dataset is lower than the classification accuracy on
each separate dataset.

DISCUSSION

The analysis of the trend of decreasing ERD significance with
the increase of experimental time is conducted, and the average
of the RE of the six channels on the prefrontal lobe region
is calculated. From the function activity aspect, the work on
synchronization between the signal amplitudes and the phase has
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FIGURE 11 | (A) Classification results of the young. (B) Loss function situation of the young. (C) Classification results of the elderly. (D) Loss function situation of the

elderly.

been discussed (Rosenblum et al., 1996; Nolte et al., 2004). It
hypothesizes that integrating these complementary features will
allow a better characterization of the BCI-related mental states
and that including them in the feature extraction block, which
is helpful to increase the BCI accuracy compared to standard
approaches solely based on power spectra (Cattai et al., 2019).
In this way, the phase relationship between EEG signals on
the prefrontal and parietal lobes will be characterized by PLV.
Aiming at the calculation and analysis of classification accuracy
of 10 young subjects and 10 older ones in the previous sections,
it analyzed the correlation between classification accuracy and
the PLV, which is between the fatigue-sensitive channels on the
parietal lobe and the specified channels in the frontal lobe for
RE calculation.

Combined with the above conclusions, the average fatigue
value of 10 young subjects was 32.086, and that of 10 older
subjects is 25.796. The average fatigue value of young persons is
higher than that of the elderly, indicating that young adults are
more prone to fatigue during MI, which might be caused by their
more concentrated attention during theMI. At the same time, the
results of the PLV obtained above are statistically analyzed, with
the channels whose PLV is significantly higher than the mean
value of the corresponding test group removed. The average PLV
of the young is 0.398, and that of the elderly is 0.270. The average
PLV of young persons is higher than that of the elderly, indicating
that compared with the elderly, the parietal lobe fatigue sensitive
channels and specified prefrontal lobe channels have higher
synchronization. From the perspective of fatigue, RE, and PLV,
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FIGURE 12 | Classification results across subjects with mixed datasets. (A) Classification results across subjects with mixed datasets at different ages and (B) loss

function across subjects with mixed datasets at different ages.

young persons are more likely to concentrate on MI tasks and
thus fatigue is caused. The elderly subjects make more cognitive
efforts to complete the task, but the MI classification accuracy is
slightly lower than that of young adults, and it could hereby be
inferred that age may affect the ability of MI.

According to the classification accuracy results mentioned
above, the correlation between the PLV of young subjects
and the elderly subjects to each classification accuracy is
calculated here. For 10 young subjects, the correlation coefficient
between the average PLV from the fatigue-sensitive channel
P6 and the classification accuracy was 0.760, while for
10 elderly subjects, the correlation coefficient between the
average PLV from the fatigue sensitive channel P2 and the
classification accuracy was 0.731. The results show that there
is a strong positive correlation between the classification
accuracy and the average PLV of the fatigue-sensitive channel
to the specified prefrontal lobe channel in both young and
older subjects.

As a deep learning method, a CNN model is established
for detecting left and right hands MI using a Muse headband
that has potential use on older adults, but the experiment is
performed on four healthy users aging from 33 to 55 years
(Garcia-Moreno et al., 2020). More than 90% accuracy is
achieved, however, the classification method beyond the EEG
headset still requires further evaluation on aging people. For
cognitive tasks, it indicates that robust plasticity of the prefrontal
cognitive control system was found in the aging brain, and it
also provides a custom-designed video game environment to
assess cognitive abilities across the lifespan of human subjects
(Anguera et al., 2013). Therefore, it is necessary to apply a
CNN method by introducing the EEG data from channels on
both frontal and parietal lobes for the MI-EEG classification by
considering the ERD and fatigue phenomenon together in the
aging group.

It also mentions that change in the location of activation

in the brain is be more bilateral throughout the aging process.
In that case, the application of sensorimotor rhythm (SMR)

for BCI based on spatial information such as common spatial
pattern (CSP) and Laplacian filtering becomes not so effective

(Bashashati et al., 2007). The study also showed that age-
related electrophysiological changes in healthy older adults

significantly affected SMR characteristics in EEG, and found that
the classification accuracy in the elderly is significantly lower than
in the younger population by 15.9% (Chen et al., 2019). It means

that the traditional classification methods depend more on the
input features from the CSP enhancement. Compared with this
pipeline mode, as an end-to-end method, CNN does not require
these intermediate results of feature extraction, which can make
full use of the features from the EEG signals. Therefore, the CNN
classification accuracy keeps around 70% on the 10 older subjects
by selecting 32 channels in the frontal and parietal regions,
which have a close performance to young subjects. However, the
number of young and older subjects is limited in the current
study, and all the subjects are healthy ones. The classification
strategies of the MI-BCI system for those who suffer neurological
diseases such as stroke rehabilitation will be investigated in
the future.

CONCLUSION

The primary finding of our study is that the elderly are less
affected by the level of fatigue during MI, even though the
MI energy of the elderly is lower than that of the young.
However, the deep learning method by extracting frontal and
parietal channel data can be still suitable for the elderly, and
the classification accuracy on MI tasks is at the acceptable levels
of around 70% by CNN. It could be inferred that future BCI
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for the elderly population on MI will not merely depend on
the SMR, and appropriate algorithms can be applied without
obvious lateralization of ERD. However, the CNN model based
on fused spatial information greatly improves the accuracy of the
classification and leads to a longer training time. Supported by
the rehabilitation robot previously developed, more participants
will attend the EEG data collection, and an improved CNN
classification method for real-time BCI based on MI would be
attempted in the future.
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Background: The proportion of the world’s elderly population continues to

rise, and the treatment and improvement of neurodegenerative diseases have

become issue of public health importance as people live longer and many

countries have aging populations. This systematic review aims to discuss

the e�ects of dance movement therapy (DMT) on motor function, cognitive

deficit, mood, and quality of life in people with neurodegenerative diseases,

such as Parkinson’s disease (PD), mild cognitive impairment (MCI), Alzheimer’s

disease (AD).

Methods: Two reviewers independently conducted systematic search on the

Cochrane library, PubMed database, Web of Science Core Collection database,

and Physiotherapy Evidence database until February 1, 2022. Only systematic

analyses and randomized controlled trials were included and further analyzed.

Results: Thirty-three studies on PD, 16 studies on MCI, 4 studies on AD were

obtained. This systematic review found that DMT substantially improved the

global cognitive function, memory, and executive function on the population

with MCI. Compared with the non-dance group, DMT remarkably improved

general disease condition, balance, and gait for individuals with PD. The

evidence of the e�cacy of DMT on AD is insu�cient, and further research

is needed.

Conclusion: DMT can e�ectively improve the motor function and cognitive

deficits in neurodegenerative diseases. Positive e�ects of DMT on the mood

and quality of life in ND patients are controversial and require further

evidence. Future research on the e�ects of DMT on AD requires scientific

design, large sample size, long-term comprehensive intervention, and clear

reporting standards.

Systematic Review Registration: www.osf.io/wktez, identifier:

10.17605/OSF.IO/UYBKT.

KEYWORDS

dance movement, aging, neurodegenerative disease, Parkinson’s disease, mild

cognitive impairment, Alzheimer’s disease, neurorehabilitation

Introduction

Eurostat forecasts show that the proportion of the population over 60 years old

will reach 35%, and the number of people aged 65 and over with Alzheimer’s disease

(AD) in the United States may increase to 13.8 million by the middle of this century

(2020 Alzheimer’s disease facts and figures, 2020). Aging is the primary risk factor for
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most neurodegenerative diseases (NDs), which include

Parkinson’s disease (PD), mild cognitive impairment (MCI) and

AD. One in 10 individuals aged ≥65 suffering from NDs will

increase with the proportion of the elderly population, which

will cause a great burden on individuals, families, and society

(Hou et al., 2019). Therefore, the treatment and improvement

of NDs with aging as a major risk factor have become the

issue of public health that needs to be solved urgently in the

medical and health field. Previous studies suggested that the

functional recovery of patients with NDs depends on the ability

of spare neurons to rebuild and reshape the damaged network

to compensate for the lost function by growing neurites and

forming new synapses (Reetz et al., 2010; Tomassini et al., 2012;

Nudo, 2013). This traditional strategy of function is considered

to achieve rehabilitation through targeted training of weakened

functions (Herholz et al., 2013; Zeiler and Krakauer, 2013;

Agosta et al., 2017). Another method is to increase the overall

level of brain activity through sensory and cognitive stimulation

(Baroncelli et al., 2010).

Dance is a rhythmicmovement that has been choreographed

or improvised in advance and usually performed with music.

The American Dance Therapy Association (ADTA) defines

dance movement therapy (DMT) as “the psychotherapeutic

use of movement as a process that promotes the emotional,

social, cognitive, and physical integration of the individual.”

Formal DMT can be defined as active interventions (such as

performing tango, waltz, dances) or receptive interventions

(such as watching stage plays) by qualified dance therapists

(groups). The meta-analysis results of Fong Yan et al. (2018)

confirmed that the therapeutic effect of performing any type

of DMT is better than other types of structured exercise in

improving a series of health outcomes, such as body composition

and musculoskeletal function (Fong Yan et al., 2018). Many

studies have reported the positive effects of DMT in various

conditions, such as cancer (Aktas and Ogce, 2005; Bradt et al.,

2015), brain health (Rios Romenets et al., 2015; Karkou and

Meekums, 2017; Poier et al., 2019; Ruiz-Muelle and López-

Rodríguez, 2019), cardiovascular disease (Conceição et al., 2016;

Fong Yan et al., 2018; Gronek et al., 2021), and fall (Fernández-

Argüelles et al., 2015; Veronese et al., 2017). Studies examining

the effects of DMT have mostly focused on the population

with NDs, particularly PD. Various neuroimaging studies of

dance observation showed that DMT can improve the neuronal

connectivity in specific brain regions of older participants’ brain,

promote neuroplasticity, and induce changes in gray and white

matter in multiple brain regions, especially the frontotemporal

region. Previous studies suggested DMT as a rehabilitation tool

of disease management and clinical improvement for patients

with AD (Mabire et al., 2019; Ruiz-Muelle and López-Rodríguez,

2019), MCI (Liu et al., 2021; Wang et al., 2021; Wu et al., 2021),

and PD (Barnish and Barran, 2020; Berti et al., 2020; Carapellotti

et al., 2020; de Almeida et al., 2020; Emmanouilidis et al., 2021;

Ismail et al., 2021). The pooled results of the latest meta-analysis

of the efficacy of DMT in PD patients showed that DMT can

improve motor function and reduce the burden on caregivers

(Emmanouilidis et al., 2021; Ismail et al., 2021). The meta-

analysis findings of randomized controlled trials (RCTs) and

non-RCTs reported the positive effects of DMT in improving

the motor, cognitive, and psychological functions in patients

with AD (Ruiz-Muelle and López-Rodríguez, 2019). Among the

studies on the dance treatment of MCI, many systematic reviews

and meta-analyses confirmed that DMT can improves memory

and other cognitive function, psychological function, and quality

of life (Zhu et al., 2020; Liu et al., 2021; Wu et al., 2021).

At present, there are various types of dance-movement

therapy and widely accepted by groups of all ages. For example,

the Videogame-Based Dance Exercise Program attracts many

young people, and Chinese-style square dance is also recognized

by middle-aged and elderly groups. In the foreseeable future,

there will be a variety of ways for people to access dance

movement therapy, no longer limited to one-on-one or one-to-

many treatment modes between dance therapists and patients.

This also provides one of the treatment options for at-home

rehabilitation for the elderly population who have limited

cognition, activity and social skills due to aging. However,

extant studies only summarized some aspects of the effectiveness

of DMT for a certain NDs. A comprehensive overview and

interpretation of the benefits and potential mechanisms of DMT

in the rehabilitation of major neurodegenerative diseases with

aging as a major risk factor are needed. We conducted an

integrated review of systematic analyses and RCTs of DMT

in patients with PD, MCI, AD and discussed the underlying

mechanisms of the efficacy of DMT.

Materials and methods

This protocol of this systematic review has been registered in

the Open Science Framework (OSF) systematic review database,

international prospective register for systematic review under

the registration doi: 10.17605/OSF.IO/UYBKT.

Search strategy and selection criteria

We searched the literature via the PubMed database,

Web of Science Collection database, Cochrane library, and

Physiotherapy Evidence Database (PEDro). No limit was set

on data search. The key words of search strategies were as

follows: “dance,” “Alzheimer’s disease,” “cognitive impairment,”

“Parkinson’s disease,” (Supplementary material).

Studies were chosen on the basis of four criteria: 1. Studies

must be written in English language; 2. The types of studies

were limited to systematic analysis and RCT; 3. Only dance was

used as a patient-specific intervention; 4. Studies should include

patients with MCI, PD and AD. 5. Studies must be published
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before February 1, 2022. All articles were screened by title and

abstract. When the article may be a systematic analysis or RCT,

the full text was queried for quality assessment, and a list analysis

was performed.

Data collection, extraction, and quality
assessment

Two reviewers independently conducted the literature

search, data extraction, and quality assessment. For each eligible

systematic analysis or RCT, we extracted and developed the

characteristics for the included study, the size of participants and

conditions, professional dance therapists involved, blindmethod

setting, primary outcome, main results, and overall duration of

intervention (Tables 1–4). Periodic study group meetings were

held to review the process, and disagreements were resolved by

consensus or referral to a third reviewer.

PEDro scores (Collins et al., 2018) (total score/10) were

used to grade the quality assessment of the included clinical

trials and to compare the scientificity of the experimental

design of the included studies. The Assessment of Multiple

Systematic Reviews (AMSTAR) tool (total score/11) (Shea

et al., 2007) was used to assess the methodological quality of

included systematic reviews and meta-analysis. Two reviewers

independently assessed the methodological quality of included

studies. On the basis of the Consensus Statements (Crossley

et al., 2016; Collins et al., 2018), the included studies were graded

as low quality, moderate quality or high quality. On the basis

of PEDro and AMSTAR scores, low quality was ≤3, moderate

quality was between 4 and 6, and high quality was≥7.

Data analysis

We reviewed the effects of exercise interventions on

motor function, cognitive limitation, psychology, and quality

of life in accordance with disease type (i.e., MCI, AD, or

PD classification). This process was performed because of

differences in disease type, intervention group, and primary

outcome assessment in the included studies. The effects of DMT

were compared with other exercises, usual care, and treatment

involved in the meta-analyses and RCTs in accordance with the

clinical features of each disease.

Results

A total of 262 papers overlapped (i.e., the same papers

were extracted from different search source) out of the 721

papers extracted in the preliminary search. A total of 295

reports were excluded because of the following reasons: (1)

the experimental design was not a systematic analysis or RCT;

(2) the type of participants included in the study was complex

(e.g., included MCI, stroke, etc.); (3) no control group; (4) no

comparison or missing results were provided; (5) study was

not completed. A total of 130 articles were retained for further

research, and 73 articles were excluded for reasons similar to

those described above. Thirty-three RCTs and 24 systematic

analyses were included. As shown in Figure 1, thirty-three RCTs

and 24 systematic analyses were included.

Dance-movement therapy for mild
cognitive impairment

Description of mild cognitive impairment

MCI was introduced as the intermediate stage between

healthy aging with mild cognitive changes and dementia

(Petersen et al., 2014). In accordance with the main symptoms,

MCI was divided into amnestic MCI (aMCI) with memory

dysfunction predominates and non-amnestic MCI with

other cognitive deficit syndrome predominates (e.g., language,

visuospatial, executive) (Petersen et al., 2018). Higher prevalence

of MCI is related to increased age and lower educational level.

Among the 65-year-old population, 16–20% had MCI, with

a 5-year cumulative incidence ranging from 22.9 to 30.1%.

MCI had a tendency to convert to dementia, with an annual

conversion rate of 10% (Zhu et al., 2018). Although the

neuropathogenesis of MCI and dementia is still being further

explored and without definitive treatment. The population

with MCI retains neuroplasticity. Existing studies have found

that rTMS (Chou et al., 2020), cognitive therapy (Kirova et al.,

2015), aerobic exercise, psychological and social activities

(Langa and Levine, 2014; Jongsiriyanyong and Limpawattana,

2018), supplementing nutrition (Eshkoor et al., 2015) and

maintaining adequate sleep (Blackman et al., 2021) can prevent

the deterioration of the disease to a certain extent. In accordance

with the recommendations for the management of MCI, regular

physical activity for twice a week was more effective than

cognitive impairment drugs. Recent studies demonstrated that

dance movement intervention has a positive effect on cognitive

function in MCI patients.

E�ect on global cognitive function

The Mini-Mental State Examination (MMSE), Montreal

Cognitive Assessment (MoCA), and Function and Cognitive

Assessment Test (FUCAS) were used to assess the global

cognitive level of MCI patients. Three high-quality systemic

and meta-analysis studies (Chan et al., 2020; Liu et al.,

2021; Wu et al., 2021) reported that global cognitive function

remarkably increased when older adults with MCI practiced

dance compared with the control group [Wu et al. (2021), SMD

= 0.54, Z = 3.55, p < 0.001; Liu et al. (2021), SMD = 0.73,

95%CI = 0.47 to 0.99, p < 0.001; Chan et al. (2020), SMD =
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TABLE 1 Randomized controlled trials assessing various dance-based movement interventions in patients with mild cognitive impairment or

Alzheimer’s disease.

Experimental group

vs. control group;

(Participants: n)

Primary outcome Overall

duration of

intervention

Main results

Mild cognitive impairment

Aerobic dance routine vs.

usual care; (60) (Zhu et al.,

2018)

(1) MoCA; (2) WMS-R; (3) DST; (4)

SDMT; (5) TMT; (6) FAQ; (7) SF-36; (8)

GDS-15; (9) ERP; (10) Adverse events;

21 h in 12 weeks;

No reported.

(2) DG vs. CG: mean change= 4.6; 95% CI= 2.2 to 7.0; p= 0.001 (at 3

months); (1); (3); (4); (5); (6); (7); (8); (9); (10) NS (between-group

difference);

Aerobic dance vs. health

education; (68) (Zhu et al.,

2022)

(1) WMS-RLM; (2) Unilateral

hippocampal volume;

21 h in 12 weeks;

88.6%.

(1) DG vs. CG: β = 0.326, 95%CI= 1.005 to 6.773, p= 0.009; (2) DG

vs. CG: β = 0.379, 95% CI= 0.117 to 0.488, p= 0.002 (right); β =

0.344, 95% CI= 0.082, 0.446, p= 0.005 (total);

Dance vs. a life as usual; (62)

(Rektorova et al., 2020)

(1) MoCA; (2) TFT; (3) Logical

memory; (4) FPT; (5) ToH; (6) JLO; (7)

MAST; (8) BADLS;

60 h in 24 weeks;

No reported.

(1); (2); (3) DG vs. CG: NS (between-group difference); (4) DG vs. CG:

F= 4.07, p= 0.05; (5); (6); (7); (8); (9) DG vs. CG: NS (between-group

difference);

Specially designed

moderate-intensity aerobic

dance vs. usual care; (32) (Qi

et al., 2019)

(1) MMSE; (2) MoCA; (3) WMS-R LM;

(4) DST-F; DST-B; (5) SDMT; (6) BBS;

21 h in 12 weeks;

No reported.

(1); (2) DG vs. CG: NS (between-group difference); (3) p < 0.05; (4);

(5); (6) DG vs. CG: NS (between-group difference);

Participants familiarized

dance vs. usual care; (129)

(Lazarou et al., 2017)

(1) MMSE; (2) MoCA; (3) FUCAS; (4)

TEA-4; (5) RAVLT; (6) RBMT; (7) FAS;

(8) ROCFT; (9) GDS; (10) NPI;

80 h in 40 weeks;

No reported.

(1) DG vs. CG: p < 0.001; (2) DG vs. CG: p= 0.03; (3) NS

(between-group difference); (4) DG vs. CG: p= 0.002; (5) DG vs. CG:

p= 0.003; (6) DG vs. CG: RBMT-1, p= 0.004; RBMT-2, p= 0.001; (7)

DG vs. CG: p= 0.005; (8) DG vs. CG: p < 0.001; (9) DG vs. CG:

p= 0.022; (10) DG vs. CG: p= 0.02;

Dance vs. life-as-usual; (99)

(Kropacova et al., 2019)

(1) TCF 1; (2) TCF 2; (3) WMS III:

LogPam; (4) LogPam2; (5) DigitSpan;

(6) WAIS III: Symbols; (7) ToH 3; (8)

ToH 4; (9) FPT; (10) JLO;

72 h in 24 weeks;

78.1%.

(1) (2); (3); (4); (5); (6); (7); (8); (10): DG vs. CG: NS (between-group

difference); (9) DG vs. CG: p= 0.008;

Dance, music, and health

education; (201) (Doi et al.,

2017)

(1) Story memory; (2) Word memory; 40 h in 40 weeks;

93%.

(1) DG vs. CG: p= 0.011; (2) NS (between-group difference);

Dance vs. music; (100) (Cross

et al., 2012)

(1) BDI; (2) RMT-F; 0.5 h; No reported. (1) DG vs. MG: p < 0.001 (at after-intervention 3 days); p= 0.008 (at

after-intervention 10 days); (2) DG vs. MG: p= 0.002 (at

after-intervention 3 days);

Chinese square dance vs.

usual care; (109) (Chang et al.,

2021)

(1) MoCA; (2) SF-12; (3) GDS-15; (4)

BBS;

27h in 18 weeks;

19.9%.

(1) DG vs. CG: NS (group*time effect, at 9 weeks); p= 0.004

(group*time effect, at 18 weeks); (2) DG vs. CG: MCS, p= 0.004

(group*time effect, at 9 weeks); p= 0.001 (group*time effect, at 18

weeks); PCS, NS (group*time effect, at 9 weeks and 18 weeks); (3) DG

vs. CG: NS (group*time effect, at 9 weeks); p= 0.009 (group*time

effect, at 18 weeks); (4) DG vs. CG: NS (group*time effect, at 9 weeks);

NS (group*time effect, at 18 weeks);

Fitness-dance vs. life as usual;

(12) (Ammar et al., 2021)

(1) CERAD-Plus; (2) PAR-Q; (3)

Physical performance and heart rate;

24 h in 8 weeks; No

reported.

(1); (2); (3) DG vs. CG: NS (between-group difference);

BAILAMOS vs. waitlist

control; (21) (Aguiñaga and

Marquez, 2017)

Focus groups; 32h in 16 weeks.

100%

The focus group data revealed that participants were energized by the

dance program, and they enjoyed learning new dance styles and

techniques.

(Continued)
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TABLE 1 Continued

Experimental group

vs. control group;

(Participants: n)

Primary outcome Overall

duration of

intervention

Main results

Alzheimer’s disease

Dance groups vs. music

appreciation and socialization

groups; (18) (Low et al., 2016)

(1) The number of falling; (2)

Neuropsychological tests; (3) Standing

balance, walking speed and sit to stand

speed: (4) Global functioning

36h in 12 weeks;

67%.

There were no significant differences between the groups.

MCI, Mild cognitive impairment; MoCA, The Montreal Cognitive Assessment; WMS-R, Wechsler Memory Scale-revised logical memory test; SDMT, Symbol Digit Modalities Test; TMT,

Trail Making Test; DST, Forward and backward Digit Span Task; FAQ, Functional Activities Questionnaire; SF-36, The 36-item Short Form Health Survey; GDS-15, The 15-item Geriatric

Depression Scale (GDS-15); ERP, event-related potential; DG, dance group; CG, control group; NS, none significant; TFT, Taylor Figure Test; FPT, Five-Point Test; ToH, Tower of Hanoi;

JLO, Judgment of Line Orientation; MAST, Mississippi Aphasia Screening Test; BADLS, Bristol Activities of Daily Living Scale; WMS-R LM, Wechsler Memory Scale-Revised Logical

Memory; DST-forward, Digit Span Test-F; DST-backward, DST-B; SDMT, Symbol Digit Modalities Test; BBS, Berg Balance Scale; FUCAS, Functional and Cognitive Assessment Test;

TEA-4, Test of Everyday Attention; RAVLT, Rey Osterrieth Complex Figure Test copy and delay recall; RBMT, Rivermead Behavioral Memory Test; FAS, The Verbal Fluency F-A-S

Test; ROCFT, Rey Osterrieth Complex Figure Test; GDS, Global Deterioration Scale; NPI, Neuropsychiatric Inventory; BDI, Beck Depression Inventory; RMT-F, Recognition Memory

Test–Faces;MG,music group; SF-12, The Short-Form 12Health Survey; GDS-15, The Geriatric Depression Scale; CERAD-Plus, Consortium to Establish a Registry for Alzheimer’s Disease.

0.48, 95%CI = 0.21 to 0.74]. The meta-analysis results of Wu

et al. (2021) showed that the efficacy of DMT on the MMSE

is related to the overall duration of intervention. The longer

the intervention duration (≥3 months), the better the clinical

benefit (Wu et al., 2021). Of the five RCTs that examined the

efficacy of DMT in patients with MCI using global cognitive

function as the primary outcome, two RCTs reported the positive

effect of DMT (Lazarou et al., 2017; Chang et al., 2021). Lazarou

et al. (2017) reported that MCI patients who performed dancing

for 10 months have improved MMSE (p < 0.001) and MoCA

(p = 0.03) scores compared with usual care. Chang et al. (2021)

compared the effects of Chinese square dancing and usual care in

MCI patients and reported that the group∗time effect of MoCA

scores is only seen at week 18. Rektorova et al. (2020) showed no

remarkable difference in MoCA score between dance practice

and life as usual for 24 weeks in MCI patients. Two 12-week

RCTs of aerobic dance versus usual care reported no significant

between-group differences in MoCA scores in MCI patients

(Zhu et al., 2018; Qi et al., 2019). Performing DMT for at least

3 months has positive effects on the global cognitive function of

MCI patients.

E�ect on memory and other cognitive
functions

Comprehensive cognitive function assessment includes

memory, working memory, attention, executive function, and

language. Immediate and delayed recall was commonly used

to assess participant’s memory ability. Five systematic reviews

and meta-analyses confirmed that DMT significantly improved

memory ability in MCI patients (Chan et al., 2020; Zhu et al.,

2020; Liu et al., 2021; Wu et al., 2021). Among the seven (Cross

et al., 2012; Doi et al., 2017; Lazarou et al., 2017; Zhu et al.,

2018; Kropacova et al., 2019; Qi et al., 2019; Rektorova et al.,

2020) included RCTs, two employed Digit Span Task (DST)

(Zhu et al., 2018; Qi et al., 2019), one (Lazarou et al., 2017)

used Rey Osterrieth Complex Figure Test copy and delay recall

(RAVLT) and Rivermead Behavioral Memory Test-1 (RBMT-

1), and others used word memory (Doi et al., 2017) to assess

the immediate memory recall. Two studies comparing usual

care found that 12 weeks of moderate aerobic dance did not

produce a significant positive effect on the DST score in MCI

patients (Zhu et al., 2018; Qi et al., 2019). Wechsler Memory

Scale (WMS), RAVLT, RBMT-2, and story memory test were

used to evaluate the delayed recall. Four RCTs (Zhu et al., 2018,

2022; Kropacova et al., 2019; Qi et al., 2019) with WMS as

the primary outcome reported that 12 weeks of aerobic dance

had positive effects on delayed recall ability in MCI patients

compared with usual care or health education. The RCT of

Lazarou et al. (2017) showed that better immediate and delayed

recall performance is detected in 10 months of international

ballroom dancing compared with the control group (RAVLT:

p= 0.003; RBMT-1, p= 0.004; RBMT-2, p= 0.001). The results

of Doi et al. (2017) reported that one dance intervention for

0.5 h can improve story memory recall in patients with MCI

compared with health education or music. And the finding

of Zhu et al. (2022) showed that 12 weeks of aerobic dance

could improve episodic memory (β = 0.326, 95%CI = 1.005

to 6.773, p = 0.009) and increase the right (β = 0.379,

95% CI = 0.117 to 0.488, p = 0.002) and total (β = 0.344,

95% CI = 0.082 to 0.446, p = 0.005) hippocampal volumes

in the individual with MCI. Remarkable cortical thickening

was observed in the right inferior temporal, fusiform, and

lateral occipital regions of MCI participants undergoing a 6-

month dance intervention (Rektorova et al., 2020). Overall,

DMT had significant positive effects in improving the memory

ability in MCI patients regardless of the intervention type

and duration.
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TABLE 2 Randomized controlled trials assessing various dance-based movement interventions in patients with Parkinson’s disease.

Experimental group

vs. control group

Primary outcome Overall duration of

intervention;

participant rate (%)

Main results

Irish set dancing classes vs.

physiotherapy; (24) (Volpe

et al., 2013)

(1) MDS-UPDRS-III; (2) TUG; (3) BBS;

(4) FOG-Q;

36h (mean: 32.745h) in 24

weeks; 90.9%.

(1) DG vs. CG: F= 6.35, p= 0.019; (2) DG vs. CG: F=

8.938, p= 0.007; (3) DG vs. CG: NS (between-group

difference, F= 4.254, p= 0.051); (4) DG vs. CG: t= 16.296,

p < 0.001;

Irish set dancing classes vs.

exercises or usual care; (41)

(Shanahan et al., 2017)

(1) UPDRS-III; (2) 6 MWT; (3)

Mini-BESTest; (4) PDQ-39;

25h in 10 weeks; 93.5%. (1) Postintervention, the dance group had greater

nonsignificant gains in quality of life than the usual care

group; (2) (3) (4) (5) DG vs. CG: NS (between-group

difference)

Sardinian folk dance vs. usual

care; (20) (Solla et al., 2019)

(1) UPDRS-III; (2) 6MWT; (3) FTSST;

(4) TUG test; (5) BBS; (6) MIMUs; (6)

MoCA; (7) BDI-II; (8) SAS;

36h in 12 weeks; 92.9%. (1) DG vs. CG: F= 22.191, p < 0.001; (2) DG vs. CG: F=

41.124, p < 0.001; (3) DG vs. CG: F= 95.685; p < 0.001; (4)

DG vs. CG: F= 26.014; p < 0.001; (5) DG vs. CG: F=

49.834; p < 0.001; (5) Stride length: DG vs. CG, F= 5.608;

p= 0.03; Walking speed: DG vs. CG, F= 4.524; p= 0.049;

Walking cadence: DG vs. CG, F= 4.572; p= 0.048; GFI

revealed: DG vs. CG, F= 10.797; p= 0.005; (6) DG vs. CG: F

= 7.913; p= 0.012; (7) DG vs. CG: F= 47.957; p < 0.001; (8)

DG vs. CG: F= 7.106; p= 0.016

Tango, parted vs. usual care;

(33) (Rios Romenets et al.,

2015)

(1) the MDS-UPRDS-3; (2)

Mini-BESTest; (3) TUG; (4) Dual-task

TUG; (5) Fall; (6) FOG-Q; (7) FSS; (8)

Upper extremity function; (9) MoCA;

(10) BDI; (11) AS;

24h in 12 weeks; 61%. (1) (5) (6) (7) (10): DG vs. CG: NS (between-group

difference); (2) DG vs. CG: p= 0.032; (3) DG vs. CG:

p= 0.042; (4) DG vs. CG: p= 0.012; (8) DG vs. CG:

p= 0.038 (After multivariate adjustment for baseline

average time on exercise/dance); (9) DG vs. CG: p= 0.01

(after exclusion of the 9 protocol violations);

Tango single vs. usual care;

(13) (Michels et al., 2018)

(1) MDS-UPRDS-3; (2) Hoehn and Yahr

scale;

10h in 10 weeks; Not reported. The study was not powered to assess whether any of these

differences were statistically significant.

Tango vs. Tai Chi; (29) (Poier

et al., 2019)

(1) the MDS-UPRDS-3; (2) The MoCA;

(3) PDQ-39; (4) BMLSS; (5) BDI; (6)

FSS; (7) VAFS;

10h in 10 weeks; Not reported. (1) (2) (3) (4) (5) (6) (7): NS (between-group difference)

Group/Partnered vs. group

structured strength/flexibility

exercise; (19) (Hackney et al.,

2007)

(1). The MDS-UPRDS; (2) BBS; (3)

TUG and Dual-Task TUG; (5) Freezing

of Gait; (6) Walking and Dual-Task

Walking;

21h in 13 weeks; 100%. (1) (2) (3) (4) (5) (6): NS (between-group difference)

Partnered vs. Nonpartnered

tango; (39) (Hackney and

Earhart, 2010)

(1) The MDS-UPRDS-3; 20h in 10 weeks; 80%. No group comparisons were made in this RCT.

Tango vs. waltz/foxtrot or no

intervention (control) groups;

(58) (Hackney and Earhart,

2009)

(1) The MDS-UPRDS-3; (2) BBS; (3)

TUG; (4) 6 MWT; (5) FOG; (6) TUG;

(7) Gait speed, stride length, and single

support time;

20h in 13 weeks; Not reported. (1) (3) (5) (6) Tang vs. CG: NS (between-group difference);

Waltz/foxtrot vs. CG: NS (between-group difference); (2)

Tang vs. CG: p < 0.05; Waltz/foxtrot vs. CG: p < 0.05; (4)

Tang vs. CG: p < 0.05; Waltz/foxtrot vs. CG: p < 0.05; (7)

Tang vs. CG: backward stride length, p < 0.05; Waltz/foxtrot

vs. CG: backward stride length, p < 0.05;

Partnered community-based

tango vs. no intervention

control group; (52) (Foster

et al., 2013)

(1) UPRDS-1 and 3; (2) BDI; (3) ACS; 96h in 48 weeks; Not

reported. 90%

These patterns were similar in the separate activity domains.

The tango group gained a significant number of new social

activities (p= 0.003), but the control group did not

(p= 0.71).

(Continued)
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TABLE 2 Continued

Experimental group

vs. control group

Primary outcome Overall duration of

intervention;

participant rate (%)

Main results

Partnered community-based

tango vs. no intervention

control group; (62) (Duncan

and Earhart, 2012)

(1) MDS-UPRDS-3; (2) Mini-BESTest;

(3) FOG-Q; (4) 6 MWT; (5) Walking

velocity during comfortable forward,

fast as possible forward, dual task, and

backward walking; (6) 9HPT;

96h in 48 weeks; 78.5± 3%. (1) DG vs. CG: total scores, F= 9.82, p < 0.001; tremor

scores, NS (between-group difference); rigidity, F= 11.72,

p < 0.001 (time*group effect, at 6 and 12 months);

Bradykinesia, F= 8.35, p < 0.001 (time*group effect, at 6

and 12 months); (2) DG vs. CG: F= 11.73, p < 0.001

(time*group effect, at 3, 6 and 12 months); (3) DG vs. CG:

NS (between-group difference); (4) DG vs. CG: distance of

walking, p < 0.05; (5) DG vs. CG: forward walking velocity,

p < 0.05 (between-group difference, at 6 and 12 months);

dual-task walking, F= 3.57, p= 0.02; (6) DG vs. CG: F=

3.83, p= 0.01;

Partnered community-based

tango vs. no prescribed

exercise control group; (10)

(Duncan and Earhart, 2014)

(1) MDS-UPRDS-1, 2, and 3; (2)

Mini-BESTest; (3) gait velocity (forward

and backward); (4) TUG and dual-task

TUG; (5) 6MWT; (6) FOG-Q;

192 h in 96 weeks; Not

reported.

(1) DG vs. CG: MDS-UPRDS-3, F= 17.59; p < 0.001

(time*group effect, at 12 and 24 months); UPRDS-2, F=

3.53; p= 0.05 (time*group effect, at 12 and 24 months);

UPRDS-1, F= 5.10; p= 0.02 (time*group effect, at 12 and

24 months); (2) DG vs. CG: F= 11.33; p < 0.001

(time*group effect, at 12 and 24 months); (3) (6) DG vs. CG:

NS (between-group difference); (4) DG vs. CG: TUG, NS

(between-group difference); Dual-Task TUG, F= 3.7;

p= 0.048 (time*group effect, at 12 and 24 months); (5) DG

vs. CG: F= 5.67; p= 0.013 (time*group effect, at 12 and 24

months);

Turo (mixed Qigong dance);

(20) (Lee et al., 2018)

(1) UPDRS; (2) ADL; (3) PDQ-39; (3)

BDI-21; (4) BBS;

8 weeks; Not reported. (1) DG vs. CG: p= 0.001; (2) DG vs. CG: p= 0.002; (3) DG

vs. CG: p= 0.049; (4) DG vs. CG: NS (between-group

difference, p= 0.051);

Double ballroom and Latin

American dance vs. usual

care; (27) (Hulbert et al.,

2017)

Twelve, 180◦ on-the-spot turns 20h in 10 weeks; Not reported. Significant 4-way interactions between the groups, over time

and turn style, with longer latency of the head (p= 0.008)

and greater rotation in the pelvis (p= 0.036), alongside a

trend of slower movement of the first (p= 0.063) and second

(p= 0.081) foot in controls were shown, with minimal

change in dancers.

Incorporated strategies-based

dance vs. PD exercise; (46)

(Hashimoto et al., 2015)

(1) UPDRS; (2) TUG; (3) BBS; (4) FAB;

(5) MRT; (6) AS; (7) SDS;

12h in 12 weeks; Not reported. (1) DG vs. CG: p < 0.001; (2) DG vs. CG: TUG time,

p= 0.006, TUG step number, p= 0.005; (3) DG vs. CG:

p= 0.001; (4) DG vs. CG: p= 0.001; (5) DG vs. CG: MRT

response time, p < 0.001; (6) DG vs. CG: p < 0.001; (7) DG

vs. CG: p= 0.006;

Dance-physiotherapy

combined intervention vs.

conventional physiotherapy;

(38) (Frisaldi et al., 2021)

(1) MDS-UPDRS-III; (2) 6 MWT; (3)

TUG; (4) Mini BESTest; (5) New

FOG-Q; (6) MoCA;(7) TUG-DTT; (8)

PDQ-39; (9) BDI;

15h in 5 weeks; 100% (1) DG vs. CG: MD= −2.72, 95% CI= −5.28 to−0.16,

p= 0.038; (2) (3) (4) DG vs. CG: NS (between-group

difference); (5) Significant improvements were only found in

the control group; (6) Significant improvement was only

found in the dance group (p= 0.03); (7) Significant

improvement was only found in the dance group (p= 0.02);

(8) DG vs. CG: NS (between-group difference); (9)

Significant improvement was only found in the control

group;

(Continued)
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TABLE 2 Continued

Experimental group

vs. control group

Primary outcome Overall duration of

intervention;

participant rate (%)

Main results

Binary vs. quaternary dance

rhythm; (31) (Moratelli et al.,

2021)

(1) Hoehn and Yahr scale; (2) UPDRS-1,

and 2; (3) MMSE; (4) MoCA; (5)

PDQ-39; (6) mental activity;

18h in 12 weeks; 84.3% Both intervention groups improved cognition (MoCA:

p < 0.001, d= 0.05), mental activity (UPDRS-1: p < 0.001).

UPDRS-1 items, the QG was highlighted in intellectual

impairment (p= 0.005) and motivation (p= 0.021).

Virtual reality dance exercise

vs. usual care; (20) (Lee et al.,

2015)

(1) BBS; (2) MBI; (3) BDI; 15h in 6 weeks; Not reported. (1) DG vs. CG: p < 0.05; (2) DG vs. CG: p < 0.05; (3) DG vs.

CG: p < 0.05;

PD, Parkinson’s disease; UPDRS-III, Unified Parkinson’s Disease Rating Scale Part-III; TUG, Timed Up-and-Go; BBS, Berg Balance Scale; FOG, Freezing of Go Questionnair; MD, Mean

Difference; 6MWT, 6-minute walk test; Mini-BESTest, Mini-Balance Evaluation Systems Test; PDQ-39, Parkinson’s disease questionnaire-39; FTSST, the Five Times Sit-to-Stand Test; SRT,

Sit-and-Reach Test; BST, Back Scratch Test; MIMUs, MagnetoInertial Measurement Units; PFS-16, Fatigue Scale; BDI-II, The Beck Depression Inventory; SAS, Starkstein Apathy Scale;

FSS, Fatigue Severity Scale; AS, Apathy Scale; VAFS, Visual Analog Fatigue Scale; BMLSS, Brief Multidimensional Life Satisfaction Scale; ACS, the Activity Card Sort; 9HPT, the Nine-Hole

Peg Test; MRT, Mental Rotation Task; SDS, Self-rating Depression Scale; MBI, the Modified Barthel Index; STAIL, State-Trait Anxiety Inventory; FES-1, Falls Efficacy ScaleInternational;

TRAIL, Trail Making Test; MCS, the mental component summary; PCS, the physical component summary; PAR-Q, The Modified German version of the Physical Activity Readiness

Questionnaire; yr, year.

Tables 1–4 show the effects of DMT on executive function,

which is assessed by using Trail Making Test, Five-Point Test,

Tower of Hanoi, and Rey Osterrieth Complex Figure Test. Two

meta-analyses showed (Zhu et al., 2020; Wu et al., 2021) that

DMT has remarkable effects on executive function compared

with non-dance intervention. Among the five included RCTs

with executive function as the primary outcome, three trials

supported that DMT can significantly increase the response time

and accuracy in MCI patients (Zhu et al., 2018; Kropacova et al.,

2019; Qi et al., 2019). The Verbal Fluency F-A-S Test (FAS) and

Mississippi Aphasia Screening Test (MAST) are the commonly

used language-cognition assessment tools. The results of three

meta-analyses demonstrated that DMT positively enhances the

verbal fluency in MCI patients (Liu et al., 2021; Wu et al., 2021).

Two meta-analyses confirmed that DMT can improve in the

visuospatial function of patients with MCI (Chan et al., 2020;

Wu et al., 2021).

E�ect on physical and psychological function

Balance and depression contribute to reduced quality of life

in individuals with MCI. The efficacy of DMT is associated

with the intervention time to some extent. Aerobic dancing

for 12 weeks did not improve the balance in MCI patients

compared with usual care (Qi et al., 2019). Participants in the

intervention group showed remarkable time∗group effect in

improving balance, depression, and quality of life compared with

usual care after 18 weeks of Chinese square dancing (Chang

et al., 2021). Compared with music, 0.5 h dance intervention

showed significant improvement in depressive symptoms in

MCI patients over the first 3 days (Cross et al., 2012). Two RCTs

reported that more than 8 weeks of dance training provided

cardioprotective benefits in patients with MCI (Aguiñaga and

Marquez, 2017; Ammar et al., 2021). Therefore, DMT is an

efficient rehabilitation strategy to promote the wellbeing of

patients with MCI.

Dance-movement therapy for
Parkinson’s disease

Description of Parkinson’s disease

PD is a chronic, progressive, and disabling ND. As

the second most common ND, PD affects more than 6

million older adults worldwide. The gold standard for its

diagnosis is the pathological changes in Lewy bodies and

the degeneration of substantia nigra pars compacta (SNpc)

at autopsy (Dickson et al., 2009). In the misfolded state,

α-synuclein becomes insoluble and aggregates within the

cell bodies (Lewy bodies) and processes (Lewy neurites) of

neurons to form intracellular inclusions (Polymeropoulos

et al., 1997; Wong and Krainc, 2017). This condition is due

to the death of the dopaminergic neurons of SNpc in the

early stage, resulting in dopamine deficiency in the basal

ganglia and typical Parkinson’s motor dysfunction (Dickson

et al., 2009). The symptoms of PD include slow movements,

muscle stiffness, rest tremor, postural instability, and gait

disturbances. PD involves non-motor features, including

psychiatric disturbances, cognitive impairments, olfactory

disturbances, sleep disturbances, autonomic dysfunction,

pain, and fatigue. It affects physical, mental, emotional, and

social functioning, which can have a profound effect on the

quality of life (Sharp and Hewitt, 2014). Despite the recent

advances in gene and drug therapy, no disease treatments

that can improve PD. Current research suggests that exercise
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TABLE 3 Systemic reviews assessing various dance-based movement interventions in patients with mild cognitive impairment or Alzheimer’s

disease.

Author (Year; Studies;

Participants)

Primary outcome Main results

Mile cognition impairment

Zhu et al. (2020; 5 RCTs; 644; 8) (1) FAS;(2) TMT; (3) Immediate recall ability; (4)

Delayed recall;

Compared to control: (1) MD= 1.73, 95%CI= 0.58 to 2.88, p = 0.003; (2)

TMT-A, MD= −2.37, 95%CI= −4.16 to 0.58; p = 0.010; TMT-B,

MD= −16.07, 95%CI= −30.03 to 0.01, p = 0.020; (3) SMD= 0.24, 95%CI=

0.01 to 0.46, p = 0.04; (4) SMD= 0.46, 95%CI= 0.30 to 0.62, p < 0.001;

Wu et al. (2021; 8 RCTs; 548; 11) (1) Global cognition; (2) Memory; (3) Visuospatial

function; (4) Language; (5) Motor function;

Compared to control: (1) SMD= 0.54, Z= 3.55, p < 0.001; (2) SMD= 0.33, Z=

3.97, p < 0.001; (3) SMD= 0.42, Z= 2.41, p = 0.02; (4) SMD= 0.39, Z= 2.69,

p = 0.007; (5) SMD= 0.93, Z= 5.04, p < 0.001;

Wang et al. (2021; 5; 579; 9) (1) Depression; (2) Anxiety; Compared to control: (1) SMD=−0.42, 95%CI=−0.60 to−0.23, p < 0.05; (2)

NS (between-group difference)

Liu et al. (2021; 12 RCTs; 896; 9) (1) Global cognition; (2) Executive function; (3)

Immediate Recall; (4) Delayed Recall; (5)

Language;

Compared to control: (1) SMD= 0.73, 95%CI= 0.47 to 0.99, p < 0.001; (2) NS

(MD=−3.16, 95%CI=−7.16 to−0.85, p = 0.12); (3) SMD= 0.54, 95%CI=

0.30 to 0.78, p < 0.0001; (4) SMD= 0.56, 95%CI= 0.26 to 0.86, p = 0.0002; (5)

p < 0.05;

Chan et al. (2020; 5 RCTs; 358; 9) (1) Global cognition; (2) Attention; (3) Immediate

Recall; (4) Delayed Recall; (5) Visuospatial ability;

Compared to control: (1) SMD= 0.48, 95%CI= 0.21 to 0.74, p < 0.05; (2) SMD

= 0.33, 95%CI= 0.12 to 0.54, p < 0.05; (3) SMD= 0.54, 95%CI= 0.38 to 0.71,

p < 0.05; (4) SMD= 0.33, 95%CI= 0.01 to 0.64, p < 0.05; (5) SMD= 0.16,

95%CI= 0.01 to 0.32, p < 0.05;

Alzheimer’s disease

Karkou and Meekums (2017; 0;

0; 8)

(1) Challenging behaviors; (2) Cognitive function;

(3) Depression; (4) Quality of life;

None of which met the inclusion criteria.

Mabire et al. (2019; 14 studies;

967; 5)

(1) Motor function; (2) Psychological function; (3)

Cognitive function; (4) Quality of life; (5)

Self-esteem; (6) Social interactions; (7) Behavioral

outcomes;

This review found that nine practice recommendations for implementing dance

interventions were identified according to primary intentions of the intervention

(therapeutic or recreational): indications; contra-indications; participant profile;

dosage; session sequencing; setting of intervention; observance/attendance;

contributors and facilitators; and assessments.

Ruiz-Muelle and

López-Rodríguez (2019; 12

studies; 349; 8)

(1) Physical function; (2) Cognitive function; (3)

Psychological function; (4) Quality of life; (5)

Burden of Care;

This mini-review confirmed the positive effect of dance therapy on physical and

cognitive function, functionality, psychological outcomes, and quality of life in

cognitive dysfunction people

RCT, randomized control trial; AD, Alzheimer’s disease; Quality of Life; MCI, mild cognition impairment; FAS, The Verbal Fluency F-A-S Test; TMT, Trail Making Test; MD, Mean

Difference; CI, Confidence Interval; SMD, Standardized Mean Difference; NS, No significant; High quality: total score≥7; moderate quality: total score 4–6; low quality: total score ≤3.

increases brain volume, promotes the activation of a wide range

of brain regions, and produces neuroprotective effects that

allow the brain to repair itself. Exercise-induced behavioral

recovery and increased dopamine synthesis and release in PD

rats have been reported in several animal studies. A number

of studies have confirmed that active intervention for dance

therapy may be the most suitable exercise intervention for

PD patients due to the musical rhythm background and high

patient compliance.

E�ects on motor symptoms

Sixteen systematic analyses (Mandelbaum and Lo, 2014;

Sharp and Hewitt, 2014; Lötzke et al., 2015; Shanahan et al.,

2015; Aguiar et al., 2016; Dos Santos Delabary et al., 2018;

Kalyani et al., 2019; Tang et al., 2019; Zhang Q. et al., 2019;

Barnish and Barran, 2020; Berti et al., 2020; Carapellotti et al.,

2020; Hidalgo-Agudo et al., 2020; Emmanouilidis et al., 2021;

Ismail et al., 2021; Hasan et al., 2022), 18 RCTs (Hackney

et al., 2007; Hackney and Earhart, 2009, 2010; Hashimoto

et al., 2015; Rios Romenets et al., 2015; Hulbert et al., 2017;

Shanahan et al., 2017; Lee et al., 2018; Michels et al., 2018;

Poier et al., 2019; Solla et al., 2019; Frisaldi et al., 2021),

and 62 clinical trials investigated the effects of dance on

Parkinson’s symptoms (Tables 1–4, Supplementary Tables 1, 2).

Most studies (11/13 systematic analyses and all RCTs) examined

the effects of dance exercise therapy in PD patients using exercise

parameters as the primary outcome measure. Movement
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TABLE 4 Systemic reviews assessing various dance-based movement interventions in patients with Parkinson’s disease.

Author (Year; Studies;

Participants; Quality)

Primary outcome Main results

Zhang Q. et al., (2019; 7 RCTs;

185; 7)

(1) MoCA; (2) FAB; (3) SDS; (4) BDI; (5) AS; Compared to control: (1) WMD= 2.02, 95%CI:0.65 to 3.38, p= 0.004; (2) WMD

= 1.17, 95%CI:0.39 to 1.95, p= 0.003; (3) (4) (5) NS;

Sharp and Hewitt (2014; 5

RCTs; 143; 10)

(1) UPDRS−3 motor scores; (2) Gait speed; (3)

Balance; (4) PDQ−39;

Compared to no treatment: (1) MD=−10.73, 95%CI=−15.01 to−6.16,

p= 0.004; (2) MD= 0.14m/s, 95%CI= 0.02 to 0.26, p= 0.02; (3) MD= 0.72,

95%CI= 0.31 to 1.44, p < 0.001; compared with other exercise: MD= 3.98,

95%CI= 1.52 to 6.44, p= 0.002; (4) Compared with other exercise: MD=

−4.00, 95%CI=−7.13 to−0.87, p= 0.01.

Shanahan et al. (2015; 12

studies; 359; 6)

(1) UPDRS−3; (2) BBS; (3) TUG; (4) 6–MWT; (5)

PDQ−39; (6) PAS;

In this review, dance was found to be more effective than a control intervention

for improving balance, motor impairment. Two 1–hour dance classes per week,

for at least 10 weeks, can have positive effects. Greater benefit might also be seen

with longer duration interventions

Lötzke et al. (2015; 12 sudies;

433; 6)

(1) UPDRS−3; (2) The Mini–BESTest; (3) BBS;

(4) TUG; (5) 6 MWT; (6) FOG–Q;

Compared to control: (1) 95%CI=−1.04 to−0.21, p < 0.05; (2) 95%CI= 0.60

to 1.31, p < 0.05; (3) 95%CI= 0.01 to 0.90, p < 0.05 (4) 95%CI=−0.72 to−0.2,

p < 0.05; (5) (6) NS, p> 0.05

Kalyani et al. (2019; 12

studies; 589; 10)

(1) UPDRS−3; (2) Gait speed; (3) TUG; (4)

FOG–Q; (5) 6 MWT; (6) Dual–task TUG; (7)

MoCA

Compared to control: (1) SMD=−1.04, 95%CI=−1.69 to−0.39, p < 0.05; (2)

NS (SMD= 0.37, 95%CI=−0.13 to 0.86); (3) SMD=−0.54, 95%CI=−0.91 to

−0.16, p < 0.05; (4) NS (SMD=−0.38, 95%CI=−0.09 to 0.34); (5) SMD=

0.75, 95%CI= 0.15 to 1.35, p < 0.05; (6) SMD=−0.85, 95%CI=−1.50 to

−0.21, p < 0.05; (7) SMD= 0.52, 95%CI=−0.00 to 1.04, p < 0.05;

Ismail et al. (2021; 20 RCTs;

723; 6)

(1) MDS–UPDRS−1; (2) MDS–UPDRS−2; (3)

MDS–UPDRS−3; (4) MDS–UPDRS−4; (5) The

Mini–BEST Test; (6) BBS; (7) FOG–Q; (8) TUG;

(10) 6 MWT; (11) BST;

Compared to no treatment: (1) MD=−3.50, 95%CI=−18.68 to 11.67, p < 0.05;

(2) MD=−2.09, 95%CI=-7.57 to 3.40, p < 0.05; (3) MD=−6.91, 95%CI=

−9.97 to−3.84, p < 0.05 (at 3 months); (4) NS (MD=−0.10, 95%CI=−0.79 to

0.59) (5) MD= 4.47, 95%CI= 2.29 to 6.66, p < 0.05; (6) MD= 8.42, 95%CI=

3.68 to 13.17, p < 0.05 (at 3 months);; (7) MD=−0.39, 95%CI=−2.99 to 2.24,

p < 0.05; (8) MD=−1.16, 95%CI=−2.17 to−0.15, p < 0.05; (9) MD= 238.80,

95%CI= 157.99 to 319.61, p < 0.05; (10) NS (MD= 5.30, 95%CI=−2.94 to

13.54); (11) NS (RR= 0.56, 95%CI= 0.11 to 2.90);

Emmanouilidis et al. (2021; 39

studies; 1198; 7)

(1) Gait; (2) Balance; (3) Movement; (4) Mobility;

(5) Movement disorders; (6) Participation;

This review found that there are positive associations between therapeutic

dancing and improvements in gait, balance, movement disorders, and disability.

Dos Santos Delabary et al.

(2018; 5 RCTs; 159; 8)

(1) UPDRS−3; (2) TUG; (3) 6 MWT; (4) FOG–Q;

(5) Velocity of forward and backward walking; (6)

PDQ−39;

Compared to control: (1) CI=−13.79 to 2.91, p= 0.003; (3) NS (CI=−6.72 to

79.19, p= 0.10); (4) NS (CI=−4.95 to 0.29, p= 0.08); (5) Forward waling, Cl=

0.33 to 0.20, p= 0.15; Backward Walking, CI=−0.09 to 0.24, p= 0.38; (6) NS

(CI=−8.33 to 4.26, p= 0.53); (2) Compared to other exercise: CI=−2.03 to

−0.27, p= 0.01;

Carapellotti et al. (2020; 16

RCTs; 636; 9)

(1) Motor outcome; (2) Cognitive function; (3)

Mental health related outcomes; (4) Quality of life;

The reviewed evidence demonstrated that dance can improve motor

impairments, specifically balance and motor symptom severity in individuals

with mild to moderate PD, and that more research is needed to determine its

effects on non–motor symptoms and quality of life.

Berti et al. (2020; 21 studies;

383; 7)

The Template for Intervention Description and

Replication guidelines and checklist were used to

assess quality and quantity of the content of

Argentine tango interventions’ description.

This review found that the included RCT interventions were well described, such

as details of intervention procedures and doses. In addition, participants in the

dance intervention showed strong adaptability and compliance.

Hidalgo-Agudo et al. (2020;

11 RCTs; 982; 8)

(1) UPDRS–III; (2) TUG; (3) BBS; (4) ABC; (5)

FES; (6) PDQ−39;

Compared to no treatment: (1) NS (p= 0.14); (2) MD=−1.16, 95%CI=−2.30

to−0.03, p= 0.04; (3) MD= 4.05, 95%CI= 1.34 to 6.75, p= 0.003; (4) No

relevant research;

(Continued)
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TABLE 4 Continued

Author (Year; Studies;

Participants; Quality)

Primary outcome Main results

Barnish and Barran (2020; 56

studies; 1531; 6)

(1) UPDRS−3 motor; (2) TUG; (3) PDQ−39 total

score (4) MMSE; (5) MoCA; (6) FAB;

Compared to other exercise: (1) NS (p= 0.96); (2) Compared to usually care: NS

(p= 0.33); (3) Compared to usually care: p= 0.0002; (4) (5) (6) No comparable

studies for meta–analysis;

Tang et al. (2019; 19 studies;

920; 8)

(1) UPDRS–III; (2) Gait velocity; (3) TUG; (4)

BBS; (5) PDQ−39;

Tango vs. control: (1) MD=−9.30, 95%CI=−15.11 to−3.48, p < 0.05; (2) MD

= 0.13, 95%CI= 0.0748 to 0.1852, p < 0.05; (3) MD= 3.15, 95%CI=−5.60 to

−0.70, p < 0.05; (4) MD= 5.00, 95%CI= 3.74 to 6.26, p < 0.05; (5) NS (MD=

2.40, 95%CI= 0.78 to 4.02);

Aguiar et al. (2016; 10 studies;

532; 3)

(1) Walking performance; (2) FOG–Q; (3)

Mobility; (4) Balance; (5) Quality of life; (6)

Disease severity

This review found weight of the evidence suggests that therapeutic dancing can

be beneficial for improving motor performance and balance in people with PD.

Hasan et al. (2022; 14 RCTs;

372; 7)

(1) MDS–UPDRS−1, (2) MDS–UPDRS−2, (3)

MDS–UPDRS−3; (4) TUG; (5) BBS; (6) FOG; (7)

6–MWT; (8) Forward velocity (m/s) and

Backward velocity (m/s); (9) Mini–BESTest; (10)

BDI; (11) AS; (12) PDQ−39; (13) MoCA;

Compared to control: (1) NS (p= 0.20); (2) NS (p= 0.26); (3) MD=−4.49,

95%CI=−6.78 to−2.21, p= 0.0001 (at 3 months) (4) MD=−1.28, 95%CI=

−1.99 to−0.57, p < 0.004 (at 3 months); (5) MD= 5.25, 95%CI= 3.8 to 6.7,

p < 0.00001 (at 3 months); (6) NS (at 3 months); (7) NS (at 3 months, p= 0.42)

(8) NS (forward velocity: at 3 months); (9) MD= 2.68, 95%CI= 0.82 to 4.54,

p= 0.005 (at 3 months); (10) NS (at 3 months, p= 0.33); (11) MD=−3.37,

95%CI=−5.86 to−0.88, p= 0.008 (at 3 months); (12) NS (at 10 weeks,

p= 0.68; at 3 months, p= 0.81); (13) MD= 1.1, 95%CI= 0.36 to 1.85, p= 0.004

(at 3 months);

Mandelbaum and Lo (2014; 9

RCTs; 295; 4)

(1) Gait; (2) Balance; (3) Upper Extremity

Function; (4) Disability Rating; (5) Falls; (6)

Quality of life; (7) Drop-out/Exit Survey; (8) Safety

and Tolerability;

This review concluded that studies of dance intervention for PD patients should

include an active randomized controlled group, a blinded evaluator, power

analysis, minimally important difference, and intention-to-treat analysis.

PD, Parkinson’s disease; MoCA, The Montreal Cognitive Assessment; FAB, Frontal Assessment Battery; SDS, Self-rating Depression Scale; BDI, Beck Depression Inventory; AS, Apathy

Scale; WMD, Weighted Mean Difference; UPDRS-3, Unified Parkinson’s Disease Rating Scale Part-3; HandY, Hoehn-Yahr Score; BBS, Berg Balance Scale; TUG, Timed Up-and-Go;

6MWT,6-minute walking test; PDQ-39, Parkinson’s Disease Quality of Life Scale; PAS, Physical Activity Scale; Mini-BESTest, Mini-Balance Evaluation Systems Test; FOG-Q, The

Freezing of Gait Questionnaire; FTSST, the Five Times Sit-to-Stand Test; SRT, Sit-and-Reach Test; BST, Back Scratch Test; ABC, Activities-Specific Balance Confidence; FES, Fall-Related

Self-Efficacy; FSS, Fatigue Severity Scale; High quality: total score≥7; moderate quality: total score 4–6; low quality: total score ≤3.

Disorder Society Unified Parkinson’s Disease Rating Scale

(MDS-UPDRS) Section Introduction–Result was applied to

evaluate the global disease severity condition of patients with

PD. Cognitive and psychological symptoms were measured

by MDS-UPDRS-1. MDS-UPDRS-2 covered the activities of

activity daily living. MDS-UPDRS-3 evaluated motor functions,

such as tremor, bradykinesia, postural instability, rigidity, and

gait. Six meta-analyses (Sharp and Hewitt, 2014; Lötzke et al.,

2015; Dos Santos Delabary et al., 2018; Kalyani et al., 2019;

Ismail et al., 2021; Hasan et al., 2022) reported higher MDS-

UPDRS-3 scores on PD patients who had DMT compared with

the non-dance group. The DMT group obtained significantly

better MDS-UPDRS-3 scores compared with the no treatment

or other exercise groups (SMD = −10.73, 95%CI = −15.05 to

−6.16, p= 0.004), and standard or other physical therapy (MD=

−6.91, 95%CI = −9.97 to −3.84, p < 0.05) (Sharp and Hewitt,

2014; Ismail et al., 2021). More than half of trials with MDS-

UPDRS-3 as the primary outcome measure demonstrated that

dance intervention improved the overall motor performance

in PD patients (Duncan and Earhart, 2012, 2014; Volpe et al.,

2013; Hashimoto et al., 2015; Lee et al., 2018; Solla et al., 2019;

Frisaldi et al., 2021). In a 2-year RCT of dance intervention,

a significant time-group interaction effect was found on MDS-

UPDRS-3 in PD patients (F [2,8] = 17.59; p < 0.001) (Duncan

and Earhart, 2014). DMT can be a long-term intervention for

the management and rehabilitation of patients with PD.

TimedUp andGo test (TUG) (Hackney et al., 2007; Hackney

and Earhart, 2009, 2010; Volpe et al., 2013; Duncan and Earhart,

2014; Hashimoto et al., 2015; Rios Romenets et al., 2015; Michels

et al., 2018; Solla et al., 2019; Tang et al., 2019; Frisaldi et al.,

2021), the mini-BESTest (Lötzke et al., 2015), and BBS (Hackney

et al., 2007; Hackney and Earhart, 2009, 2010; Volpe et al.,

2013; Hashimoto et al., 2015; Lee et al., 2015, 2018; Michels

et al., 2018; Solla et al., 2019; Tang et al., 2019) were used to

assess the participant’s balance. Six-minute walk test (6 MWT)

(Hackney and Earhart, 2009, 2010; Duncan and Earhart, 2012;

Volpe et al., 2013; Shanahan et al., 2017; Solla et al., 2019; Frisaldi

et al., 2021) and the Freezing of Gait Questionnaire (FOG-Q)

Frontiers in AgingNeuroscience 11 frontiersin.org

145

https://doi.org/10.3389/fnagi.2022.975711
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Wu et al. 10.3389/fnagi.2022.975711

(Hackney et al., 2007; Hackney and Earhart, 2009; Duncan and

Earhart, 2012, 2014; Volpe et al., 2013; Rios Romenets et al.,

2015) were the commonly used gait evaluation methods. Eight

meta-analyses showed that DMT had positive effects in the

balance and gait of PD patients compared with the non-dance

treatment group (Sharp and Hewitt, 2014; Lötzke et al., 2015;

Dos Santos Delabary et al., 2018; Kalyani et al., 2019; Tang et al.,

2019; Hidalgo-Agudo et al., 2020; Ismail et al., 2021; Hasan

et al., 2022). The meta-analysis results of Ismail et al. (2021)

reported that DMT is significantly more effective than usual care

or other physical therapies in terms of balance and gait (BBS,

MD = 8.42, 95%CI = 3.68 to 13.17, p < 0.05, at 3 months;

TUG, MD= −1.16, 95%CI = −2.17 to −0.15, p < 0.05; FOG-

Q, MD = −0.39, 95%CI = −2.99 to 2.24, p < 0.05; 6 MWT,

MD = 238.80, 95%CI = 157.99 to 319.61, p < 0.05). The meta-

analysis results showed that Tango is more advantageous in

improving balance and gait speed in individuals with PD by

comparing the effects of Tai chi, Qigong, yoga, and resistance

training on PD in terms of gait velocity, TUG, and BBS (Tang

et al., 2019). The meta-analysis finding of Shanahan et al. (2015)

reported that two 1 h DMTs per week for 10 to 13 weeks can

provide potential positive effects on endurance, balance, and

disease management. However, the effect of DMT on BBS is

controversial. More than half (5/9) of RCTs using BBS as the

primary outcome did not observe significant difference between

the DMT group and no-treatment, usual care or other exercise

groups (Hackney et al., 2007; Volpe et al., 2013; Lee et al., 2018;

Qi et al., 2019; Chang et al., 2021). The RCT results of Hulbert

et al. (2017) of DMT for 27 mild to moderate PD patients, 3D

motion analysis, and clinical measurements found that head,

pelvis, and foot movements during turning were affected by

dancing with tighter coupling of body segments. Compared

with conventional treatment, 20 dance sessions resulted in

longer head latency (p = 0.008) and increased pelvic rotation

(p = 0.036) in PD patients when turning around (Hulbert et al.,

2017). As of June 2020, the finding of Emmanouilidis et al.

(2021) supported that DMT can remarkably improve the disease

condition, mobility, balance, and gait in PD patients in the

short term.

Of the 18 RCTs, 9 studied Tango, and the rest included Irish

dance, Sardinian dance, double ballroom, Latin American dance,

and Turo. Tango is more suitable for PD patients than other

dance styles due to its characteristic of “frequent movement

starts and stops, a series of changes in speed and rhythm.”

However, none of the trials had a dance therapist assisting

during the intervention. The total intervention duration ranged

from 15 h in 5 weeks to 192 h in 96 weeks. Taking 12 weeks

as the dividing line, 8 short-term (Hackney and Earhart, 2010;

Lee et al., 2015, 2018; Hulbert et al., 2017; Shanahan et al.,

2017; Michels et al., 2018; Poier et al., 2019; Frisaldi et al.,

2021) interventions (total intervention duration <12 weeks)

and 11 long-term (Hackney et al., 2007; Hackney and Earhart,

2009; Duncan and Earhart, 2012, 2014; Foster et al., 2013;

Volpe et al., 2013; Hashimoto et al., 2015; Rios Romenets et al.,

2015; Solla et al., 2019; Young et al., 2019; Moratelli et al.,

2021) interventions (total intervention duration ≥12 weeks)

were found. The attendance of participants in DMT group was

not reported in 9 of the 18 RCTs assessing various DMT in

the population with PD. In RCTs studies that have reported

attendance rates, participants in the DMT group had an average

attendance rate of greater than 70% and greater compliance than

the traditional exercise or usual care control group (Hackney

et al., 2007; Hackney and Earhart, 2010; Duncan and Earhart,

2012; Volpe et al., 2013; Rios Romenets et al., 2015; Shanahan

et al., 2017; Michels et al., 2018; Solla et al., 2019; Moratelli et al.,

2021). Two RCTs reported that participants in the dance group

continued to take dance lessons after completing the entire

experiment (Hackney et al., 2007; Rios Romenets et al., 2015). In

accordance with the criteria of ASMART and PEDro, all RCTs

were of moderate or above quality (>4 score).

E�ects on cognitive deficit

Four systematic reviews and meta-analyses explored the

efficacy of DMT on the overall cognitive level of PD patients,

where three of them confirmed that the DMT group is better

than the control group (Kalyani et al., 2019; Zhang Q. et al.,

2019; Hasan et al., 2022). The meta-analysis of Zhang Q.

et al. (2019) reported that DMT had remarkable difference in

executive function compared with the non-dance group (WMD

= 1.17, 95%CI = 0.39 to 1.95, p = 0.003). Cognitive dual-

task evaluation by dual-task TUG showed that PD patients

in the dance groups had better improvement (SMD = −0.85,

95% CI = −1.50 to −0.21, p < 0.05) (Kalyani et al., 2019).

In four (Rios Romenets et al., 2015; Solla et al., 2019; Frisaldi

et al., 2021; Moratelli et al., 2021) RCTs, DMT improved the

overall cognitive function in PD patients compared with usual

care, which were measured by MoCA. Two RCTs (Hashimoto

et al., 2015; Solla et al., 2019) reported that 12-week dance

program showed significant differences in PD patients in terms

of task switching and mental flexibility (measured by the Frontal

Assessment Battery at bedside (p = 0.001), and the Mental

Rotation Task (response time: p < 0.001).

E�ects on mood and quality of life

The clinical evaluation tools commonly used for depression

and apathy include the Beck Depression Inventory and the

Apathy Scale. As of April 2020, no meta-analysis showed that

dance can improve the depression in PD patients. More than

half (Rios Romenets et al., 2015; Poier et al., 2019; Frisaldi

et al., 2021) of the RCTs examining the effects of dance on

depression showed the same results. The results of two meta-

analysis considering the effect of DMT on apathy in PD patients

were controversial. Compared with non-dance intervention, the

meta-analysis results of Zhang Q. et al. (2019) reported no
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positive effects in the depression and apathy of PD patients in

the dance group. The meta-analysis result of Hasan et al. (2022)

showed that the reduction in apathy scores was greater in the

DMT group than in the no-treatment group at 3 months (MD

= −3.37, 95%CI = −5.86 to −0.88, p = 0.008). In a 12-week

Sardinian dance RCT, the significant time∗group interactions for

depression (p < 0.001) and apathy (p= 0.016) were observed in

the dance group (Solla et al., 2019).

Whether DMT can improve the Quality of Life Scale-39

item (PDQ-39) in PD patients remains controversial. Compared

with the non-dance group, more than half of the meta-analyses

(Dos Santos Delabary et al., 2018; Tang et al., 2019; Hasan

et al., 2022) and RCTs (Shanahan et al., 2017; Poier et al.,

2019; Frisaldi et al., 2021; Moratelli et al., 2021) reported no

remarkable differences in the DMT group. The meta-analysis

result of Sharp and Hewitt (2014) reported that DMT can have

short-term clinically meaningful benefits in PD patients (PDQ-

39, MD=−4.00, 95%CI=−7.13 to−0.87, p= 0.01). Compared

with usual care, DMT provided PD patients with a large number

of new social activities (p= 0.003) (Foster et al., 2013) and better

emotional wellbeing (p= 0.039) (Poier et al., 2019).

Dance-movement therapy for
Alzheimer’s disease

AD is a collective term for a variety of progressive

degenerative brain syndromes that affect cognition, behavior,

mood, and social function. As the seventh leading cause of death,

AD affects more than 50 million people worldwide (Hodson,

2018; Estimates, 2022). In accordance with the estimation of the

Alzheimer’s Association, individuals with AD will reach 115.4

million by 2050 due to the increasing population of older adults.

AD has become an increasing issue of public health importance

as people live longer andmany countries have aging populations.

Three above-moderate quality systematic analyses (Karkou

and Meekums, 2017; Mabire et al., 2019; Ruiz-Muelle and

López-Rodríguez, 2019), 1 low RCT (Low et al., 2016), and

1 review (Bennett et al., 2021) reported the role of dance

in patients with AD. All three systematic analyses looked at

motor symptoms, cognitive impairment, mood, and quality

of life in AD patients, but their focus varied. The analyses

of Karkou and Meekums (2017) found that no professional

dance therapists are involved in the RCTs of AD patients. The

finding of (Ruiz-Muelle and López-Rodríguez, 2019) supported

that DMT has potential positive effects on the recovery of

cognitive function and the improvement of the quality of life in

patients with AD. The results of Mabire et al. (2019) confirmed

the positive effect of dance in improving the symptoms of

AD patients and provided nine practical recommendations

for implementing dance intervention, including intervention

dosage, precautions. This review suggests that dance has the

potential to influencemotor symptoms, cognitive deficits, mood,

and quality of life of AD patients. However, the evidence

is weak, and further research is warranted. The therapeutic

waltz for 10 weeks can significantly improve the concentration

and communication with others in patients with AD (Hamill

et al., 2012). Physical exercise, including dancing, lowered the

MMSE score for AD patients (Hernandez et al., 2010). In

two studies, a 10-min elderly clown intervention for twice a

week in 12 weeks was provided for moderate to severe elderly

patients with AD by using improvisation, humor, empathy and

expressions of song, instrument or dance) Neuropsychiatric

Inventory-Nursing Home version. The score of these patients

decreased significantly (t = −2.58, p = 0.02) compared with

the conventional treatment group, thereby improving the quality

of life of AD patients and reduced the burden on nursing staff

(Kontos et al., 2016).

Discussion

Benefits of dance-movement therapy on
neurodegenerative diseases

Combining the results of Karkou and Meekums (2017), this

review summarized the characteristics of dance as (a) repetitive

body movement exercise; (b) musical and rhythmic auditory

stimulant; (c) creativity and “motor mirroring.” DMT is widely

recommended for the brain health. Currently, studies on the

efficacy of DMT in the intervention of ND mainly focus on

the population with MCI, PD or AD. Our systematic review

suggested that DMT had positive effects on cognitive function

in MCI and motor function in PD. Controversy remains on

the effect of dance interventions in improving the mood and

quality of life in ND patients. This condition may be related

to the stage of a specific ND, intervention method, and the

duration of the intervention. These findings were based on 25

comprehensive systematic reviews and 33 RCTs. Future research

on the effects of DMT on AD requires scientific design, large

sample size, long-term comprehensive intervention, and clear

reporting standards. Overall, DMT can be a safe, beneficial, and

easily accessible adjunctive treatment for individuals with MCI,

PD, or AD.

Mechanisms of dance therapy for
neurodegenerative diseases

No appropriate animal experimental model is available, and

animal experiments related to dance are lacking due to the

artistic creativity of dance. Clinical trials involving dance still

focus on behavioral outcomes. This review uses the mechanistic

framework of Sihvonen et al. (2017) on the intervention of music

in NDs and attempts to combine the characteristics of dance to

Frontiers in AgingNeuroscience 13 frontiersin.org

147

https://doi.org/10.3389/fnagi.2022.975711
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Wu et al. 10.3389/fnagi.2022.975711

FIGURE 1

Flowchart of article search, exclusion, and analyses. AD, Alzheimer’s disease; MCI, Mild cognition impairment; PD, Parkinson’s disease.

explain the mechanisms behind behavioral outcomes in clinical

trials (Figure 2).

Neural activation, neuroplasticity, and nerve
recovery

The atrophy of brain function and structure in NDs precedes

the typical symptoms. On the basis of the result of structural

magnetic resonance imaging, typical Alzheimer’s brain atrophy

begins in the medial temporal lobe to the lateral temporal

lobe and then to the parietal cortex. Neuroimaging studies

reported that a network of brain regions, including the superior

temporal gyrus, superior parietal lobule, frontopolar cortex, and

middle temporal gyrus, is involved in dancing (Brown et al.,

2006; Cruz-Garza et al., 2014). The activation of corresponding

brain regions may be related to DMT involving repetitive

body movement exercise coupled with auditory feedback and

extensive cognitive processing. Concomitant with angiogenesis

and endothelial cell proliferation induced by exercise, blood

flow in the middle cerebral artery increases and maintains these

effects over time (van Praag et al., 2005; van Praag, 2009).

This autoregulation induced by dance has protective benefits

against the progression of symptoms in ND. The effect of

functional improvement in the population with PD depends

on the subjective motivation of dance participation and the

duration of the intervention.

Studies have reported that patients with mild to moderate

AD still retain motor learning function, which can be due to

the potential for neuroplasticity (Sabe et al., 1995; Rösler et al.,

2002). The research of Sihvonen et al. (2017) supported dance as

active music-based neurological rehabilitation inducing similar

structural and functional neuroplastic changes reported in ND

patients who received DMT. Existing animal studies confirmed

that physical activity can induce hippocampal plasticity, which
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FIGURE 2

Possible neurobiological mechanisms for the rehabilitative e�ect of DMT. BDNF, Brain-derived neurotrophic factor; GDNF, Glial derived

neurotrophic factor. Created with BioRender.com.

is associated with hippocampal neurogenesis (van Praag et al.,

1999b; van Praag, 2008), form new synapses (van Praag

et al., 1999a, 2005; Stranahan et al., 2006), and modulate

the release and utilization of neurotransmitters (Vaynman

et al., 2004; Vaynman and Gomez-Pinilla, 2005) to rebuild

and remodel damaged neural networks. Compared with the

control group, 8-week treadmill training in PD rats increased

the potential of dopamine D2 receptor binding, suggesting

that the efficacy of exercise in improving PD symptoms is

associated with neuroplasticity in the dopaminergic pathway

(Fisher et al., 2013). When participants performed a dance

exercise, a “mirror neuron system” was activated to learn and

correct dancemovements by observed and imagined performing

either familiar or novel movement sequences. Premotor and

parietal cortices are considered the key cortices for the “mirror

neuron system.” Prefrontal lobe and temporal lobe activity

increases, and its regional neuroplasticity is enhanced by

receiving a steady stream of dance movement image stimuli,

action commands, and musical awakening. Some RCTs reported

improvement in the overall cognitive function level after

dance training in PD patients. Others studies have provided

further evidence for auditory- and motor-related neuroplasticity

following community dance therapy and rhythm-movement

therapy in PD patients.
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Animal research results have shown that physical activity

has neurorestorative and neuroprotective effects, and supports

synapse formation and angiogenesis by modulating brain-

derived neurotrophic factor and glial-derived neurotrophic

factor, inhibiting oxidative stress, and improving mitochondrial

function (Tajiri et al., 2010; Correale et al., 2017). Treadmill

exercise can increase the sirtuin-1 expression, which results

in increased mitochondrial biogenesis and decreased oxidative

stress (Koo and Cho, 2017). The result of Wu et al.

(2018) reported that exercise can inhibit apoptosis-like cell

death of neurons in hippocampal area, significant loss of

presynaptic/postsynaptic markers, release of proinflammatory

cytokines, and oxidative damage in AD rats caused by

streptozotocin. Exercise can reduce hippocampal volume

atrophy (Tarumi et al., 2019), the expression of α-synuclein in

PD rats, and deposition of β-amyloid in the hippocampus of

AD rats (Zhang X. et al., 2019; Pena et al., 2020; Wu et al.,

2020). Co-stimulation of music and physical activity can provide

participants an effect similar to the enriched environment used

in animal studies, contributing to the recovery of patients with

NDs at the behavioral and neurobiological levels (Baroncelli

et al., 2010; Sihvonen et al., 2017).

Activation of reward, arousal, and emotion
networks

Music and exercise can activate the dopaminergic

mesolimbic system, which is involved in the regulation of

movement, reward mechanisms, emotion, and cognition.

The nucleus accumbens, a key part of the brain’s reward

system, can be activated by strong emotional responses to

music, regulating the dopaminergic mesolimbic system and

promoting increased dopamine secretion (Salimpoor et al.,

2011). Music-induced increases in parasympathetic activity,

lower serum cortisol levels, and inhibition of cardiovascular

stress responses have been suggested as the possible underlying

mechanisms to explain the cognitive-emotional gains induced

by music stimulations in patients with NDs (Salimpoor et al.,

2011; Karkou and Meekums, 2017). Physical activity can

modulate an intensive increase in dopamine concentration

(Kami et al., 2018; Di Liegro et al., 2019). The therapeutic

efficacy of physical activity in ND patients includes increasing

endorphin levels (Remy et al., 2005; Politis et al., 2010) and

attenuation of the hypothalamic pituitary-adrenal axis response

to stress (Mayberg et al., 1990; Feldmann et al., 2008). Increased

levels of extracellular dopamine secretion may partially explain

the cognitive-emotional gains caused by elevated levels of

physical activity in patients with ND. A regular, moderate level

of physical activity corresponds to a good mental state (Wen

et al., 2016). Several clinical studies have reported that physical

activity leads to positive emotions associated with mastery and

self-efficacy (Leentjens, 2004; Sheng et al., 2014; Lou et al., 2015).

Dancers engage in social interaction and emotional

expression through choreographed or improvised body

language in specific linguistic and cultural contexts, which may

be what differentiates DMT from most physical activities. For

example, people perform circle dances around a bonfire to

express the joy of a good harvest. And DMT challenges the

ability of cognition and balance beyond traditional exercise

mode. During the dance programme, participants were

required to engage in working memory, attentional control,

and multitasking to integrate newly learned and previously

learned dance moves, stay in rhythm with the music, and bypass

others on the dance floor (Foster et al., 2013). Age-related

changes associated with diminished emotional perception may

contribute to states of depression or apathy (Alexopoulos,

2005). The results of (Hashimoto et al., 2015) reported 12-

week incorporated strategies-based dance can significantly

improve the overall disease status, balance, gait, cognitive

function, and negative emotions of apathy and depression

in PD patients compared with PD exercise (Hashimoto

et al., 2015). In addition, participants were able to engage

in a certain degree of emotional interaction and catharsis

regardless of whether they were actively or passively watching

the dance performance. When people watch or perform sad

art performances, the emotional resonance it evokes promotes

the release of prolactin, which leads to a sense of belonging,

comfort, and joy (Christensen et al., 2017).

Social cognition is defined as the ability to interpret and

predict the behavior of others based on their beliefs and

intentions, and to interact in complex social environments and

relationships (Baron-Cohen, 2000). Memory, decision-making,

attention, motivation, and mood all increase significantly when

socially relevant stimuli trigger behavior (Adolphs, 2009). The

findings suggest that even during normal cognitive aging, social

cognition declines with age, in part independent of more

general cognitive functions. The decline in social cognition

in the elderly may be related to the decline observed in

neurodegeneration of age-related diseases (Kemp et al., 2012).

The study of Foster et al. (2013) reported that PD participants in

the dance group had significantly increased social engagement,

leisure and social activities compared to the usual living control

group, returning most of their activities since the onset of

the disease. Compared to traditional exercise, dance classes

have additional features that are beneficial to participation. For

example, in a pair or multi-person dance, the leader needs to

initiate movements and movement plans, while the follower

needs to understand and appropriately respond to the leader’s

instructions. These challenges may further enhance the ability to

perform on a daily basis and lead to an increase or maintenance

of engagement. The social interaction, social support, and

emotional exchange generated by dance class may be beneficial

for older people with social cognitive decline. On a personal

level, dancing interactions with others may help participants

challenge themselves more freely in the complexity and difficulty
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of dance moves, thereby increasing self-efficacy, which translates

into motivation for social activity and social engagement. This

may also be one of the reasons why the participants resumed

most of their pre-onset activities (Foster et al., 2013).

A distinctive feature of dance therapy is its creativity.

Participants immerse themselves in the stimulation of music

and rhythm, and engage their emotions in the physical activity

that ensues rather than simply learning dance steps. Due to

neurocognitive demands, the more complex the motor task,

the greater its impact on neuroplasticity. Dance therapists

encourage participants to choose or create their own preferred

dance moves. This creative and improvised movement engages

participants in the non-verbal expression of hard-to-express

thoughts and emotions, not only providing opportunities

to interact with others, but also helping to promote healthy

communication and restore mental balance, which may

lead to better emotional and social life (Quinones and

Kaddurah-Daouk, 2009). Research has shown that individuals

receiving creative activity interventions show significant

increases in overall health, quality of life, and physical

wellbeing, which in turn have an impact on overall wellbeing

(Archer et al., 2015).

Activation of alternative or spared neural
networks

Therapists often utilize a musical metronome to assist

PD patients in the gait starting and walking stages. Sihvonen

et al. (2017) speculated that rhythmic entrainment can

activate alternative networks in patients with motor system

dysfunction. Rhythmic entrainment timed the movement to

regular musical beats, enhancing the connectivity between

the auditory and motor systems. Bypassing motor system

dysfunction and the rhythmic auditory system are used to cue

movement execution.

In daily life, a familiar musical melody can recall the

memories and emotionally respond. The caudal anterior

cingulate gyrus and the ventral pre-supplementary motor area

are the key regions for the encoding of musical memory.

A neuroimaging study of AD patients found that regions

associated with musical memory showed essentially minimal

cortical atrophy and less disturbance of glucose metabolism

compared with other regions of the brain. This finding

provides a potential explanation for the improvement of apathy,

depression, and other affective disorders in patients with NDs by

musical activity.

Limitations and future directions

The viewpoints of this review remain limited because of

the following reasons. The sample sizes of included RCTs are

small, thereby restricting the generalizability of results to the

population in the early stages of ND. Most studies included

patients with mild to moderate disease, and the findings cannot

be generalized to end-stage disease patients. The efficacy of

DMT may vary because of different disease stages. Many

studies did not control the effects of levodopa or other PD

drugs. Furthermore, the different types of DMT and how

these make differentially affect mood, physical and cognitive

function in various NDs require further exploration. Only

studies written in English were included, which may lead to

publication bias. Few clinical studies were reported on DMT in

the treatment of AD (3 systematic analyses and 1 RCT). These

studies had small sample sizes and insufficient follow-up with

hidden allocation and blinding. Current studies do not provide

sufficient evidence to explain the whole therapeutic mechanisms

of DMT. Additional high-quality, large-scale intervention

studies and multimodal studies combining behavioral outcome

measures with neuroimaging and neuroendocrine markers are

needed to elucidate the effects andmechanisms of dance exercise

therapy on NDs.

Conclusions

The proportion of the elderly population in the world

continues to increase, and the loss of independence of the elderly

due to NDs leads to an increased social burden. Thirty-three

RCTs and 24 systematic analyses reported the effects of DMT

in NDs. DMT had remarkable effects on the condition, balance,

and gait in PD patients worldwide. DMT significantly improved

the cognitive function, memory, and executive function for

patients with MCI. However, data are insufficient to fully

demonstrate that DMT has a positive effect in patients with

AD. Future research on the effects of DMT on AD requires

scientific design, large sample size, long-term comprehensive

intervention, and clear reporting standards.
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Background: Increased social distance is one of the manifestations of social

impairment. Chronic low back pain (CLBP) is one of factors associated

with increased social distance and social withdrawal. Exercise therapy is

an effective means to social impairment. However, whether exercise could

reduce social distance in patients with CLBP remains unknown. This study

aimed to investigate the effect of exercise on social distance in middle-aged

and elderly patients with CLBP.

Methods: The longitudinal intervention recruited 29 middle-aged and

elderly patients with CLBP from various communities in Yangpu District,

Shanghai, China. The participants received exercise intervention for

8 weeks. The assessments were conducted before and after the

intervention, including social distance, pain intensity, unpleasantness of

pain, Roland-Morris Questionnaire (RMDQ), Self-Rating Anxiety Scale

(SAS), and Self-Rating Depression Scale (SDS). Intention to treat analysis

was performed.

Results: After the 8-week exercise intervention, the social distance

of patients with CLBP was shorter than that before intervention and

showed significant difference (p < 0.05). The scores of pain intensity,

unpleasantness of pain, RMDQ, SAS, and SDS also decreased and were

significantly different between pre- and post-intervention (p < 0.05). In

addition, the social distance, pain intensity, unpleasantness of pain, RMDQ,

SAS, and SDS scores of the moderate CLBP group decreased more

after the intervention compared with those of the mild CLBP group.
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Conclusion: The 8-week exercise intervention cannot only shorten the social

distance in middle-aged and elderly patients with CLBP but also relieve pain,

disability, and negative emotions.

KEYWORDS

social distance, chronic low back pain, exercise therapy, stop-distance, personal
space

Introduction

Low back pain (LBP) is a common symptom experienced
by people of almost all ages, and it is one of the main
reasons for seeking medical health care (Hartvigsen et al., 2018).
The lifetime prevalence of LBP is approximately 84%, and
the prevalence of chronic LBP (CLBP) is approximately 23%
(Balagué et al., 2012). CLBP can lead to physical, psychological,
and social dysfunction. Along with pain and disability, patients
with CLBP often experience depression and anxiety and have
a negative impact on social, entertainment, and work life.
Our previous study has also found that patients with CLBP
exhibit social withdrawal and great social distance (Weng et al.,
2021). In addition, CLBP causes a huge economic burden to
families and society. In the United States, the total cost of LBP
is more than $100 billion a year, two-thirds of which is the
indirect cost of lost work or reduced productivity (Katz, 2006;
Deyo et al., 2014).

Social distance is mediated by comfort or discomfort
resulting from the distance between individuals and others.
Appropriate social distance is the basis for establishing effective
communication and good interpersonal relationships, while
too short social distance will cause discomfort and anxiety
(Gessaroli et al., 2013; Perry et al., 2016). The increase of social
distance is one of the manifestations of social withdrawal, which
is caused by poor mental health (Simon and Walker, 2018;
Achterbergh et al., 2020).

Most guidelines recommend exercise therapy as an
intervention for CLBP (Chou et al., 2017; Qaseem et al., 2017).
Exercise is more effective than no-exercise intervention for
CLBP (Hayden et al., 2005; van Middelkoop et al., 2010; Searle
et al., 2015). Passive therapy alone (such as ultrasound, cold
therapy, heat therapy, massage) offers limited improvement of
the pain and physical function in patients with CLBP (Furlan
et al., 2002; French et al., 2006; Ebadi et al., 2020; Owen
et al., 2020). Numerous studies suggested that exercise therapy
can relieve pain, improve back muscle strength, enhance

Abbreviations: CLBP, chronic low back pain; RMDQ, Roland-Morris
Questionnaire; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating
Depression Scale; LBP, Low back pain; MCID, minimal clinically
important difference; TOM, theory of mind (TOM).

physical function, and prompt mental health (Searle et al.,
2015; Owen et al., 2020; Peng et al., 2022; Wu et al., 2022).
Furthermore, exercise can improve social withdrawal but is
mainly concentrated in diseases involving severely impaired
social function (such as mental illness) (Richardson et al., 2005;
Firth et al., 2015; Kimhy et al., 2016; van der Stouwe et al., 2018).

To our knowledge, a limited number of studies explored the
benefits of exercise on social psychology in patients with CLBP.
Whether exercise can improve social withdrawal and reduce
social distance in patients with CLBP remains unknown. Thus,
we conducted a longitudinal intervention study to investigate
the effect of exercise on social distance in patients with CLBP
over an 8-week intervention period.

Materials and methods

Study design

We conducted an 8-week exercise intervention to explore
the effect of exercise on social distance in patients with CLBP.
Two rounds of assessments, including those for social distance
task, pain intensity, unpleasantness of pain, Roland-Morris
Questionnaire (RMDQ), Self-Rating Anxiety Scale (SAS), and
Self-Rating Depression Scale (SDS) were completed pre- and
post- intervention.

Participants

The effect size was calculated to be 0.67 in accordance with
the study by Cho (2014). After G∗Power calculation (two tails,
α = 0.05, power = 0.80), the sample size was 20. Considering
that the turnover rate of 20%, 25 subjects were required for this
study. Finally, 29 middle-aged and elderly patients with CLBP
were recruited from various communities in Yangpu District,
Shanghai, China. The inclusion criteria were as follows: (1) aged
50–75 years old; (2) with LBP lasting for at least 12 weeks; (3)
with maximum pain intensity of at least 3 on the Numerical
Rating Scale (NRS); (4) no pain in other parts of the body
except LBP; (5) no cognitive impairment and can understand
the experimental content. The exclusion criteria were as follows:
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(1) Specific LBP caused by definite tissue structure or pathology,
such as intervertebral disc (or spinal canal) disease, tumor,
visceral disease, spinal disease, or injury. All subjects met the
inclusion and exclusion criteria, voluntarily attended to the
study, and signed an informed consent. The study was approved
by the Ethics Committee of Shanghai University of Sport.

Outcome measures

Assessments were performed at baseline and after the
8-week exercise intervention, including social distance,
pain intensity, disability, unpleasantness of pain, anxiety,
and depression.

Social distance under various experimental conditions was
measured by a stop-distance paradigm with high reliability
and validity (Kennedy et al., 2009; Lough et al., 2016). It
includes comfortable distance and uncomfortable distance when
the subject actively approaches an experimenter (consistent or
inconsistent with the subject’s gender) or when is approached.
A digital laser measurer (Bosch GLM 30C) was used to measure
the true distance under different experimental conditions.
The NRS was applied to measure the maximum pain
intensity (NRSmax), average pain intensity (NRSavg), pain
intensity at rest (NRSrest), and pain intensity at the moment
(NRSnow) during the last 3 days. The NRS is an 11-grade
rating scale: 0, “no pain at all”; 1–3, “mild pain”; 4–6,
“moderate pain”; 7–9, “severe pain”; 10, “maximum pain.”
This scale has good validity and reliability (Bendinger and
Plunkett, 2016; Yao et al., 2020). Following international
consensus, a 2-point decrease for NRS was considered a
minimal clinically important difference (MCID) (Ostelo et al.,
2008). LBP-related disability was assessed with the 24-item
RMDQ, which yields scores ranging from 0 to 24. A high
score indicates a serious disability. Following international
consensus, a 2-point decrease for RMDQ was considered
a MCID (Ostelo et al., 2008). The NRS also measures
the unpleasantness of pain (“0” means “no pain-induced
unpleasantness at all,” and “10” means “maximum pain-
induced unpleasantness”), including the average unpleasantness
of pain (NRSunavg) and unpleasantness of pain at the moment
(NRSunnow) during the last 3 days. The levels of anxiety and
depression were evaluated by the 20-item SAS and the 20-
item SDS, respectively. The total scores of both scales are
20–80. A high score means serious anxiety or depression
(Yu et al., 2012).

Social distance task

A stop-distance paradigm has been widely applied in
the studies of detecting individual social distance (Kennedy
et al., 2009; Lough et al., 2016). The starting distance of

the task was 3 m, and the subjects and experimenters were
unfamiliar with each other. Task 1: The experimenter (same
gender as the subject) walked toward the subject who was
standing still at a natural pace. They looked into each
other’s eyes. The experimenter stopped walking when he
reached a distance that the subject normally keeps from
strangers. This distance was the comfortable distance (CD1,
Figure 1A). Thereafter, the experimenter continued walking and
stopped when he reached a distance at which the subject felt
uncomfortable. This distance was the uncomfortable distance
(UD1, Figure 1A). Task 2 (like Task 1): The subject walked
toward the experimenter and stopped at a comfortable distance
(CD3, UD3; Figure 1C). After the bidirectional tests, the
process was repeated, but with the experimenter of the opposite
gender (Task 3 and 4, Figures 1B,D). The distance was
measured with a digital laser measurer (Bosch GLM 30C). Each
task was performed thrice, and the average was considered
the outcome.

Intervention

Tai Chi was selected as the intervention method of the
study. The clinical practice guideline from the American College
of Physicians strongly recommends Tai Chi as a non-invasive
treatment for CLBP (Qaseem et al., 2017). Tai Chi moves
slowly, gently, and rhythmically, with smooth circular motion
of the upper limbs and continuous weight shifting of the low
limbs (Peng, 2012). Previous studies have confirmed that Tai
Chi is a safe and effective exercise. It cannot only improve
physical functions, such as by alleviating LBP, enhancing muscle
strength and endurance, and promoting core stability, but also
improve mental health, including through alleviating depression
and anxiety and helping a person to relax (Hall et al., 2009;
Cho, 2014).

The intervention consisted of 8 Yang-Style Tai Chi
movements: (1) Part the Wild Horse’s Mane; (2) Fair Lady
Works at Shuttles; (3) Brush Knee and Twist Step; (4) Pull,
Block and Pound; (5) Grasp the Peacock’s Tail; (6) Step Back
and Whirl Arms on Both Sides; (7) Golden Rooster Stands on
One leg; (8) Cloudy Hands (Wang et al., 2022). It adopted group
training. Tai Chi was carried out by a trained professional Tai
Chi coach to give instruction and correct the wrong actions in
time. The program lasted for 8 weeks, with a session lasting
for 60 min and being conducted twice a week. An intervention
session included 10 min warm-up exercise, 40 min Tai Chi,
and 10 min relaxation training. The exercise intensity of the
subjects was controlled at 3–5 in the Borg Scale, accounting
for 40–60% of their maximum heart rate. In the study, the
first to third weeks were allotted for learning and mastery of
the single movements of Tai Chi, whereas the fourth to eighth
weeks involved repetitive practicing and consolidation of the
integrated movements.
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FIGURE 1

Social distance task. (A) The subject (black) is approached by the experimenter (gray) of the same gender. (B) The subject (black) is approached
by the experimenter (gray) of the opposite gender. (C) The subject (black) walks toward the experimenter (gray) of the same gender. (D) The
subject (black) walks toward the experimenter (gray) of the opposite gender. CD1, The comfortable distance when the subject is approached by
the experimenter of the same gender; CD2, The comfortable distance when the subject is approached by the experimenter of the opposite
gender; CD3, The comfortable distance when the subject walks toward the experimenter of the same gender; CD4, The comfortable distance
when the subject walks toward the experimenter of the opposite gender; UD1, The uncomfortable distance when the subject is approached by
the experimenter of the same gender; UD2, The uncomfortable distance when the subject is approached by the experimenter of the opposite
gender; UD3, The uncomfortable distance when the subject walks toward the experimenter of the same gender; UD4, The uncomfortable
distance when the subject walks toward the experimenter of the opposite gender.

Statistical analysis

All results were analyzed by the IBM SPSS Statistics 26.
Quantitative variables were presented as mean ± standard
deviation (x± s). All data were tested for normality by Shapiro-
Wilk test and normal transformation when necessary. The
parameter test was used for the data conformation to normal
distribution, and non-parametric test was used for data with
severely skewed distribution and cannot be converted to a
normal one. p < 0.05 was considered statistically significant.

Based on the average pain intensity, we divided the data
into three groups, namely, overall, moderate (NRSavg > 3),
and mild (NRSavg ≤ 3) CLBP group. The inter-group
comparison of baseline data, the result of pre-intervention,
and post-intervention—pre-intervention were compared by the
independent sample t-test, Mann-Whitney U-test and Chi-
Square test. Paired sample t-test or Wilcoxon signed-rank test

was selected to detect the intra-group differences pre- and post-
intervention. All the results were analyzed by intention-to-treat,
and the method of regression estimation was performed to fill in
the missing values. Subjects who had an attendance rate of less
than 75% or failed to attend the assessment were considered to
have been dropped out.

Results

Of the 49 middle-aged and elderly subjected recruited, 12
did not meet the inclusion criteria, 5 declined to participate,
3 had other reasons for inability to participate, and finally
29 met the inclusion criteria and received 8-week exercise
intervention. The flow of subjects through the study was shown
in Supplementary Figure 1. Three subjects participated in
Tai Chi courses less than 12 times across the study period
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(Supplementary Figure 1). Overall, the mean age was 65.90
(4.97) years, 9 subjects were men (31.03%), and 20 were women
(68.97%). A total of 13 subjects were included in the moderate
CLBP group, with an average age of 67.31 (4.35) years. Exactly
16 subjects were included in the mild CLBP group, with an
average age of 64.75 (5.29) years. No significant difference was
observed in baseline the information between the moderate and
mild CLBP groups (p > 0.05, Table 1).

Social distance outcomes

All data on social distance are presented in Figure 2 and
Table 2. Before the intervention, no significant difference was
recorded in each distance between the moderate and mild
CLBP groups (p > 0.05, Table 2). Figures 2A–C shows that
the distances of each group in post-intervention were shorter
than those in pre-intervention. A significant difference was
observed in CD1, CD2, UD1, UD2, CD4, UD3, and UD4 of
the overall CLBP group, all distances of the moderate CLBP
group, and CD1, CD2, UD1, and UD2 of the mild CLBP group
between pre- and post-intervention (p < 0.05). Compared with
the mild CLBP group, the moderate CLBP group had more
marked changes, and the inter-group differences of post-pre
CD1 (difference, –6.91; 95% confidence interval (CI): –31.28
to 17.47), CD3 (difference, –17.53; 95% CI: –34.62 to –0.43),
and UD3 (difference, –10.77; 95% CI: –21.11 to –0.44) were
statistically significant (p < 0.05) (Table 2).

Pain intensity and unpleasantness
outcomes

All data on pain intensity and the unpleasantness of pain
are presented in Figure 2 and Table 2. Before the intervention,
the scores of pain intensity and unpleasantness in the moderate
CLBP group were higher than those in the mild CLBP group,
with significant differences in the NRSmax, NRSavg, and NRSrest

between the two groups (p < 0.05, Table 2). Figures 2D–
F shows that the pain intensity and unpleasantness of pain
scores of each group in post-intervention were lower than
those in pre-intervention. A significant difference was observed
in all pain intensity and the unpleasantness of pain in the
overall and moderate CLBP groups and NRSmax, NRSavg,
NRSnow, NRSunavg, and NRSunnow of the mild CLBP group
between pre- and post- intervention (p < 0.05). Compared
with the mild CLBP group, the moderate CLBP group
had a greater improvement, and the inter-group difference
of post-pre NRSrest (difference, –1.44; 95% CI: –2.69 to –
0.19) was statistically significant (p < 0.05, Table 2). In
terms of MCID, the decrease in NRSmax in the overall and
mild CLBP groups reached MCID but not those of NRSavg,
NRSrest, and NRSnow. The decrease in NRSmax, NRSavg, and

NRSrest in the moderate CLBP group reached MCID but
not NRSnow.

Disability outcomes

All disability data are presented in Figure 2 and Table 2.
Before the intervention, no significant difference was observed
in the disability between the moderate and mild CLBP groups
(p > 0.05, Table 2). Figures 2G–I shows that the disability of
each group improved post-intervention. A significant difference
was observed in the disability of the overall, moderate, and mild
CLBP groups between pre- and post-intervention (p < 0.05).
Compared with the mild CLBP group, the moderate CLBP
group had more marked changes, but the inter-group difference
of post-pre disability was not statistically significant (p > 0.05,
Table 2). In addition, the decrease in RMDQ in the overall,
moderate, and mild CLBP groups reached MCID.

Negative emotion outcomes

All data of negative emotions are presented in Figure 2 and
Table 2. Before the intervention, no significant difference was
observed in the anxiety and depression between the moderate
and mild CLBP groups (p > 0.05, Table 2). Figure 2J–L
shows that the anxiety and depression of each group in post-
intervention were alleviated. A significant difference was noticed
in the negative emotions of the overall, moderate, and mild
CLBP groups between pre- and post-intervention (p < 0.05).
Compared with the mild CLBP group, the moderate CLBP
group had more marked changes, but the inter-group difference
of post-pre disability was not statistically significant (p > 0.05,
Table 2).

Discussion

This study explored the effect of an 8-week exercise
intervention on social distance and CLBP symptoms in subjects
with CLBP. We observed that the social distance of subjects with
CLBP was shorter than that in pre-intervention. In addition,
the pain intensity, unpleasantness of pain, disability, anxiety,
and depression were reduced compared with those before
the intervention.

Social distance

The study showed that the subjects with CLBP shorten social
distance after receiving exercise intervention. The decrease
in interpersonal distance reflects the alleviation of social
withdrawal and the improvement of social interaction and
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TABLE 1 Baseline demographic and clinical characteristics.

Group, mean (SD) p

Overall (n = 29) Moderate (n = 13) Mild (n = 16)

Male, n (%) 9 (31.03%) 4 (30.77%) 5 (31.25%) 0.978

Age, years 65.90 (4.97) 67.31 (4.35) 64.75 (5.29) 0.186

Height, cm 161.63 (7.62) 163.12 (7.91) 160.43 (7.42) 0.353

Weight, kg 64.62 (11.43) 64.02 (7.32) 65.12 (14.15) 0.801

BMI (kg/m2) 24.62 (3.18) 24.03 (1.86) 25.10 (3.94) 0.380

Smoking, n (%) 4 (13.79%) 1 (7.69%) 3 (18.75%) 0.390

Drinking, n (%) 3 (10.34%) 1 (7.69%) 2 (12.50%) 0.672

Education, n (%) 0.214

Primary school or below 1 (3.45%) / 1 (6.25%) NA

Junior high school 10 (34.48%) 7 (53.85%) 3 (18.75%) NA

Senior high school 14 (48.28%) 5 (38.46%) 9 (56.25%) NA

College or above 4 (13.79%) 1 (7.69%) 3 (18.75%) NA

Course of CLBP, years 11.88 (11.14) 12.73 (13.29) 11.20 (9.45) 0.982

Types of pain 0.422

Continuous 3 (10.34%) 2 (15.38%) 1 (6.25%) NA

Intermittent 26 (89.66%) 13 (84.62%) 15 (93.75%) NA

Nature of pain 0.352

Aching pain 14 (48.28%) 4 (30.77%) 10 (65.50%) NA

Bursting pain 2 (6.90%) 2 (15.38%) / NA

Prickling pain 2 (6.90%) 1 (7.69%) 1 (6.25%) NA

Radiant pain 2 (6.90%) 1 (7.69%) 1 (6.25%) NA

Mixed pain 9 (31.03%) 5 (38.46%) 4 (25.00%) NA

SAD 7.38 (5.18) 6.38 (4.61) 8.19 (5.61) 0.361

IPAQ NA

Total physical activity per week (MET-min/w) 4415.10 (2796.05) 4120.39 (2991.87) 4654.54 (2701.10) 0.599

Physical activity level 0.730

Low / / / NA

Medium 8 (27.59%) 4 (30.77%) 4 (25.00%) NA

High 21 (72.41%) 9 (69.23%) 12 (75.00%) NA

BMI, body mass index; CLBP, chronic low back pain; SAD, Social Avoidance and Distress Scale; IPAQ, International Physical Activity Questionnaire.

function. Similar findings have also been reported in other
papers. A systematic review conducted by Koren et al. (2021)
pointed out that Tai Chi can promote social interaction
and participation and increase social support. Likewise, other
exercise interventions have similar effects. Nishida et al. (2016)
observed that a youth with severe social withdrawal was
relieved of anxiety and depression after the treatment with
sertraline alone, but social withdrawal still existed. When
combined with exercise therapy, the symptoms of social
withdrawal significantly improved. In addition, a high level
of physical activity had been associated with a low degree
of social isolation among the elderly (Robins et al., 2018).
The explanation that exercise improves social withdrawal
can be multifactorial. The social interaction hypothesis holds
that a stable social relationship exists in sports activities.
Individuals participating in sports provide support to each
other, which make exercise beneficial on mental health

(Peluso and Guerra de Andrade, 2005). The intervention of this
study adopted the way of team training rather than one-to-
one guidance, which provided subjects with more opportunities
for social contact and promoted social interaction and support.
Furthermore, sports activities with more social connections are
more conductive to reducing social isolation and loneliness,
and improving health than individual sports (Brady et al.,
2020). On the other hand, the bilateral temporal hemodynamics
increased significantly in the youth with social withdrawal
after a 3-month jogging intervention (Nishida et al., 2016).
The temporal-parietal junction belongs to the theory of mind
(TOM) network which is related to prosocial actions. When
the network activity increases, the shortening of social distance
is one of its manifestations (Simon and Walker, 2018).
Moreover, numerous studies stated that exercise can enhance
the functional connection of temporal and parietal lobe and
the activation of precuneus lobe, which all belongs to the
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FIGURE 2

Difference in social distance, pain intensity and unpleasantness, disability, and negative emotion outcomes before and after intervention.
(A) Difference in social distance outcomes in the overall CLBP group before and after intervention. (B) Difference in social distance outcomes in
the moderate CLBP group before and after intervention. (C) Difference in social distance outcomes in the mild CLBP group before and after
intervention. (D) Difference in pain intensity and unpleasantness outcomes in the overall CLBP group before and after intervention.
(E) Difference in pain intensity and unpleasantness outcomes in the moderate CLBP group before and after intervention. (F) Difference in pain
intensity and unpleasantness outcomes in the mild CLBP group before and after intervention. (G) Difference in disability outcomes in the overall
CLBP group before and after intervention. (H) Difference in disability outcomes in the moderate CLBP group before and after intervention.
(I) Difference in disability outcomes in the mild CLBP group before and after intervention. (J) Difference in negative emotion outcomes in the
overall CLBP group before and after intervention. (K) Difference in negative emotion outcomes in the moderate CLBP group before and after
intervention. (L) Difference in negative emotion outcomes in the mild CLBP group before and after intervention. CD1, The comfortable distance
when the subject is approached by the experimenter of the same gender; CD2, The comfortable distance when the subject is approached by
the experimenter of the opposite gender; CD3, The comfortable distance when the subject walks toward the experimenter of the same gender;
CD4, The comfortable distance when the subject walks toward the experimenter of the opposite gender; UD1, The uncomfortable distance
when the subject is approached by the experimenter of the same gender; UD2, The uncomfortable distance when the subject is approached by
the experimenter of the opposite gender; UD3, The uncomfortable distance when the subject walks toward the experimenter of the same
gender; UD4, The uncomfortable distance when the subject walks toward the experimenter of the opposite gender. NRSmax, the maximum pain
intensity during the last 3 days; NRSavg, the average pain intensity during the last 3 days; NRSrest, the pain intensity at rest during the last 3 days;
NRSnow, the pain intensity at the moment during the last 3 days; NRSunavg, the average unpleasantness of pain during the last 3 days; NRSunnow,
the unpleasantness of pain at the moment during the last 3 days; RMDQ, Roland-Morris Questionnaire; SAS, Self-Rating Anxiety Scale; SDS,
Self-Rating Depression Scale.

TOM network. Therefore, exercise reduces social withdrawal
by activating the TOM network. This series of evidence
supports that exercise improves psychosocial health through
neurophysiological regulation.

Pain, disability, and negative emotions

After 8 weeks of Tai Chi intervention, the pain, disability,
and negative emotions of subjects with CLBP decreased. The
effect of Tai Chi on CLBP has also been confirmed in different
studies. A meta-analysis of Tai Chi for LBP showed that Tai
Chi can relieve pain and improve physical function (Qin et al.,
2019). Hall et al. (2009) divided patients with non-specific
CLBP into the Tai Chi and waitlist control groups. The Tai
Chi group received Tai Chi for 10 weeks, with each session
lasting for 40 min, and being conducted 1–2 times a week.

The results revealed that the Tai Chi group was better than
the waitlist control group in reducing the bothersomeness of
back symptoms, pain intensity, and pain-related disability (Hall
et al., 2011). Wang et al. (2010) conducted a meta-analysis
that included 40 studies of Tai Chi on psychological health.
The results suggested that Tai Chi can reduce depression,
anxiety, mood disturbance, and mental pressure. Traditional
Chinese medicine believes that Tai Chi improves LBP based on
the interaction of “yin,” “yang,” and “qi.” It can promote the
balance of “yin” and “yang” and the free flow of “qi,” which is
conductive to physical and mental health (Peng, 2012). Physical
activities related to LBP (such as sitting, standing, walking)
are bound up with lower limb function. In Tai Chi training,
the movements of continuous squatting and weight shift can
improve the muscle strength and flexibility of lower limbs
(Zou et al., 2019). Tai Chi can also enhance the lower limb
muscle strength and posture control, maintain dynamic and
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TABLE 2 Social distance outcomes after 8-week exercise intervention.

Group, mean (SD) p

Overall (n = 29) Moderate (n = 13) Mild (n = 16) Between-group difference (95% CI)

CD1 (cm)

Pre-intervention 74.63 (31.02) 74.83 (26.13) 74.46 (35.35) 0.38 (–23.82, 24.58) 0.770

Post-pre intervention –21.08 (31.43) –24.89 (19.19) –17.98 (39.08) –6.91 (–31.28, 17.47) 0.020*

CD2 (cm)

Pre-intervention 86.56 (30.14) 89.34 (28.64) 82.29 (32.05) 5.05 (–18.38, 28.48) 0.560

Post-pre intervention –20.15 (27.18) –27.08 (21.30) –14.52 (30.65) –12.55 (–33.17, 8.06) 0.054

UD1 (cm)

Pre-intervention 48.83 (22.28) 47.87 (19.58) 49.62 (24.87) –1.75 (–19.12, 15.63) 0.838

Post-pre intervention –14.84 (18.89) –16.07 (14.26) –13.85 (22.38) –2.23 (–16.93, 12.48) 0.161

UD2 (cm)

Pre-intervention 57.22 (24.62) 55.64 (21.45) 58.50 (27.55) –2.86 (–22.03, 16.31) 0.762

Post-pre intervention –17.69 (21.16) –19.47 (14.18) –16.25 (25.88) –3.23 (–19.69, 13.23) 0.125

CD3 (cm)

Pre-intervention 69.49 (25.26) 75.21 (24.06) 64.84 (26.02) 10.36 (–8.92, 29.65) 0.220

Post-pre intervention –6.96 (23.64) –16.63 (20.67) 0.90 (23.55) –17.53 (–34.62, –0.43) 0.045*

CD4 (cm)

Pre-intervention 76.85 (24.95) 80.50 (22.50) 73.87 (27.14) 6.63 (–12.66, 25.92) 0.487

Post-pre intervention –14.10 (23.61) –19.97 (19.81) –9.33 (25.93) –10.64 (–28.58, 7.29) 0.066

UD3 (cm)

Pre-intervention 42.92 (18.53) 45.32 (18.10) 40.98 (19.24) 4.34 (–10.02, 18.70) 0.540

Post-pre intervention –7.80 (14.32) –13.74 (10.80) –2.97 (15.31) –10.77 (–21.11, 0.44) 0.042*

UD4 (cm)

Pre-intervention 47.75 (19.01) 48.00 (17.98) 47.55 (20.39) 0.45 (–14.38, 15.27) 0.951

Post-pre intervention –10.63 (16.55) –15.90 (12.80) –6.34 (18.34) –9.56 (–21.90, 2.79) 0.124

NRSmax

Pre-intervention 5.24 (1.64) 6.08 (1.44) 4.56 (1.50) 1.51 (0.38, 2.65) 0.011*

Post-pre intervention –2.28 (2.09) –2.46 (1.94) –2.12 (2.25) –0.34 (–1.96, 1.29) 0.372

NRSavg

Pre-intervention 3.34 (1.47) 4.62 (0.65) 2.31 (1.08) 2.30 (1.60, 3.00) <0.001**

Post-pre intervention –1.72 (1.44) –2.31 (1.44) –1.25 (1.29) –1.06 (–2.10, –0.02) 0.051

NRSrest

Pre-intervention 2.03 (1.94) 3.38 (1.94) 0.94 (1.06) 2.45 (1.29, 3.61) 0.001**

Post-pre intervention –1.21 (1.76) –2.00 (1.96) –0.56 (1.32) –1.44 (–2.69, –0.19) 0.047*

NRSnow

Pre-intervention 1.90 (1.86) 2.54 (2.30) 1.38 (1.26) 1.16 (–0.21, 2.54) 0.160

Post-pre intervention –1.07 (1.31) –1.15 (1.46) –1.00 (1.21) –0.15 (–1.17, 0.86) 0.789

NRSunavg

Pre-intervention 2.97 (2.26) 3.85 (2.38) 2.25 (1.95) 1.60 (–0.05, 3.24) 0.057

Post-pre intervention –2.24 (2.29) –3.15 (2.34) –1.50 (2.03) –1.65 (–3.32, 0.01) 0.052

NRSunnow

Pre-intervention 1.79 (1.86) 2.23 (2.05) 1.44 (1.67) 0.79 (–0.62, 2.21) 0.326

Post-pre intervention –1.24 (1.57) –1.46 (1.51) –1.06 (1.65) –0.40 (–1.61, 0.81) 0.418

RMDQ

Pre-intervention 12.00 (5.54) 13.15 (4.34) 11.06 (6.34) 2.09 (–2.15, 6.34) 0.291

Post-pre intervention –5.79 (5.92) –5.85 (5.73) –5.75 (6.27) –0.10 (–4.72, 4.53) 0.966

SAS

Pre-intervention 41.48 (8.44) 42.54 (9.36) 40.63 (7.82) 1.91 (–4.63, 8.46) 0.553

Post-pre intervention –9.48 (8.47) –10.23 (8.19) –8.87 (8.91) –1.36 (–7.94, 5.23) 0.676

(Continued)
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TABLE 2 (Continued)

Group, mean (SD) p

Overall (n = 29) Moderate (n = 13) Mild (n = 16) Between-group difference (95% CI)

SDS

Pre-intervention 38.03 (9.32) 40.31 (9.37) 36.19 (9.16) 4.12 (–2.97, 11.21) 0.186

Post-pre intervention –8.17 (9.18) –10.69 (8.42) –6.12 (9.52) –4.57 (–11.50, 2.37) 0.091

CD1, The comfortable distance when the subject is approached by the experimenter of the same gender; CD2, The comfortable distance when the subject is approached by the experimenter
of the opposite gender; CD3, The comfortable distance when the subject walks toward the experimenter of the same gender; CD4, The comfortable distance when the subject walks toward
the experimenter of the opposite gender; UD1, The uncomfortable distance when the subject is approached by the experimenter of the same gender; UD2, The uncomfortable distance
when the subject is approached by the experimenter of the opposite gender; UD3, The uncomfortable distance when the subject walks toward the experimenter of the same gender; UD4,
The uncomfortable distance when the subject walks toward the experimenter of the opposite gender. NRSmax , the maximum pain intensity during the last 3 days; NRSavg , the average
pain intensity during the last 3 days; NRSrest , the pain intensity at rest during the last 3 days; NRSnow , the pain intensity at the moment during the last 3 days; NRSunavg , the average
unpleasantness of pain during the last 3 days; NRSunnow , the unpleasantness of pain at the moment during the last 3 days. RMDQ, Roland-Morris Questionnaire; SAS, Self-Rating Anxiety
Scale; SDS, Self-Rating Depression Scale. *p < 0.05; **p < 0.01.

static balance (Hong and Li, 2007; Hall et al., 2011). Moreover,
combining Tai Chi with breathing, the movement is gentle
and slow, which can reduce muscle tension and physical pain
(Huston and McFarlane, 2016). Furthermore, Tai Chi can
alleviate pain and disability by improving the cognition of LBP
or reducing psychological pressure (Wayne and Kaptchuk, 2008;
Sherman et al., 2010). Hall et al. (2011) also reported that pain-
catastrophization plays the role of a mediator between Tai Chi
and symptoms related to CLBP.

On the other hand, compared with the mild CLBP group,
the moderate CLBP group showed more improvement in all
aspects, and such result may be due to the more severe pain,
disability, and negative emotions. Our previous study on CLBP
and social distance revealed that pain, disability, anxiety, and
depression were positively correlated with social distance (Weng
et al., 2021). The improvement of CLBP was associated with a
high likelihood of subsequent decrease in social distance. The
amygdala is not only related to emotional processing but also a
key brain region regulating social distance (Kennedy et al., 2009;
Martinsen et al., 2018; Kami et al., 2020; Weng et al., 2021).
Kami et al. (2020) explored the effect of voluntary running
on amygdala using partial sciatic-nerve ligation model mice.
They observed that voluntary running cannot only inhibit the
negative emotions, such as anxiety and fear, that are closely
related to the chronicity of pain, but also promote pleasure
and alleviate pain: this finding might have been caused by the
plasticity of the amygdala. It also provided evidence indicating
that exercise can improve CLBP symptoms and adjust social
distance directly or indirectly by regulating the amygdala.

Limitations

This study had several limitations. First, only one
experimental group was included. Therefore, waitlist or
other intervention control groups should be considered in
future research. Second, we did not perform follow-up after 8
weeks of exercise intervention. Thus, we should continue to

explore the maintenance effect of exercise on the social distance
of CLBP patients. Third, a narrow age range of the recruited
subjects was used and there were imbalances in the gender
sample size. Thus, future research designed for a stratified age
and gender is needed.

Practical implications and future
prospects for research

CLBP is one of the most common chronic diseases,
and causes serious harm to physiological, psychological, and
social functions. However, its damage to psychosocial health
is usually ignored. Patients with CLBP show increased social
distance and withdrawal, reflecting the impairment of individual
psychosocial health. This outcome is one of the hazards
of CLBP that cannot be ignored. Through a longitudinal
intervention experiment, we observed that exercise not only
alleviated the symptoms related to CLBP but also improved
psychosocial health. Therefore, for the management of this
disease in the future, we should also pay attention to the
psychological problems and consider exercise therapy as a
complementary means of psychological and physiological
rehabilitation. In addition, future research can be combined with
neuroimaging technology to detect changes in brain activity
to explain the underlying neural mechanism of exercise in
improving abnormal social distance regulation behavior. It
can provide a basis for CLBP to formulate more targeted
intervention methods.

Conclusion

The 8-week exercise intervention cannot only shorten the
social distance and improve the abnormal behavior of social
distance regulation of middle-aged and elderly patients with
CLBP, but also relieve pain, disability, and negative emotions. In
addition, follow-up will be conducted in the future to explore the
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long-term effects of exercise intervention, and further work is
required to determine whether this new finding applies equally
to other types of exercise.
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E�ects of rTMS treatment on
global cognitive function in
Alzheimer’s disease: A
systematic review and
meta-analysis

Tianjiao Zhang1†, Youxin Sui1†, Qian Lu2†, Xingjun Xu1, Yi Zhu1,

Wenjun Dai1, Ying Shen1* and Tong Wang1*

1Rehabilitation Medicine Center, The First A�liated Hospital of Nanjing Medical University, Nanjing,

China, 2Department of Rehabilitation Medicine, The A�liated Jiangsu Shengze Hospital of Nanjing

Medical University, Suzhou, China

Background: Although repetitive transcranial magnetic stimulation (rTMS) has

been extensively studied in patients with Alzheimer’s disease (AD), the clinical

evidence remains inconsistent. The purpose of this meta-analysis was to

evaluate the e�ects of rTMS on global cognitive function in patients with AD.

Methods: An integrated literature search using 4 databases (PubMed, Web

of Science, Embase, and Cochrane Library) was performed to identify

English language articles published up to October 6, 2021. We pooled

Mini-Mental State Examination (MMSE) and Alzheimer’s Disease Assessment

Scale-cognitive subscale (ADAS-Cog) scores using a random-e�ects model

via RevMan 5.4 software. We calculated estimates of mean di�erences

(MD) with 95% confidence intervals (CI). The primary outcomes were pre-

post treatment changes in global cognition as measured using MMSE and

ADAS-Cog immediately after rTMS treatment, and the secondary outcomewas

duration of cognitive improvement (1–1.5 and ≥3 months).

Results: Nine studies with 361 patients were included in this meta-analysis.

The results showed that rTMS significantly improved global cognitive function

immediately following rTMS treatment [(MD) 1.82, 95% confidence interval

(CI) 1.41–2.22, p < 0.00001, MMSE; 2.72, 95% CI, 1.77–3.67, p < 0.00001,

ADAS-Cog], and the therapeutic e�ects persisted for an extended duration

(2.20, 95% CI, 0.93–3.47, p =0.0007, MMSE; 1.96, 95% CI, 0.96–2.95, p =

0.0001, ADAS-Cog). Subgroup analyses showed that high frequency rTMS

targeted to the left dorsolateral prefrontal cortex (DLPFC) for over 20 sessions

induced the greatest cognitive improvement, with e�ects lasting for more than

1 month after the final treatment. There were no significant di�erences in

dropout rate (p > 0.05) or adverse e�ect rate (p > 0.05) between the rTMS

and control groups.

Conclusions: Repetitive TMS is a potentially e�ective treatment for cognitive

impairment in AD that is safe and can induce long-lasting e�ects. Our results
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also showed that ADAS-cog and MMSE di�ered in determination of global

cognitive impairment.

Systematic review registration: http://www.crd.york.ac.uk/PROSPERO,

PROSPERO CRD42022315545.

KEYWORDS

Alzheimer’s disease, repetitive transcranial magnetic stimulation (rTMS), cognitive

function, MMSE, ADAS-cog, systematic review, meta-analysis

Introduction

Alzheimer’s disease (AD)-associated dementia accounts for

60–80% of dementia cases, and is a significant health concern

in the elderly (Alzheimer’s, 2018). Cognitive impairments are

the main clinical manifestations of AD, and affect patients

and caregivers, and increase societal burden (Yin et al.,

2021). Drugs such as donepezil, rivastigmine, and galantamine

commonly used for treatment if AD do not impact long-term

prognosis (Liao et al., 2015). As a result, non-pharmacological

interventions have received increased attention.

Repetitive transcranial magnetic stimulation (rTMS) is a

non-invasive brain stimulation technique that affects brain

metabolism and neurological function by regulating cortical

excitability (Kobayashi and Pascual-Leone, 2003). Stimulation

parameters of rTMS are critical to treatment effects. Low

frequency rTMS (≤1Hz) inhibits cortical excitability, high

frequency rTMS (≥5Hz) induces cortical excitability (Dong

et al., 2018). Repetitive TMS can also enhance cognition through

stimulation of specific cortical areas (such as DLPFC) (Alvarez-

Salvado et al., 2014). Many in vivo and in vitro studies have

shown that rTMS cognition in AD, and may be a promising

therapy (Vlachos et al., 2012; Lenz et al., 2015; Zhao et al., 2017;

Chen et al., 2019; Jia et al., 2021).

Four meta-analyses have been performed on the beneficial

effects of rTMS on cognitive function in AD (Liao et al.,

2015; Dong et al., 2018; Lin et al., 2019; Wang et al.,

2020). However, these articles varied in rTMS parameters (i.e.,

treatment sessions, stimulation site, etc.) and the therapeutic

outcomes. Furthermore, none have evaluated the effects of rTMS

on cognitive function during follow-up. Although rTMS has

shown promise as a treatment for AD, rTMS parameters and

treatment schemes that produce favorable therapeutic value

require further development. This meta-analysis summarized

studies of global cognitive function in patients with AD.

Methods and materials

Our work adhered to the preferred reporting items for

systematic reviews and meta-analyses (PRISMA) guidelines

(Moher et al., 2010) and was registered in the PROSPERO

database for systematic reviews (CRD 42022315545).

Search strategy

PubMed, Web of Science, Embase, and Cochrane Library

were searched for relevant studies published before October

6, 2021. We used the following key words: (“Alzheimer

disease” OR “Alzheimer’s disease” OR “Alzheimer dementia”

OR “Alzheimer’s dementia” OR “Alzheimer syndrome” OR

“Alzheimer type dementia” OR “AD”) AND (“transcranial

magnetic stimulation” OR “repetitive transcranial magnetic

stimulation” OR “brain stimulation” OR “TMS” OR “rTMS”).

We also searched for additional unpublished and in-progress

trials from ClinicalTrials.gov, and searched the reference lists of

identified articles for additional studies.

Eligibility criteria and quality assessment

The inclusion criteria for the study were as follows: (1)

rTMS was performed on patients with Alzheimer’s disease;

(2) global cognition was quantitatively determined using

the Alzheimer’s Disease Assessment Scale-cognitive subscale

(ADAS-cog) or Mini-Mental State Examination (MMSE); (3)

rTMS was conducted alone or in combination with cognitive

training; (4) the active rTMS control group received sham rTMS,

cognitive training, or other treatments; (5) mean cognition

outcome score changes and standard deviation (SD) were

accessible, or absolute original scale scores were available to

calculate mean ± SD; and (6) randomized controlled studies.

The exclusion criteria were as follows: (1) animal studies;

(2) included patients with neurological disorders other than

Alzheimer’s disease; (3) reviews, letters, comments, unpublished

reports, or meeting minutes; (4) duplicate articles; and (5) non-

English articles.

Cochrane Collaboration was used by two statisticians

independently to determine study quality. The evaluation

criteria were: (a) sequence generation; (b) allocation

concealment; (c) blinding; (d) approach for handling incomplete
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outcome data; (e) selective reporting; and (f) other potential

bias. The risk of bias was rated as low, high, or uncertain.

Data extraction

Data from the included studies were extracted and examined

by two researchers (TZ, YXS, and QL). During screening

and comparison, disagreements were resolved by consensus

between the researchers or by a third specialized researcher. For

each included article, we recorded the following information:

basic characteristics of the included studies (author, year

of publication, and study design), sample size, disease type,

rTMS parameters (number of sessions, frequency, intensity,

stimulation targets), global cognitive performance (ADAS-cog

or MMSE) score, follow-up time, and adverse effects.

Data analysis

Weused Rev-Man 5.4 software (ReviewManger of Cochrane

Collaboration) for all data synthesis and analysis. Effect size

was computed by mean differences (MD) with 95% confidence

intervals (CIs). The degree of heterogeneity was considered

significant if the I² statistic was >50%. Based on the inherent

clinical heterogeneity in our pooled studies, a random-effects

models was used for more conservative outcomes. Planned

subgroup analyses were used for rTMS frequency, target sites,

treatment sessions, and concomitant cognitive training. For

all statistical analyses, P < 0.05 was considered significant.

When heterogeneity between studies was significant, sensitivity

analyses were performed using the leave-one-out technique. Due

to the low number of included studies, Egger’s tests were used

instead of funnel plots, and p < 0.05 indicated publication bias

(Egger et al., 1997).

Search and selection of studies

The search identified 986 studies from four English

databases (PubMed, Web of Science, Embase, and Cochrane

Library), and 401 duplicates were removed. After assessing titles

and abstracts, 54 articles were include in the full-text reading

phase, and nine studies were included in the meta-analysis. The

study selection process is shown in Figure 1.

Identifications and descriptions of the
included studies

Supplementary Table 1 shows the characteristics of the nine

trials included in this meta-analysis. The meta-analysis included

361 participants (192 in the rTMS group and 169 in the control

FIGURE 1

Flow diagram of study selection.

group (Ahmed et al., 2012; Rabey et al., 2013;Wu et al., 2015; Lee

et al., 2016; Zhao et al., 2017; Zhang et al., 2019; Brem et al., 2020;

Jia et al., 2021; Li et al., 2021). Participants were diagnosed with

AD based on different diagnostic criteria. However, one study

reported the outcomes for mild to moderate AD and severe AD.

Therefore, we chose the mild to moderate AD subgroup for

the meta-analysis (Ahmed et al., 2012). For the interventions,

four studies combined rTMS with cognitive training (Rabey

et al., 2013; Lee et al., 2016; Zhang et al., 2019; Brem et al.,

2020). Global cognitive function assessments included MMSE

(six studies) (Ahmed et al., 2012; Lee et al., 2016; Zhao et al.,

2017; Zhang et al., 2019; Jia et al., 2021; Li et al., 2021) and

ADAS-Cog (seven studies) (Rabey et al., 2013; Wu et al., 2015;

Lee et al., 2016; Zhao et al., 2017; Zhang et al., 2019; Brem et al.,

2020; Li et al., 2021). Six studies assessed cognitive function at

various follow-up times from 1 to 3months after the final session

(Ahmed et al., 2012; Lee et al., 2016; Zhao et al., 2017; Zhang

et al., 2019; Brem et al., 2020; Li et al., 2021). Five trials reported

adverse effects with diverse causes (Wu et al., 2015; Lee et al.,

2016; Zhao et al., 2017; Zhang et al., 2019; Jia et al., 2021).

Supplementary Table 2 presents the characteristics of the

rTMS protocols from the included studies. Only one study used

low-frequency rTMS (Ahmed et al., 2012), and the other eight

studies only used high-frequency rTMS. Five studies used a

Frontiers in AgingNeuroscience 03 frontiersin.org

169

https://doi.org/10.3389/fnagi.2022.984708
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Zhang et al. 10.3389/fnagi.2022.984708

frequency of 10Hz (Rabey et al., 2013; Lee et al., 2016; Zhang

et al., 2019; Brem et al., 2020; Jia et al., 2021), and four studies

used a frequency of 20Hz (Ahmed et al., 2012; Wu et al., 2015;

Zhao et al., 2017; Li et al., 2021). Repetitive TMS stimulation

sites included DLPFC (Wu et al., 2015; Li et al., 2021), left

lateral parietal cortex (Jia et al., 2021), bilateral DLPFC (Ahmed

et al., 2012), left DLPFC, left lateral temporal lobe (LTL) (Zhang

et al., 2019), parietal lobe, and posterior temporal lobe (Zhao

et al., 2017). Three studies performed rTMS stimulation on

the following six brain areas: (a) Broca’s area, Wernicke’s area,

bilateral DLPFC and bilateral parietal somatosensory association

(pSAC) (Rabey et al., 2013; Lee et al., 2016), (b) Broca’s area,

Wernicke’s area, bilateral DLPFC, and bilateral inferior parietal

lobule (Brem et al., 2020). The intensity of rTMSwas 80–120% of

resting motor threshold (rMT), and the number of interventions

was 5–54 sessions.

Research quality

Figure 2 summarizes the risk of bias for the included studies.

Each of the nine trials stated random allocation, but only four

described how to generate the random sequence in detail and

were rated as “low risk” (Wu et al., 2015; Zhang et al., 2019;

Jia et al., 2021; Li et al., 2021). Only two studies described

the allocation concealment procedure adequately (Brem et al.,

2020; Jia et al., 2021). Seven trials reported that participants and

researchers were double-blinded, and the remaining two trials

did not mention blinding (Ahmed et al., 2012; Zhang et al.,

2019). Outcome assessors were blind to group allocation in all

studies except for one study; which did not indicate whether

blinding occurred (Brem et al., 2020). The risk of attrition bias

in three studies was rated as “high risk” because the research

data were incomplete (Ahmed et al., 2012; Rabey et al., 2013;

Brem et al., 2020). The reporting bias of two studies were rated

as “high risk” owing to selectively reporting of pre-specified

outcome indicators (Lee et al., 2016; Brem et al., 2020). Most

studies with unclear information were rated as “unclear risk” in

other potential sources of bias. However, center bias in one study

resulted in “high risk” (Brem et al., 2020).

Results

Global cognitive function (immediately
after the intervention)

Nine studies involving 361 participants with AD assessed

the immediate post-treatment effect of rTMS on global cognitive

ability. Six of the nine studies used MMSE (Ahmed et al., 2012;

Lee et al., 2016; Zhao et al., 2017; Zhang et al., 2019; Jia et al.,

2021; Li et al., 2021), and seven studies used ADAS-Cog (Rabey

et al., 2013; Wu et al., 2015; Lee et al., 2016; Zhao et al., 2017;

Zhang et al., 2019; Brem et al., 2020; Li et al., 2021). All global

cognitive function results fromMMSE andADAS-Cog indicated

that active rTMS treatment was superior to control treatment

with a mean effect size of 1.82 (95% CI, 1.41–2.22, p < 0.00001,

I2 = 5%, Figure 3) and 2.72 (95% CI, 1.77–3.67, p < 0.00001,

I2 = 0%, Figure 4), respectively. Egger’s regression showed no

publication bias across studies that used ADAS-Cog (intercept

= 0.16, df = 6, t = 0.08, two-tailed p = 0.94) or studies

that used MMSE (intercept = −0.44, df = 5, t = 0.92, two-

tailed p = 0.40). Sensitivity analysis was also performed, and

omitting studies one by one did not alter the significance of the

pooled MD.

Subgroup analysis of global cognitive
function (immediately after the
intervention) by MMSE

Several subgroups were evaluated to identify variables

that might influence the heterogeneity and cognitive

outcomes by MMSE. Subgroup analysis was performed

according to stimulation site. The efficacy of “Other

areas” stimulation was 0.91 (95% CI −0.46 to 2.29),

and a significant rTMS effect was found among those

targeted to the DLPFC (MD = 1.78 95% CI 0.83– 2.73)

(Figure 5). The excluded study by Zhang et al. included

the left DLPFC and left lateral temporal lobe as the

stimulus targets, so it could not be divided into either of

the two subgroups.

We also analyzed the effects of rTMS treatment in

combination with cognitive training (“CT = Yes” vs.

“CT= No”). A significant rTMS effect was found among

studies that excluded cognitive training (1.84; 95% CI 1.56–

2.12), but not in the studies involving cognitive training (1.43;

95% CI−1.23 to 4.08) (Figure 6).

Subgroup analysis for session number generated significant

results for MMSE scores in the “20” and “30” subgroups

(MD= 2.52 95% CI 1.06–3.98; MD = 1.73 95% CI 1.13–2.34),

but not in the “≤10” subgroup (MD = 1.35 95% CI −0.39 to

3.08), which suggested that long-term rTMS treatment produced

cognitive enhancement (Figure 7).

Treatment with high frequency stimulation result in a

significant effect size of 1.87 (95% CI 1.59–2.15), whereas

treatment with low frequency stimulation showed no positive

effect 0.00 (95% CI−2.50 to 2.50) (Figure 8).

Global cognitive function (follow-up)

Six trials assessed the effects of rTMS on global cognitive

function at follow-up. The results showed low heterogeneity

in the five studies that used ADAS-Cog (I2 = 0%, p =
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FIGURE 2

Risks of bias.

FIGURE 3

Forest plot of repetitive transcranial magnetic stimulation vs. the control group by MMSE immediately after the intervention.

FIGURE 4

Forest plot of repetitive transcranial magnetic stimulation vs. the control group by ADAS-Cog immediately after the intervention.

0.55) (Lee et al., 2016; Zhao et al., 2017; Zhang et al.,

2019; Brem et al., 2020; Li et al., 2021), The five studies

that used MMSE had high heterogeneity (I2 = 76%, p =

0.0001) (Ahmed et al., 2012; Lee et al., 2016; Zhao et al.,

2017; Zhang et al., 2019; Li et al., 2021). No significant

asymmetry was found using Egger’s regression test in studies

that used ADAS-Cog (intercept = 0.37, df = 4, t = 0.32,

two-tailed p = 0.76), and in MMSE (intercept = 1.59, df

= 6, t = 2.28, two-tailed p = 0.06). The mean effect size

was 1.96 for ADAS-Cog (95% CI, 0.96–2.95, p =0.0001,

Figure 9) and 2.20 for MMSE (95% CI, 0.93–3.47, p = 0.0007,

Figure 10). Both results showed that rTMS provided superior

cognitive effects at follow-up compared with those in the

control group.
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FIGURE 5

Subgroup analyses of repetitive transcranial magnetic stimulation vs. the control group by MMSE: DLPFC area vs. other areas.

FIGURE 6

Subgroup analyses of repetitive transcranial magnetic stimulation vs. the control group by MMSE: CT = Yes vs. CT = No.

Subgroup analysis of global cognitive
function (follow-up)

The follow-up times of the included studies ranged from 1

to 3 months. We divided the long-term effects into short-lasting

effects (≤1.5 months) and longer-duration effects (3 months).

The subgroup analysis of follow-up times revealed a mean effect

size of 0.19 (95% CI −2.13 to 2.51) for ADAS-Cog with longer-

duration effects. Themean effect size for short-lasting effects was

2.36 (95% CI 1.26–3.46). A significant rTMS effect was found at

the shorter follow-up period (Figure 11). However, the results

in two subgroup analyses (≤1.5 and 3 months) for MMSE were

identical, with effect sizes of 1.90 (95% CI 0.29–3.51) and 2.75

(95% CI 0.02–5.48), respectively (Figure 12).

Adverse e�ects and dropout

Of the 9 studies, 4 reported no adverse events during

the study period and 3 reported adverse effects in both the

active and sham groups (Wu et al., 2015; Zhao et al., 2017;

Jia et al., 2021). Lee et al. described one patient in the
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FIGURE 7

Subgroup analyses of repetitive transcranial magnetic stimulation vs. the control group by MMSE:≤10 sessions vs. 20 sessions vs. 30 sessions.

FIGURE 8

Subgroup analyses of repetitive transcranial magnetic stimulation vs. the control group by MMSE: HF vs. LF.

sham arm who complained of mild headache and fatigue at

the first follow-up visit (Lee et al., 2016). Seven participants

who received rTMS in Zhang et al.’s (2019) study felt mild

discomfort of the head, which eased after 3 days. Headaches,

fatigue, and scalp discomfort were the most-reported adverse

effects. The adverse effect rates were 12.6% (14/111) and 9.4%

(10/94) in the active and sham groups, respectively, and the

difference between the groups was not significant (χ2 = 0.192,

p= 0.661).

Two studies did not report any dropout (Ahmed et al., 2012;

Zhao et al., 2017). The drop-out rate was 10.5% (18/172) of

the experimental group, with no significant difference compared

with 14.1% (24/170) of the control group (χ2 = 1.059,

p= 0.303).
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FIGURE 9

Forest plot of repetitive transcranial magnetic stimulation vs. the control group by ADAS-Cog at follow-up period.

FIGURE 10

Forest plot of repetitive transcranial magnetic stimulation vs. the control group by MMSE at follow-up period.

FIGURE 11

Subgroup analyses of repetitive transcranial magnetic stimulation vs. the control group by ADAS-Cog: 1–1.5 months vs. 3 months.

Discussion

Our review involved nine randomized sham controlled

studies, and provided the most recent and detailed data

regarding immediate and long-lasting treatment of global

cognitive function in patients with AD following rTMS

treatment. Subgroup analyses showed that rTMS protocols with

high frequency and performed over the DLPFC for more than

20 sessions induced the best improvements in global cognitive

function. In addition, we also showed that rTMS stimulation
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FIGURE 12

Subgroup analyses of repetitive transcranial magnetic stimulation vs. the control group by MMSE: 1–1.5 months vs. 3 months.

yielded cognitive benefits for 3 month in patients with AD

assessed using MMSE, but not ADAS-Cog. Moreover, rTMS was

safe and well-tolerated and did not induce severe adverse effects.

Consistent with a previous meta-analysis, high-frequency

rTMS resulted in better therapeutic results than low-frequency

rTMS for treatment of cognitive function. High-frequency

rTMS altered synaptic plasticity and the level of brain-derived

neurotrophic factor (BDNF). Studies showed a 55% reduction in

synapses in early AD compared with mild cognitive impairment

(MCI) and healthy subjects, as determined using electron

microscopy, and the degree of synaptic loss correlated with

cognitive deficits (DeKosky et al., 1996; Coleman and Yao,

2003). High-frequency rTMS attenuated synaptic damage in AD

by inducing long-term potentiation (LTP) to increase synaptic

activity, which is beneficial to learning and memory (Bliss

and Collingridge, 1993). Memory formation is associated with

BDNF, which is an important neurotrophic factor that promotes

dendrite development and neuronal tolerance (Bekinschtein

et al., 2008; Banerjee and Shenoy, 2021). A study showed

that BDNF levels decreased with increased clinical severity of

AD, and was most closely associated with memory decline

in preclinical AD (Lim et al., 2021). One study reported

that both high-frequency (20Hz) and low-frequency (1Hz)

rTMS increased dopamine concentration and up-regulated the

expression of dopamine receptor 4 in AD mice. However, only

high-frequency rTMS intervention increased BDNF levels and

enhanced the expression of Nestin and NeuN in brain tissue

(Choung et al., 2021). In a review by Cheng et al., only two

studies with relatively small sample sizes included low-frequency

rTMS for treatment of patients with AD. Each of these studies

showed superior efficacy of high-frequency rTMS on cognition

(Ahmed et al., 2012; Ash et al., 2012; Cheng et al., 2018).

These results should be treated with caution because few studies

evaluated low-frequency rTMS.

Our meta-analysis found that stimulation of the DLPFC,

the most common stimulation target for improving cognitive

function in patients with AD, was most effective (Cotelli

et al., 2011; Wu et al., 2015). Use of rTMS on the DLPFC

improved cognition by directly stimulating this cortical region

and activating connective circuits in distal structures (Dong

et al., 2018). Our data differed from that of Alcalá-Lozano et al.

(2018), which reported that rTMS over the left DLPFC and the

six brain regions (Broca’s area, Wernicke’s area, bilateral DLPFC

and bilateral pSAC) were similarly effective for improvement

of cognitive function. Further studies are needed to determine

the optimal targets for rTMS. In addition, our subgroup

analysis of number of treatment sessions showed that long-term

treatment (≥20 sessions) may have resulted in better cognitive

improvement in patients with AD. Our findings agree with those

of Lin et al. (2019), Jiang et al. (2020),Wang et al. (2020), and Xie

et al. (2021).

Previous meta-analyses have reported significant effects

(Sitzer et al., 2006; Cheng et al., 2018; Xie et al., 2021) and

no effects (Lin et al., 2019; Chu et al., 2021) of combined

CT with rTMS. In our study, the combination of rTMS and

CT did not result in additional improvement. These results

indicated that rTMS and CT may not have induced additive

effects, and the combination may be counterproductive. Little

is known about the underlying mechanisms by which rTMS and

CT improve cognition. De Marco et al. suggested that cognitive
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training increased default mode network (DMN) connectivity

in individuals with MCI, and a recent study noted that rTMS

could induce deactivation of functional connectivity within the

DMN to reduce cognitive deficits in patients with amnestic mild

cognitive impairment (De Marco et al., 2018; Cui et al., 2019).

Further studies are needed to explore the complexity of brain

functional networks in patients with AD. However, Chu et al.

indicated that CT may have been more effective for treatment

of early AD than rTMS (Chu et al., 2021). Our results should

be interpreted with caution since the subgroups had different

sample sizes, and the CT designs were not consistent across the

included studies.

The effective duration of rTMS in patients was also

evaluated. In our meta-analysis, the effects of rTMS treatment

lasted for 1–1.5 months, as determined using ADAS-Cog.

Furthermore, outcomes were poorer with increased follow-up

time. However, few studies have evaluated the duration of the

effects of rTMS on cognition. Cotelli et al. (2011) showed

persistent effects on sentence comprehension for 2 months with

either 2 or 4 weeks of rTMS treatment applied over the left

DLPFC. This finding agreed with the findings of another study

that showed cognitive function improvement for 3 months after

5 days 20Hz rTMS over the bilateral DLPFC (Ahmed et al.,

2012). More data are needed to characterize the duration of

the effects of rTMS treatment. Long-term effects may be related

to modifications in functional connectivity of brain networks

and synaptic plasticity in patients with AD patients through

rTMS, because memory and learning activity can be regulated

by synaptic neuronal activities (Demirtas-Tatlidede et al., 2013;

Zhang et al., 2019). Furthermore, studies mainly reported off-

line general cognitive improvement in early AD with less gray

matter atrophy, which supported the role of network and

synaptic impairment in patients with AD (Ahmed et al., 2012;

Anderkova et al., 2015; Lee et al., 2016; Zhao et al., 2017). To

determine the duration of rTMS efficacy and to determine the

mechanisms underlying the effects of rTMS, future RCTs should

include data on cortical excitability and functional magnetic

resonance imaging.

Limitations

This study was subject to the following limitations. First,

we only focused on global cognitive ability of patients with AD,

and it is possible we missed some Chinese literature due to the

limited database searches we performed. Second, the optimal

rTMS parameters are unclear because of small sample sizes and

heterogeneous stimulation parameters of the included studies.

Finally, because of the small number of included articles using

both ADAS-cog and MMSE, consistent criteria for subgroup

divisions for the two scales were difficult to determine. We only

compared the efficacy of rTMS using ADAS-cog and MMSE

at follow-up, which might have limited the ability to explore

the differences between MMSE and ADAS-cog for evaluation

of cognitive function. The results in the follow-up subgroup

analysis showed that ADAS-Cog and MMSE differed in global

cognitive function results in patients with AD, which led to the

clinical evaluators having to choose the appropriate measure

based on the intrinsic characteristics of the scales and the

requirements for assessments.

Conclusion

In conclusion, our meta-analysis showed that rTMS is a safe

add-on therapy that induces cognitive enhancements in patients

with AD. Patients with AD benefitted most from multiple high

frequency rTMS sessions over the DLPFC, and post-treatment

improvements persisted for at least 1 month. However, the

optimal parameters of rTMS therapy could not be determined

due to the limitations of the included studies. Additional

investigations with large sample sizes and long-term follow-

up are required to determine optimal rTMS parameters and to

evaluate the long-term efficacy of rTMS for treatment of AD.

Differences in ADAS-cog and MMSE scores also suggested that

the clinical evaluator should choose the appropriate instrument

based on the intrinsic characteristics of the scales and the

requirements for assessments.
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Objective: Brain-computer interface (BCI) has great potential in geriatric

applications. However, most BCI studies in the literature used data from young

population, and dedicated studies investigating the feasibility of BCIs among

senior population are scarce. The current study, we analyzed the age-related

differences in the transient electroencephalogram (EEG) response used in

visual BCIs, i.e., visual evoked potential (VEP)/motion onset VEP (mVEP),

and steady state-response, SSVEP/SSMVEP, between the younger group (age

ranges from 22 to 30) and senior group (age ranges from 60 to 75).

Methods: The visual stimulations, including flicker, checkerboard, and

action observation (AO), were designed with a periodic frequency. Videos

of several hand movement, including grasping, dorsiflexion, the thumb

opposition, and pinch were utilized to generate the AO stimuli. Eighteen

senior and eighteen younger participants were enrolled in the experiments.

Spectral-temporal characteristics of induced EEG were compared. Three

EEG algorithms, canonical correlation analysis (CCA), task-related component

analysis (TRCA), and extended CCA, were utilized to test the performance of

the respective BCI systems.

Results: In the transient response analysis, the motion checkerboard and

AO stimuli were able to elicit prominent mVEP with a specific P1 peak

and N2 valley, and the amplitudes of P1 elicited in the senior group were

significantly higher than those in the younger group. In the steady-state

analysis, SSVEP/SSMVEP could be clearly elicited in both groups. The CCA

accuracies of SSVEPs/SSMVEPs in the senior group were slightly lower

than those in the younger group in most cases. With extended CCA, the

performance of both groups improved significantly. However, for AO targets,

the improvement of the senior group (from 63.1 to 71.9%) was lower than that

of the younger group (from 63.6 to 83.6%).

Conclusion: Compared with younger subjects, the amplitudes of P1 elicited

by motion onset is significantly higher in the senior group, which might be
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a potential advantage for seniors if mVEP-based BCIs is used. This study also

shows for the first time that AO-based BCI is feasible for the senior population.

However, new algorithms for senior subjects, especially in identifying AO

targets, are needed.

KEYWORDS

age, brain computer interface, steady state motion visual evoked potential, motion
onset visual evoked potential, action observation

Introduction

Brain-computer interface (BCI) is a direct communication
pathway between the brain and an external device, receiving
increasing attention in aging research and geriatrics. A BCI
acquires and analyses brain signals in real time and provides
a non-muscular channel of communications and control for
individuals with disabilities, majority of which are seniors
(Wolpaw et al., 2002). In the BCI research, various independent
electroencephalogram (EEG) signals or stimuli-dependent
EEG signals have been investigated as the source signal
for non-invasive BCI paradigms. Among these, event-related
desynchronization/synchronization (ERD/ERS) (Wang et al.,
2019) and movement related cortical potentials (MRCP) (Niu
and Jiang, 2022) are spontaneous and independent modalities,
while P300 (Hoffmann et al., 2008), transient visual evoked
potential (VEP) (Liparas et al., 2014), and steady-state visual
evoked potential (SSVEP) (Vialatte et al., 2010) are stimuli-
dependent. In particular, transient VEPs are elicited by light
flashing or patterned stimuli at low rates. SSVEPs are evoked
by periodic flickers with a stationary distinct spectrum in
EEG recordings mainly at the occipital cortical area. Among
the various BCI paradigms, the SSVEP-based BCI has the
advantage of a high information transfer rate (ITR) and no
or little need for subject training to achieve high decoding
accuracy. These advantages make it popular in spelling
(Chen et al., 2021) and brain-controlled robots (Chen et al.,
2020).

To date, BCI applications have mainly focused on assisting
people with disability in participating in daily life activities.
Senior individuals accounts for a large proportion of individuals
disability. The average age of stroke patients admitted was
66 years old reported in China stroke statistics 2019 (Wang
et al., 2020). While there are well-documented age-related
changes in EEG signals, few studies in the current BCIs
literature investigated the feasibility of various EEG modalities
in senior population. For example, researchers have shown that
there are changes in the brain with age in processing speed,
working memory, inhibitory functions, brain structure size,
and white matter integrity (Park and Reuter-Lorenz, 2009).

A model which is called hemispheric asymmetry reduction
in older adults (HAROLD) stated that older adults tended to
be less lateralized than younger adults when performing the
same task (Cabeza, 2002). A reduced lateralization of ERD
was also reported in the elderly when the participants were
performing covert hand movements (Zich et al., 2015). In
particular, the algorithms in BCI research are almost exclusively
developed with data from young population under the age of
30. The above age-related change has been shown to have a
dramatic change on algorithms developed from young subjects’
data when used in senior population (Chen et al., 2019). For
example, the reduced lateralization in older subjects caused
the accuracy dropping from 82.3 to 66.4% in sensory-motor
rhythm (SMR)-based BCI. As such, careful investigations should
be conducted before these BCIs algorithms can be applied in
geriatric applications.

Steady-state visual evoked potential is one of the most
popular non-invasive BCI modalities, and its age-related effect
has been investigated. For example, a BCI spelling performance
from young adults (between the ages of 19 and 27) and older
adults (between the ages of 54 and 76) was compared. The results
showed a significant difference in the ITR between these two
groups (Volosyak et al., 2017). Another study reported SSVEP-
based BCI performance using the medium frequency range
(approximately 15 Hz) and the high-frequency range (above
30 Hz) in 86 subjects aged 18–55 (Volosyak et al., 2011). But
that study may not be reflective of the general population. The
subjects tended to be young men (25.83 ± 7.84 years). And a
controlled survey has to be carried in the future to examine
the effect of age. In addition, a two-class SSVEP-based BCI
was tested in young adults, older adults, and ALS patients. The
average accuracy reached 96.1% in young adults, 91.8% in older
adults, and 81.2% in ALS patients (Hsu et al., 2016). Thus,
age seems to have some influence on the performance of the
SSVEP-based BCI.

The flickering stimuli used in SSVEP-based BCI can easily
cause visual fatigue and has the risk of eliciting seizures, a
potential risk increasing with age. Recently, motion stimuli
without flickers have been proposed and attracted more
attention. For example, periodic motions, such as rotation,
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spiral, and radial motion, have been shown to elicit steady-
state motion visual evoked potentials (SSMVEPs) (Yan et al.,
2018). The SSMVEP-based BCI maintains the low- or no-
subject training characteristics of SSVEP-based BCIs, but with
the benefit of less visual discomfort (Xie et al., 2012), and
higher robustness to competing stimuli (Ravi et al., 2022),
among others. Moreover, the perception of motion is one of
the fundamental tasks of higher visual systems. The dorsal
pathway in the visual system mainly deals with motion, which
is a different pathway from that dealing with flicker. Thus, the
EEG responses to the motion stimulus is different from that to
flicker stimuli. However, to the best knowledge of the authors,
no comparison of EEG responses to motion stimuli among
different age groups has been reported in the literature.

Steady-state visual evoked potential/steady-state motion
visual evoked potential-based BCIs mainly apply to spelling
(Chen et al., 2015) and might not directly apply to stroke
rehabilitation, which is one of the key sub-group in seniors
with disability that BCIs might help. The flicker and the motion
stimuli mentioned above can activate the occipital area but have
little effect on the sensorimotor area, which is important for
stroke rehabilitation purposes (Biasiucci et al., 2018).

The novel action observation (AO)-based BCI shows
great potential for promoting motor cortical activation in
neural rehabilitation applications. Our recent study showed
that observing the carefully designed gaiting stimulus could
simultaneously elicit SSMVEPs in the occipital area and induce
SMR in the primary sensorimotor area (Zhang et al., 2021b).
We have further shown that designed action video of fine hand
movements could also simultaneously elicit SSMVEP in the
occipital area and SMR in the sensorimotor area (Zhang et al.,
2021a). The induced SMR in both cases could be beneficial
for motor cortical activation, consequently with great potential
in rehabilitation applications. However, the AO-based BCI was
only tested in younger subjects, not in senior population.

To evaluate the ability of visual stimuli in BCI, especially
the motion stimulus, inducing EEG characteristics in senior
subjects, the transient response and the steady state response
to three typical paradigms were explored in the current study
for the first time. The flicker, motion checkerboard, and AO
were selected as the visual stimuli, which were designed with
periodic frequency. Not only the steady state response, i.e.,
SSVEP/SSMVEP, but also the transient response, i.e., VEP/
motion onset VEP (mVEP) (Heinrich, 2007), were illustrated
in two age groups (young and senior). The amplitudes of the
transient components were compared between these two age
groups. The feasibility of AO stimuli, such as grasping, the
opposition movement, and pinching, eliciting the SSMVEP in
senior subjects was also investigated. Furthermore, three typic
algorithms, which were widely utilized to identify the target
stimulus in the multi-stimuli scenario based on the induced
SSVEP/SSMVEP in younger subjects, were investigated to the
applicability of dealing with senior EEG signals.

Materials and methods

Participants

Two different age groups of healthy volunteer participants,
i.e., a senior group and a young group, participated in this
study. Each group contained eighteen subjects. The senior group
consisted of four males and 14 females, aged 60–75 years old
(mean ± SD: 67.50 ± 4.20), and the younger group consisted
of nine males and nine females, aged 22 to 30 years old
(mean ± SD: 26.17 ± 2.68). All 36 volunteer participants were
naïve to BCI.

Stimulation design

Three different kinds of visual stimulation, i.e., flicker,
checkerboard, and AO, as shown in Figure 1, were designed to
induce the visual evoked potential (transient and steady state)
in brain. The stimulations were presented on a liquid crystal
display monitor. The screen refresh rate was 60 Hz, i.e., 60
frames per second.

The sampled sinusoidal stimulation method (Chen et al.,
2014) was utilized to present visual flickers. The period flicker
was intended to elicit SSMVEP. Checkerboard stimulation
consists of multiple concentric rings (Zhang et al., 2017, 2019).
Each ring was divided into white and black lattices with equal
sizes and numbers. Thus, the total areas of the bright and dark
regions in each ring were always identical. The multiple rings in
the checkerboard contracted as the phase of the sinusoid signal
of the targeted frequency changed from 0◦ to 180◦ and expanded
as the phase changed from 180◦ to 0◦. The period movement was
intended to elicit SSMVEPs.

In addition, videos of several hand movements, including
grasping, dorsiflexion, the thumb opposition, and pinch, were
recorded. A frame rate reduction method (Zhang et al., 2021a)
was utilized to generate the AO stimulus. Taking the stimulus
of pinch as an example, as shown in Figure 1D, each frame
was extracted from a video. The same image would last for
N/60 s, followed by the next different image. Consequently,
the frame rate of the designed stimulus decreased to 60/N
Hz. In one cycle of the action movement, there were a total
of M_AO captured images. Thus, the frequency of the action
movement was 60/(M_AO× N). The background of the stimuli
was unchanged so that the subject intuitive perception was that
the finger was moving instead of flicker. If the optical frequency
of the stimulus was lower than 4 Hz, the SSVEP cannot be
induced. Thus, we designed the AO stimulus containing two
frequencies, i.e., the frame rate and the frequency of the action
movement. The frame rates were higher than 4 Hz to ensure the
effective induction of the SSMVEP. The frequencies of the action
movement were approximately 1 Hz, within the normal speed of
human movement. In addition to the SSVEP/SSMVEP, the onset
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FIGURE 1

The visual stimulation. (A) Flicker (B) checkerboard (C) action observation (D) generation of the action observation (AO) stimulus (pinch).

of the visual stimulus was anticipated to elicit VEP/mVEP. The
program presenting the stimulus was developed with MATLAB
using the Psychophysics Toolbox (Brainard, 1997).

Experimental design

During the experiment, the participant was seated in a
comfortable chair and was briefed on the tasks to be performed.
In total, four tasks were designed, as shown in Figure 2.
Multiple visual stimuli were presented simultaneously in task
1–3. The inter-stimulus distance (ISD) was measured as the
visual angles between two individual stimuli. The minimal ISD
was 9.46◦ in the first three tasks. And that ISD had little
influence on the decoding performance of SSVEP/SSMVEP-
based BCI (Gao et al., 2021). To avoid the unknown effect of
competing stimuli which may be a confounding factor for the
novel AO stimulus, we further designed task 4 that only one
stimulus was presented. Task 1: the subject engaged his or her
gaze at the flicker stimulus according to the cues displayed
on the screen (Flicker). Task 2: the subject engaged his or
her gaze at the checkerboard stimulus (Checkerboard). Task 3:
the subject engaged his or her gaze at the AO stimulus and
imagined the same movement simultaneously (AO+MI). Task
4: the subject engaged his or her gaze at the AO stimulus and

performed the same movement simultaneously (AO+ME). The
experimental tasks were designed based on the requirements of
the target application, i.e., BCI-based rehabilitation training. In
addition to gazing, the participants were instructed to imagine
the movement or performance the movement, which will be
benefit for rehabilitation training. Thus, the mental tasks were
added in the AO stimulus.

Figure 2A illustrates the trial sequence in the experiment.
Each trial consisted of three phases: the cue phase, stimulus
phase and relaxation phase. For the first three tasks, each trial
started with the cue phase (from −2 to 0 s), where one of the
four cue letters (“1,” “2,” “3,” and “4”) would appear at the screen,
at one corner of the screen. It indicated the target stimulus
for the current trial, at which participant would then engage
his or her gaze during the stimulus phase. The stimulus phase
started at 0 s and lasted 5 s. In this phase, the four stimuli
(Task 1: Four flicker stimuli. Task 2: Four cherkerbaord stimuli.
Task 3: The left-hand opposition movement stimulus, the left-
hand pinch stimulus, the right-hand opposition movement
stimulus, and the right-hand pinch stimulus) appeared on the
four corners of the screen for 5 s. The flicker frequencies of
the four flicker stimuli, the motion frequencies of the four
checkerboard stimuli, and the frame rates of the four AO stimuli
were all 6, 5, 4.615, and 6.667 Hz. For the AO stimulus, the
frequencies of the action movement were 0.6, 0.83, 0.58, and
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FIGURE 2

Illustration of the experimental protocol. (A) The trial sequence of the four tasks. (B) The action observation (AO) stimulus in the stimulus phase
used in task 4.

1.11 Hz, respectively (M_AO = 10, 6, 8, and 6, respectively).
The participants were asked to gaze at the target appearing
in the same position as the letter shown in the cue phase
or to imagine the movement based on the task requirement
mentioned above. This was followed by the 2 s long relaxation
phase, during which the participant could relax the gaze. The
text “rest” in Chinese appeared on the screen. The videos of the
single trial in each task could be found in the Supplementary
material.

The trial sequence in task 4 was similar to that in
task 3. The main differences were the cue phase and the
stimulus phase. The duration of the cue phase in task 4
was 4 s, and a countdown in 1 s intervals appeared at the
screen in the cue phase. In the stimulus phase, only one
stimulus would appear in the same position as the countdown
shown in the cue phase. Figure 2B shows all possibile AO
stimuli (including left-hand grasping, right-hand grasping, and
dorsiflexion in the stimulus phase) that could appear in this
phase. The frame rates of these three AO stimuli were 10,
6, and 4.615 Hz. The frequencies of the action movement
were 1, 1, and 0.77 Hz, respectively (M_AO = 10, 6, and 6,
respectively).

For the first three tasks, the experiment consisted of four
runs in each task. In each run, each of the four targets was
repeated five times in a randomized order resulted in a total of 20
experimental trials. Thus, there were a total of 80 experimental
trials for each task. For task 4, the experiment consisted of five
runs, and each of the three targets was repeated seven times in a
randomized order in each run.

Electroencephalogram data recording

Electroencephalogram signals were recorded using a 32-
channel wireless g.Nautilus EEG system (g.tec, Austria).
Electrodes were placed at Fp1, Fp2, AF3, AF4, F7, F3, Fz, F4, F8,
FC5, FC1, FC2, FC4, T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6,
P7, P3, Pz, P4, P8, PO7, PO3, PO4, PO8, and Oz according to
the extended 10/20 system. The reference electrode was located
on the right earlobe, and the ground electrode was located on
the forehead. A hardware notch filter at 50 Hz was used, and
signals were digitally sampled at 500 Hz. All EEG data, event
timestamps (the beginning and the end of each trial) and true
labels were recorded for subsequent processing.
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Target detection

In this study, canonical correlation analysis (CCA), task-
related component analysis (TRCA), and extended CCA-based
method (extended CCA) were investigated for target stimulus
detection and classification based on SSVEPs/SSMVEPs. The
classification accuracy was computed to evaluate the target
identification performance in different age groups. The
classification accuracy is defined as the percentage of the correct
predictions out of all predictions. EEG data from electrodes
P3, Pz, P4, PO7, PO3, PO4, PO8, and Oz were selected
for analysis. EEG data in the stimulus phase were bandpass
filtered from 3 to 40 Hz with the Butterworth filter. Then,
the three abovementioned methods were utilized to perform
classification. The details of the target identification methods are
described below.

Canonical correlation analysis-based
target identification

Canonical correlation analysis is a statistical way to measure
the underlying correlation between two multidimensional
variables and has been widely used to detect the frequency of
SSVEPs (Lin et al., 2006). It is a training free method. Single trial
test data are denoted as X ∈ RNc × Ns . Here, Nc is the number of
channels, and Ns is the number of sampling points in each trial.
In the current study, multichannel EEG data in the occipital
region and sine-cosine reference signals were calculated by the
following formula.

ρ(x, y) =
E[wT

x XYf
Twy]√

E[wT
x XXTwyE[wT

x YfYf
Twy]]

where ρ is the CCA correlation coefficient and Yf is the
reference signal.

The sine-cosine reference signals are as follows:

Yf =


sin × (2 × π × f × t)
cos× (2 × π × f × t)
sin× (4 × π × f × t)
cos× (4 × π × f × t)


where f is the motion frequency.

The target on which the participant focused could be
identified by taking the maximum CCA coefficient.

Task-related component
analysis-based target identification

Task-related component analysis is an approach to extract
task-related components from a linear weighted sum of

multiple time series. TRCA was first proposed to maximize
the reproducibility during task periods from near-infrared
spectroscopy data (Tanaka et al., 2013). As it had the ability to
maximize inter-block covariance and to remove task-unrelated
artifacts, TRCA was successfully used as a spatial filter to remove
background EEG activities in SSVEP-based BCIs (Nakanishi
et al., 2018). The spatial filter can be achieved as follows:

ω = arg max
ω

ωTSω
ωTQω

The normalization matrix Q is defined as:

Q =
Nc∑

j1,j2 = 1

Cov(xj1 (t) , xj2 (t))

where xj1 (t) is the EEG data in the j1-th channel and xj2 (t)
is the EEG data in the j2-th channel. Cov(., .) represents the
cross covariance.

The symmetric matrix S = (Sj1j2)1 ≤ j1,j2 ≤ Nc
is defined as:

Sj1j2 =
Nt∑

h1,h2 = 1
h1 6=h2

Cov(x(h1)
j1 (t) , x(h2)

j2 (t))

where x(h1)
j1 (t) is the EEG signal in the h1-th trial in the j1-th

channel. x(h2)
j2 (t) is the EEG signal in the h2-th trial in the j2-

th channel.
With the help of the Rayleigh-Ritz theorem, the eigenvector

of the matrix Q−1S provides the optimal coefficient vector.
If there were four individual training data corresponding

to four stimuli in one task, four different spatial filters
could be obtained. Then, an ensemble spatial filter
W = [ω1 ω2 ω3 ω4] was obtained. Through spatial filtering
XTW, the test data X were expected to be optimized to achieve
maximum performance.

The correlation coefficient was selected as the feature.
Pearson’s correlation analysis between the single-trial
test signal X and averaging multiple training trials as
χi =

1
Nt

∑Nt
h = 1 χih across trials for the i-th stimulus was

calculated as ri = ρ
(
XTW,

(
χi
)TW)

. Here, ρ is Pearson’s
correlation, i indicates the stimulus index, h indicates the index
of training trials, and Nt is the number of training trials.

The target on which the participant focused could
also be identified by taking the maximum coefficient as
Target = max (ri) , i = 1, 2, 3, 4.

Extended canonical correlation
analysis-based target identification

The extended CCA-based method incorporated individual
template signals obtained by averaging multiple training trials
as χi (Chen et al., 2015). The following three weight vectors are
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utilized as spatial filters to enhance the SNR of SSMVEPs: (1)
WX(X, χi) between test signal X and individual template χi, (2)
WX(X,Yf ) between test signal X and the sine-cosine reference
signals Yf , and (3) Wχi(χi,Yf ) between the individual template
χi and the sine-cosine reference signals Yf . Then a correlation
vector r̂i is defined as follows.

r̂i =


ρi,1

ρi,2

ρi,3

ρi,4

 =


ρ(X,Yf )

ρ(XTWX
(
X, χi

)
, χi

TWX(X, χi))

ρ(XTWX
(
X,Yf

)
, χi

TWX(X,Yf ))

ρ(XTWχi(χi,Yf ), χi
TWχi(χi,Yf ))


Finally, the following weighted correlation coefficient is used

as the feature in target identification.

ri =
4∑

l = 1

sign
(
ρi,l
)
· ρi,l

2

where sign() is used to retain discriminative information from
negative correlation coefficients between the test signals and
individual templates.

The target on which the participant focused could also be
identified by taking the maximum coefficient.

In addition, a fourfold cross-validation scheme was
performed for the first three tasks. One run’s data were retained
as the validation data for testing, and the other three runs’ data
were used as training data. There was no overlapping part in
either the training or test subsets. The cross-validation process
was then repeated four times, with each of the four runs’ data
used exactly once as the validation data. Similarly, a fivefold
cross-validation scheme was performed for the fourth task.

Statistical analysis

A mixed-effect model of ANOVA was used to quantify the
differences in the amplitudes of P1 and N2 in each task. The
group with two levels (1: senior, 2: young) was one fixed factor.
The subject nested within the group and target were two random
factors. The mixed-effect model of ANOVA was also used to
quantify the differences in the classification accuracies. The
method with three levels (1: CCA, 2: TRCA, and 3: extended
CCA), data length with three levels (1: 1 s, 2: 3 s, and 3: 5 s), and
group with two levels (1: senior and 2: young) were three fixed
factors, and subject was a random factor nested within groups.

Results

Temporal characteristics of the
induced transient response

High contrast and bright luminance of a visual object was
able to evoke VEP, and the motion behavior of visual objects

could evoke mVEP. Thus, the transient EEG components
immediately following the onset of the visual stimuli were first
analyzed. EEG data epochs during the beginning of the stimulus
phase (0–0.5 s) were averaged over all trials registered from each
of the subjects. Figure 3 illustrates the grand average waveforms
for all senior subjects (blue line) and all younger subjects (red
line) at electrode PO8 response to different kinds of stimuli.
0 s referred to the moment when the stimulus occurred on the
screen. Overall, the grand average visually evoked potentials in
response to target stimuli had a positive deflection (P1) with a
latency of 100–160 ms, followed by a negative deflection (N2)
with a latency of 160–230 ms post-flicker or postmotion onset.
The transient response to the motion stimulus was clearer than
that to the flicker. Furthermore, the amplitudes of the P1 and
N2 repsonses to the flicker stimulus were similar in these two
age groups. But the amplitudes of the P1 and N2 repsonses
to the motion stimulus in the senior group were larger than
those in the younger group. For example, in the AO+MI task,
the amplitudes (mean ± SD) of those two components were
7.70 ± 4.03 µV and −7.01 ± 3.34 µV in senior group, whereas
the amplitudes (mean ± sd) of P1 and N2 were 4.69 ± 1.85 µV
and−6.01± 2.35 µV in younger group.

A mixed-effect model of ANOVA was used to quantify the
differences in the amplitudes of P1 and N2 in different tasks.
In task 1 (Flicker), the fix factor Group had no significant
influences on the amplitudes of P1 [F(1, 34) = 3.71, p = 0.063]
and N2 [F(1, 34) = 0.71, p = 0.405]. The random factor Target
also had no significant influence on the amplitude of the P1
(p = 0.126) and N2 (p = 0.127). In task 2 (Checkerboard),
the mixed-effect model of ANOVA revealed that the fix factor
Group had a significant influence on the amplitudes of the P1
[F(1, 32.18) = 12.12, p = 0.001]. But the Group had no significant
influence on the amplitude of N2 [F(1, 34) = 3.78, p = 0.06].
The random factor Target had no significant influence on the
amplitude of P1 and N2 responses to the checkerboard stimulus
(p = 0.205 and 0.132, respectively). For the AO stimulus in task
3 and 4, the mixed-effect model of ANOVA revealed that the
fix factor Group had a significant influence on the amplitudes
of the P1 in task 3 [F(1, 34) = 10.1, p = 0.003] and in task 4
[F(1,6.98) = 11.82, p = 0.011]. But the Group had no significant
influence on the amplitude of N2 in task 3 [F(1,31.97) = 1.31,
p = 0.216] and in task 4 [F(1,7.81) = 1.7, p = 0.229]. The random
factor Target had no significant influence on the amplitude of P1
and N2 in task 3 (p = 0.161 and 0.137, respectively) and in task
4 (p = 0.276 and 0.19, respectively).

In addition, the type of motion (translation, contraction,
expansion, and rotation) might differentially affect the spatial
and temporal characteristics of mVEP (Delon-Martin et al.,
2006). For example, the N2 component response to the moving
line (moving leftward) had an asymmetrical activation in
occipito-temporal area (Wang et al., 2006). The P1 and N2
components that respond to expansion and contraction, such as
Newton’s ring stimulus or the checkerboard stimulus, exhibited
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FIGURE 3

The grand average waveforms for all senior subjects (blue line) and all younger subjects (red line) at electrode PO8 response to different kinds of
stimuli. 0 indicate the onset of the stimulus. The center dashed line shows the averaged amplitudes while the shading around the dash line
indicates averaged amplitudes ± SD. (A) Task 1 (B) task 2 (C) task 3 (D) task 4.

symmetrical activations in the occipital lobe (Xie et al., 2012).
Thus, as the AO stimulus was a new paradigm, the topographies
for P1 and N2 in task 3 were further analyzed. Figure 4 illustrates
the grand average amplitude topographic maps of target 1
among all the senior subjects and all the younger subjects at
140 ms and 210 ms. In both age groups, the topographies for
P1 and N2 were all nearly symmetric.

Spectral characteristics of the induced
steady state response

In addition to the above induced transient response,
the steady-state rhythmic EEG components in different age

groups were explored. The steady-state response is mainly
reflected in frequency domain. Thus, the spectral characteristics
of SSVEP/SSMVEP induced by the stimuli in different age
groups were analyzed. The spectra of the EEG data in the
stimulus phase (0–5 s) were calculated. Figure 5 illustrates
the spectra of EEG data averaged from all trials and all
subjects in the same age group (blue line: senior and red
line: young) from Oz in different tasks. Overall, for all
stimulus frequencies, a clean peak at the stimulus frequency
in each spectrum was clearly situated at the corresponding
frequency when subjects in both age groups stared at each
target. The second harmonic of the stimulus frequencies were
either unexpectedly weak or completely absent in SSMVEPs
induced by the checkerboard, which was different from the
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FIGURE 4

The grand average amplitude topographic maps of target 1 in
task 3 among all the senior subjects and all the younger subjects
at 140 and 210 ms.

SSVEPs induced by the flicker. For the AO stimulus, the
second harmonic of the stimulus frequencies occurred in some
targets.

Furthermore, for the SSVEPs induced by the flicker, the
averaged amplitudes of the peak at the flicker frequencies
in senior subjects were slightly lower than those in younger
subjects. For the SSMVEP induced by the checkerboard, the
averaged amplitudes of the peak at the motion frequencies
between senior subjects and younger subjects were highly
similar. For the SSMVEP induced by the AO stimulus, the
averaged amplitudes of the peak at the frame rates in these two
age groups were different among different targets.

Classification accuracies

To compare the BCI system performance between senior
subjects and younger subjects, three algorithms were utilized
to detect SSVEPs/SSMVEPs and classify the target stimulus.
Figure 6 illustrates the classification accuracies with different
data lengths in different age groups (green line: senior and red
line: young). As expected, with the increase in the EEG epoch
length, the classification accuracies increased monotonically in
both groups, regardless of the algorithm used. The average
accuracies in the senior group were lower than those in
the younger group utilizing the CCA-based method, TRCA-
based method and extended CCA-based method in most
cases.

A mixed-effect model of ANOVA was used to quantify the
differences in the accuracies in each task. The analysis results
showed that the fix factors method and data length both had a
significant effect on the accuracies (all p < 0.001) in all tasks, as
expected. However, the fix factor group had no significant effect
on the accuracies in all tasks [task 1: F(1, 34) = 0.34, p = 0.564,

task 2: F(1, 34) = 1.6, p = 0.214, task 3: F(1, 34) = 1.73, p = 0.198,
and task 4: F(1, 34) = 2.58, p = 0.117].

In addition, compared with the CCA-based method, the
TRCA-based method mainly achieved superior performance
with a 1 s data length in both groups. The extended CCA-
based method achieved the best identification performance
in all data lengths in both groups compared with the
other two methods. Moreover, the accuracy of identifying
the traditional flicker stimulus was highest compared with
other stimuli in both groups. The average accuracy achieved
93.75 ± 10.33% within 5 s data length in the senior group.
And the average accuracy achieved 97.85 ± 2.93% within 5 s
data length in the younger group. The accuracy of identifying
the motion checkerboard stimulus was slightly lower. The
average accuracies achieved were 86.39 ± 16.37% in the
senior group and 93.96 ± 5.68% in the younger group. The
accuracy of identifying the AO stimulus in task 3 was lowest
compared with other stimuli. The average accuracies were
71.88 ± 18.68% in the senior group and 83.61 ± 14.08%
in the younger group. While the average accuracies of
identifying the AO stimulus in task 4 (three targets) achieved
87.09 ± 12.87% in the senior group and 92.65 ± 8.47% in
the younger group.

Furthermore, the difference in the accuracies utilizing the
CCA-based method between these two age groups was similar.
However, differences in the accuracies utilizing the TRCA-based
method or extended CCA-based method were great, especially
when identifying AO stimuli. For example, in task 3, the average
accuracy utilizing the extended CCA-based method increased
20% compared with the CCA-based method with 5 s data
length in the younger group. However, in the senior group,
the accuracies utilizing the extended CCA-based method only
increased 8.8% compared with those utilizing the CCA-based
method. A pairwise t-test revealed that the senior group had
a significantly larger difference in the accuracies, utilizing the
extended CCA-based method and the accuracies utilizing the
CCA-based method with 5 s data length, than the younger group
(t =−3.35, p = 0.004) in task 3.

To further compare the relative identification performance
of the stimulus targets based on the multichannel classification
methods in different age groups, the confusion matrices of
the identification accuracy utilizing the extended CCA-based
method with 5 s data length for all participants in the same
age group were calculated, as shown in Figure 7. The color
scale revealed the average classification accuracies and the
diagonals labeled the correct classification accuracies among all
the participants. We observed that the influence of the four
stimulus frequencies on the accuracies was not too great. We
also observed that the identification accuracy of the target 4
was lower than other targets in task 3, which might be caused
of the unexpected peak in the spectrum and inducing the low
amplitude at the stimulus frequency in target 4 as shown in
Figure 5C.

Frontiers in Aging Neuroscience 09 frontiersin.org

187

https://doi.org/10.3389/fnagi.2022.1004188
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-1004188 September 7, 2022 Time: 13:4 # 10

Zhang et al. 10.3389/fnagi.2022.1004188

FIGURE 5

The spectra of electroencephalogram (EEG) data averaged from all the trials and all the subjects in the same age group from Oz in different
tasks. (A) Task 1 (B) task 2 (C) task 3 (D) task 4.

Discussion and conclusion

The results of the current study indicate that (1) the motion
checkerboard and AO stimuli are able to elicit prominent mVEP
with specific P1 peak and N2 valley. The amplitude of the P1
peak in the senior group was significantly higher than that in
the younger group, which might be a potential advantage for
seniors in leveraging mVEP detection to identify when the user
engages with a visual stimulus. (2) Except for the traditional
flicker and the checkerboard stimulus with periodic frequency,
the newly designed AO stimulus can also elicit clearly SSMVEPs
at the stimulus frequency in the senior group. As such, the
SSVEP/SSMVEP-based BCI is feasible for the senior population.
And with the AO stimuli, it has great potential for rehabilitation
applications, common in senior population.

To the best of our knowledge, this is the first study to report
the differences in both transient response and steady-state
response to different kinds of visual stimuli between younger
subjects and senior subjects. In the literature, one study utilized

the approach of capturing the EEG segment occurring at the
onset of the SSVEP stimulus to analyze the transient VEP (Xie
et al., 2012). And the spectral-temporal characteristics of the
EEG induced by the checkerboard are similar to the results in
that study, which utilized the oscillating Newton’s rings as the
motion stimuli with young subjects.

In general, low stimulus frequencies (lower than 4 to 6 Hz)
could evoke a transient VEP. As the stimulus frequencies
increase, the EEG responses overlap one another and merge
into the steady state. Thus, transient VEP only occurs at
the stimulus onset, and then the EEG response changes into
SSVEPs/SSMVEPs in each trial in the current study. In contrast
with flash VEP, mVEP has a much lower amplitude decrease
with increasing retinal eccentricity (Schlykowa et al., 1993).
mVEP displays the largest amplitudes and the lowest inter- and
intra-subject variabilities (Guo et al., 2008). This might be the
reason that the motion stimulus elicits strong mVEP, while the
transient VEP elicited by the flicker was weak in the current
study.
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FIGURE 6

The classification accuracies with different data lengths in different age groups in different tasks. (A) Task 1 (B) task 2 (C) task 3 (D) task 4.

FIGURE 7

The confusion matrices of the identification accuracy (%) utilizing extended canonical correlation analysis (CCA)-based method with 5 s data
length for all participants in the same age group in different tasks. (A) Senior group (B) younger group.
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FIGURE 8

The t-distributed stochastic neighbor embedding (t-SNE) of the correlation coefficients in different age groups. (A) The distribution of the CCA
correlation coefficient ρ in S9 in the senior group. (B) The distribution of the weighted correlation coefficient r in S9 in the senior group. (C) The
distribution of the CCA correlation coefficient ρ in S9 in the younger group. (D) The distribution of the weighted correlation coefficient r in S9 in
the younger group.

Interestingly, the significantly larger amplitude in P1 in
mVEP in the senior group was unexpected. One possible
reason is that the senior subjects paid more attention than
younger subjects, when either checkerboard or AO stimulus was
presented. Many senior subjects reported, post-experiment, that
they were involuntarily counting the times of the movement in
the stimulus during the experiments, while no participants in
the younger group reported doing so. Previous studies found
that the amplitudes of mVEP components can be modulated
by attention (Torriente et al., 1999). “Counting” may help
subjects to be more engaged and concentrate more on the target
stimulus. In the literature, larger amplitudes of VEP in older
females, compared with younger females, were reported, in
which the authors suggested that this was due to a heightened
sensitivity of the older female visual system to patterned
stimuli (La Marche et al., 1986). Furthermore, the characteristics
of mVEP are influenced by the type of visual stimuli. The
reason for the larger amplitude in mVEP still needs further
investigation. The characteristics of the mVEP in senior subjects
may provide a valuable signal modality in designing more
appropriate BCIs for targeting the senior population. This will
be the focus of our future studies. Moreover, the HAROLD
model is mainly supported by evidence in the domains
of episodic memory, semantic memory, working memory,
perception, and inhibitory control. For the EEG response to
the visual stimulus, it exhibited symmetrical activations in the

occipital lobe as shown in Figure 4. The HAROLD model seems
to be not applicable.

On the other hand, the steady-state response, i.e.,
SSVEP/SSMVEP, provides an even more robust way of
determining the subject’s choice of visual target. While no
significant difference was found, the average accuracy of
identifying the flicker stimulus achieved 93.75% in senior
subjects, which was lower than the accuracy in younger subjects
(97.85%), with no statistical significance. A similar level of
difference in accuracies in these two age groups was also
reported a prior study (Volosyak et al., 2017). The current study
also reported that no significant difference was found in the
accuracies of identifying the checkerboard stimulus or the AO
stimulus in the two age groups despite no previous reports.
Consistent with this lack of difference, the BCI performance
between the two groups were not significant. This might be
because the EEG data from channels O1, O2, and POz were not
utilized in the classification. Limited by the EEG device, where
the positions of the electrodes are fixed and no electrodes were
located at O1, O2, and POz.

In the current study, three popular SSVEP algorithms
were investigated. In recent literature, many studies have
utilized TRCA-based methods to process SSVEPs with short
durations (<1 s) and have reported enhanced performance
(Nakanishi et al., 2018). The current study also achieved
improved accuracy with 1 s data length compared with the
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more traditional CCA-based method. However, for longer data
lengths, the current study found no difference in performance
between CCA-based and TRCA-based methods. Furthermore,
the extended CCA-based method achieved the highest accuracy
in three data lengths.

It is worth noting that the improvement in accuracy,
utilizing the extended CCA-based method compared with the
CCA-based method, in the senior group was significantly
lower than that in the younger group for the AO stimulus
in task 3. Even though the accuracies utilizing the CCA-
based method were similar between these two age groups,
the distributions of the CCA correlation coefficient were quite
different. T-distributed stochastic neighbor embedding (t-SNE)
(Van Der Maaten and Hinton, 2008) was utilized to visualize
the distribution of the CCA correlation coefficient ρ and the
weighted correlation coefficient r in different groups. Figure 8
illustrates the t-SNE of S9 in the senior group and S9 in the
younger group. The classification accuracy was 70% utilizing the
CCA-based method in S9 in the senior group. S9 in the younger
group achieved slightly lower accuracy, i.e., 68.75%. The target
on which the participant focused was identified by taking the
maximum CCA coefficient. However, the boundaries among the
four categories are clearer for the younger group (Figure 8C),
than in the senior group (Figure 8A). This implies that the
quality of the individual training data to build the CCA-based
spatial filter, as distributed in the extended CCA-based method,
is better in the younger group. Thus, the extended CCA-
based method achieved better performance improvement in the
younger group, which could also be reflected in Figures 8B,D.
Thus, detecting SSMVEPs induced by AO stimuli for seniors
calls for better more complex algorithms, which is another
research direction.

Furthermore, the current study shows for the first time that
the AO-based BCI is feasible for the senior population. The
average accuracies of identifying the target stimulus on which
the senior participant focused among four AO stimuli (i.e., the
left-hand opposition movement, the left-hand pinch, the right-
hand opposition movement, and the right-hand pinch) and
three AO stimuli (i.e., left-hand grasping, right-hand grasping,
and dorsiflexion) reached 71.88 ± 18.68% and 87.09 ± 12.87%,
respectively. It is observed that the accuracies in these two tasks
are quite different. Even though the stimulations are both AO
stimuli in task 3 and task 4, several differences exist. First, it is
the four-target classification in task 3, while it is the three-target
classification in task 4. In addition, the parameters of the AO
stimulus, such as different frame rates and different actions, are
different. This finding is in line with our recent study, which
showed that the parameters of the AO stimulus influence the
classification accuracy (Zhang et al., 2021a).

Overall, the current study reports the differences in spectral-
temporal characteristics of the EEG induced by the three types
of visual stimuli: flicker, checkerboard, and AO, in both senior
and younger groups. The characteristics of the mVEP in senior

subjects may provide a valuable signal modality in designing
more appropriate BCIs for targeting the senior population. Not
only the traditional flicker and the checkerboard stimulus with
periodic frequency but also the newly designed AO stimulus,
including various actions, could clearly elicit SSMVEP at the
stimulus frequency in both age groups. The accuracies of
identifying SSVEP/SSMVEP in the senior group were slightly
lower than those in the younger group. These findings may
be helpful for researchers designing algorithms to achieve high
classification performance, specifically for senior subjects. In
addition, current study focused on the transient and steady
state responses in occipital cortex to different visual stimuli in
senior and younger subjects and investigating the applicability of
typical algorithms in dealing with senior EEG signals. Analysis
of the SMR and the brain network in task 3 and 4 will
be our next study.
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Jiangsu, China, 5School of Physical Education and Sports Science, Soochow University, Suzhou,
China

Respiratory muscle weakness often occurs after stroke, which can lead to

pulmonary dysfunction (PD). Pulmonary dysfunction prolongs the length of

hospital stay and increases the risk of death. In a prospective, randomized,

case-control study, we used musculoskeletal ultrasonography (MSUS), and

pulmonary function tester to objectively evaluate the efficacy of repetitive

transcranial magnetic stimulation (rTMS) combined with respiratory muscle

training (RMT) in the treatment of PD in patients with acute ischemic

stroke. Sixty-two stroke patients with PD were recruited and eventually

60 patients participated in this study. The control group was treated with

RMT, and the treatment group was treated with rTMS on the basis of RMT.

Treatment occurred five times a week for 8 weeks. Before and after treatment,

diaphragmatic thickness (DT), diaphragmatic thickening fraction (DTF) and

diaphragmatic mobility (DM) in patients, bilateral chest wall were measured by

MSUS. Meanwhile, FVC, FEV1, FEV1/FVC, PEF, and MVV tested by pulmonary

function tester was used to evaluate the improvement of lung functional.

activities of daily living (ADL) was used as an objective criterion to evaluate

the overall functional recovery of patients before and after treatment. After

treatment, DT, DTF, and DM values improved significantly in both the affected

and unaffected sides. The FVC, FEV1, FEV1/FVC, PEF, MVV, and ADL were

all increased after the treatment. Combined treatment showed a stronger

increase than that by RMT treatment alone. The study preliminarily shows that

rTMS and RMT could improve lung functional after acute ischemic stroke.

KEYWORDS

respiratory muscle weakness, pulmonary dysfunction, transcranial magnetic
stimulation, respiratory muscle training, ischemic stroke

Frontiers in Aging Neuroscience 01 frontiersin.org

194

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.1006696
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.1006696&domain=pdf&date_stamp=2022-09-23
https://doi.org/10.3389/fnagi.2022.1006696
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnagi.2022.1006696/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-1006696 September 16, 2022 Time: 16:15 # 2

Cao et al. 10.3389/fnagi.2022.1006696

Introduction

Stroke can cause severe dysfunction (Hreha et al., 2020).
Up to 50% of stroke patients experiencing long-term disability,
and up to 30% of people are still unable to take care of
themselves 6 months after a stroke (Writing Group Members
et al., 2012). The research on functional recovery after stroke
mainly focused on motor recovery of the hemiplegic limb,
language, cognitive and dysphagia recovery. Too little attention
was paid to the lung function recovery (Miryutova et al.,
2019; Li et al., 2022). Studies have proved that the respiratory
muscle strength of the affected side also decreases after
stroke (Ramos et al., 2020). The weakness of respiratory
muscle shows low endurance during exercise and independent
walking ability (Morisawa et al., 2021). Respiratory muscle
weakness in stroke patients is usually manifested as pulmonary
infection, respiratory failure, atelectasis or sleep disorders (Jung
et al., 2014; Liaw et al., 2020; Bruce et al., 2022). If not
intervened early, it will progress to restrictive respiratory disease
(Lima et al., 2014). They may be due to the intervention
of the respiratory control center or respiratory mechanical
changes caused by respiratory muscle weakness (Rochester
and Mohsenin, 2002 Diaphragmatic dysfunction after stroke
is another important factor leading to lung dysfunction, with
an incidence of 51.7% (Fabero-Garrido et al., 2022). About
70% of these patients will develop severe respiratory disease
(Catalá-Ripoll et al., 2020). It has been reported that the
healthy side diaphragm deviation in stroke patients is greater
than that of the affected side (Liaw et al., 2020; Yoon et al.,
2020). Meanwhile, Lanini et al. (2003) studied the spontaneous
breathing of 8 stroke patients. The results showed that the
affected hemithorax respiratory movement reduced during
voluntary hyperventilation.

Respiratory muscle training (RMT) can improve the lung
function of stroke survivors (Yoo and Pyun, 2018). A review
study suggests that inspiratory muscle training is more helpful to
improve the quality of life and cardiopulmonary fitness of stroke
patients (Xiao et al., 2012). In addition, studies have shown that
lower respiratory intensity increases the risk of stroke (Yoon
et al., 2020).

As a non-invasive in vitro neuromodulation technique,
rTMS has received much attention from researchers since its
birth in 1985 (Matsuda et al., 2021). Research shows that
magnetic stimulation can be applied to human respiratory
motor cortex (Nierat et al., 2015; Cember et al., 2022). The cortex
of rTMS induced unilateral diaphragmatic response is located in
the contralateral brain region, 3 cm outside the midline and 2–
3 cm before the ear plane (Maskill et al., 1991). Studies have been
shown to increase regional blood flow in the bilateral primary
motor cortex as defined by rTMS during volitional breathing
(Colebatch et al., 1991). So we hypothesize that rTMS may
improve the lung function and promote the activities of daily
living (ADL) in hemiplegic patients.

We aimed at exploring the effects of rTMS combined with
RMT on the lung function in patients with cardiopulmonary
dysfunction after acute ischemic stroke. The lesions in the stroke
patients we selected were located in the anterior circulation of
the brain. Compared with single RMT, rTMS combined with
RMT may obtain better therapeutic effect from central and
peripheral pathways.

Materials and methods

Participants

Patients hospitalized in the rehabilitation department of the
Dushu Lake Hospital of Soochow University from June 2019 to
June 2020 were screened. The inclusion criteria were described
as follows: (1) The first incidence of ischemic stroke with the
lesion at the anterior cerebral circulation confirmed by the
head MRI scan. (2) Presence of pulmonary dysfunction (less
than 80% of the predicted value) assessed by spirometry. (3)
Without aphasia or cognitive dysfunction. (4) Vital signs stable.
Exclusion criteria: (1) History of lung, chest and abdominal
disease. (2) History of smoking. (3) Combined with myasthenia
gravis or phrenic nerve palsy. (4) Combined with severe heart
disease, liver cirrhosis, renal failure, severe systemic illness and
history of malignant disease. (5) Metallic implants in the body.

Study design

The study is a prospective, randomized, case-control study.
The subjects were numbered in the order of inclusion and
divided into control and treatment groups by random number
tables. Patients voluntarily participated in the experiment and
signed informed consent. The study was approved by the ethics
committee of the Dushu Lake Hospital of Soochow University.
Collect basic information of patients, including age, gender,
stroke duration and affected side. Assess the patient’s ADL score.
The above work is collected and analyzed by the same person.

Treatment

Both groups received conventional rehabilitation and
treated by one therapist. Conventional rehabilitation training
includes respiratory training and limb function training. Each
time, for 40 min. Breathing training is to blow balloons and
blow bubbles. Limb function training, such as muscle strength
training, body position transfer, walking training, activities of
daily life training, etc. The control group received threshold
RMT (POWERbreathe R©, International Ltd., Warwickshire, UK)
twice a day, 10 min each time in the morning and afternoon,
with an interval of 3 h. The initial intensity was 30% of the
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FIGURE 1

(A,B) Respectively indicate the method of measuring the diaphragm thickness of calm end-expiratory and maximum end-inspiratory with the
linear array probe. The diaphragm was identified as a three-layered structure, namely the hyperechoic area on both sides (pleural layer and
peritoneum) and the middle mixed echo area (composed of anechoic diaphragmatic muscle tissue and hyperechoic fascia). DT is represented
by the vertical line between the pleural layer and peritoneum; (C,D) respectively, indicates diaphragm mobility during quiet and deep breathing
on the M-mode screen. DM is represented by the vertical axis between the line passing through the end of the normal expiration and inspiratory
peaks.

maximum inspiratory pressure (MIP) and increased by 5% every
week until the training intensity reached 60% MIP. Continue to
practice with 60% MIP for 2 weeks.

The treatment group used a magnetic stimulator (MagPro
R30, Medtronic A/S, Denmark) connected with a 75 mm figure-
of-eight water-cooled coil (MCF-B65) for stimulation. The

patient wore an International 10–20 system positioning cap.
The stimulation site was located 3 cm lateral to the midline
and 2–3 cm anterior to the auricular plane. The frequency of
5 Hz with the stimulus intensity was set at 30% above the
unaffected side diaphragmatic motor threshold applied (Urban
et al., 2002). Patients received 4,200 rTMS pulses per day for
10 min. The RMT was performed after 3 h. Five times a
week for 8 weeks. During the treatment the participants were
seated in their own wheelchairs. The rTMS, in general, has no
special side effects. However, if not used properly, it can cause

seizures or syncope, so the treatments were performed by two
senior physiotherapists, who observed the patient closely during
the treatment process to avoid accidents. One patient in the
control group failed to adhere to training due to a new cerebral
infarction. With no patient withdrew from the treatment group.

Clinical evaluations

A portable diagnostic ultrasound system (M-Turbo, ICTx,
SonoSite, America) connected with a 6–13 MHz linear array
transducer was used to assess DT, DTF and with a 3.0–5.5 MHz
transducer was used to assess DM in patients, bilateral chest wall.

Diaphragm thickness
The participants in a supine position with spontaneous

breathing. Take the linear array probe and place it on the
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TABLE 1 Anthropometric data, ADL, and pulmonary
function test results.

Control group Treatment
group

n = 30 n = 30

Age (yr) 59.13 ± 11.55 62.27 ± 13.17

Gender (female/male) 1.43 ± 0.50 1.40 ± 0.50

Duration 29.30 ± 24.00 32.10 ± 19.46

Hemiplegia 1.53 ± 0.51 1.40 ± 0.50

ADL 28.50 ± 9.21 27.83 ± 8.17

FVC (L) 2.05 ± 0.57 2.04 ± 0.44

FEV1 (L) 1.16 ± 0.34 1.21 ± 0.27

FEV1/FVC (%) 56.69 ± 3.00 59.52 ± 6.47

PEF (L) 2.69 ± 1.03 2.39 ± 0.70

MVV (L) 53.81 ± 12.60 54.94 ± 12.22

Values are presented as mean ± standard deviation. ADL, activities of daily living; FVC,
forced vital capacity; FEV1, forced expiratory volume in 1 s; FEV1/FVC, ratio of FEV1 to
FVC; PEF, peak expiratory flow; MVV, maximal voluntary ventilation.

right anterior axillary line. The probe is perpendicular to the
8th–9th intercostal space. If the diaphragm cannot be seen
at this position, the probe can be moved up to the 7th–8th
intercostal space. The diaphragm is a 3-layer structure under
diagnostic sonography. The three-layer structure includes the
hyperechoic area of the upper and lower layer (pleural layer
and peritoneal layer), and the hypochoechoic middle muscular
layer (composed of anechoic diaphragmatic muscle tissue and
hyperechoic fascia). Move the cursor to measure the calm
end-expiratory diaphragm thickness and the maximum end-
inspiratory diaphragm thickness. Values were measured for 3
breathing cycles and averaged (Figures 1A,B). The change in
diaphragm thickness from calm end-expiratory to maximum
end-inhalation can be calculated, that is, diaphragm thickening
rate = (maximum end-inspiratory diaphragm thickness-end-
expiratory thickness)/maximum end-expiratory thickness. The
measurement method is the same on the left and right sides.

Diaphragm mobility
The participants in a supine position with spontaneous

breathing. A 2D mode was used to find the best exploration

line for each hemidiaphragm. The right used liver as a
window, while the spleen was used on the left hemidiaphragm.
For right hemidiaphragm, the ultrasound probe was placed
at the lower costal margin between the midclavicular and
anterior axillary lines. Diaphragm movements were recorded in
M-mode and the sampling line should be perpendicular to the
diaphragm. Diaphragm movements were recorded during quiet
breathing (QB) and deep breathing (DB) (Figures 1C,D). The
measurement method is the same on the left and right sides.

Pulmonary function tests by standard spirometry. The
Participants take seats. The main indicators of observation
including FVC, FEV1, FEV1/FVC, PEF, and MVV using
an Master-Screen spirometer (Leibinzstrasse7, 97204
Hoechberg, Germany).

Statistical analysis

Used Spss20.0 for statistical analysis of all experimental
data, values are presented as mean ± standard deviation
(X ± SD). For the comparison of data before and after
treatment within the group, the paired sample t-test was
used for those that conformed to the normal distribution,
and the non-parametric Wilcoxon rank-sum test was
used for the data that did not conform to the normal
distribution. The data before and after treatment in the
two groups were compared, and the independent samples
t-test was used for those that conformed to the normal
distribution, and the non-parametric Wilcoxon rank-
sum test was used for those that did not conform to
the normal distribution. P < 0.05 representatives have
significant differences.

Results

General information

Sixty-two patients participated in the experiment, excluding
one patient with new cerebral infarction who did not
complete the experiment, and 61 patients completed the

TABLE 2 DT, DTF, and DM in patients, bilateral chest wall before treatment.

Control group Treatment group

Affected side Unaffected side Affected side Unaffected side

DT (cm) CEE 0.20 ± 0.12 0.23 ± 0.17 0.19 ± 0.13 0.23 ± 0.17

MEI 0.27 ± 0.20 0.34 ± 0.31 0.26 ± 0.19 0.35 ± 0.30

DM (cm) QB 1.27 ± 0.11 1.46 ± 0.13 1.25 ± 0.10 1.41 ± 0.13

DB 2.75 ± 0.40 5.08 ± 0.68 2.77 ± 0.41 4.96 ± 0.62

DTF (%) 34.19 ± 6.32 48.99 ± 6.39 34.29 ± 3.89 50.10 ± 7.12

Values are presented as mean ± standard deviation. DT, diaphragmatic thickness; DM, diaphragmatic mobility; DTF, diaphragmatic thickening fraction; CEE, calm end-expiratory; MEI,
maximum end-inspiratory; QB, quiet breathing.
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FIGURE 2

(A–C) Represents CEE, MEI, and DTF of the affected side and non-affected side before and after treatment in the control group and the
treatment group, respectively. (D) The DM of affected side and unaffected side during QB before and after treatment in control and treatment
group. (E) The DM of affected side and unaffected side during DB before and after treatment in control and treatment group. (*P < 0.05), ns (P >
0.05).

experiment. Finally, 60 patients aged 26–80, with an average
age of 60.7 years, a duration of 4–90 days and an average
duration of 30.7 days were eligible for the study. Before
treatment, there was no difference in gender (female/male),
age, duration, affected side, ADL score, FVC, FEV1, FEV1
\/FVC, PEF, and MVV between the two groups (P > 0.05) (see
Table 1).

The results of musculoskeletal
ultrasonography measurement

Before treatments, the DT, DTF, and DM were not
significantly different between the two groups (Table 2,
P > 0.05).

After 8 weeks of treatment, the values of DT, DTF, and DM
in the affected and unaffected sides in the two groups were
significantly improved compared with those before treatment.
After treatment, the improvement of DT, DTF, and DM
in the affected side and unaffected side in the treatment
group was significantly better than that in the control group
(Figures 2A–E).

The results of lung function
assessment

We used pulmonary function tester to assess the FVC,
FEV1, FEV1/FVC, PEF, and MVV before and after the
treatments, respectively. There was no significant difference
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FIGURE 3

(A–F) Shows FVC, FEV1, FEV1/FVC, PEF, MVV, and ADL before and after treatment in the control group and the treatment group, respectively. (*P
< 0.05), ns (P > 0.05).

in the lung function index between the two groups before
treatment (P > 0.05). Lung function was improved in
both groups after treatment. After 8-week treatment,

compared with the control group, the pulmonary function
test indicators increased more significantly in the treatment
group (Figures 3A–E).
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The results of activities of daily living
assessments

There was no significant difference in ADL score between
the two groups before treatment. After 8 weeks of treatment,
the ADL score in the two groups were higher than that before
treatment and the effect of the treatment group were better than
that of the control group (Figure 3F). Consistent with recent
studies (Britto et al., 2011; Ramos et al., 2020).

Discussion

In our study, both the affected and unaffected sides of DT,
DTF, and DM were significantly increased after treatment, and
the lung function detection indexes FVC, FEV1, FEV1/FVC,
PEF, and MVV all improved significantly. These results indicate
that a short time of rTMS combined with RMT training
(8 weeks) can improve the lung function in hemiplegic patients
with acute ischemic stroke. Cohen found that diaphragm
deviation was significantly positively associated with inspiratory
volume in hemiplegic patients (Cohen et al., 1994). In our study,
the changes in multiple indicators, including DT, DTF, and DM,
were consistent with the lung function in hemiplegic patients.

Volitional breathing is controlled by the brain center and
located on both sides of the primary motor cortex (Gandevia
and Rothwell, 1987). Studies have shown that each hemi-
diaphragm is mainly controlled by a unilateral contralateral
center. The rTMS also showed that the diaphragmatic response
to the stimulation of a single cerebral hemisphere was mainly
contralateral, while the ipsilateral response was lower (Maskill
et al., 1991). Therefore, in order to better improve the lung
function, we stimulated both hemispheres of the brain.

Pulmonary rehabilitation is a central part of the treatment
of patients with chronic respiratory diseases (Nici et al.,
2012). Stroke patients are often accompanied by respiratory
dysfunction, which increases the probability of respiratory tract
infection, extends the hospital stay, and brings serious pain
to the patients. Therefore, it is vital to promote pulmonary
function rehabilitation in stroke. The diaphragm has atrophy
after stroke, and it is significantly thinner on the affected side
than on the non-affected side at end expiration and TLC (total
vital capacity) (Kim et al., 2017; Fabero-Garrido et al., 2022).
Which resonates with our findings. Jung et al. (2014) Suggest
that diaphragmatic movement is associated with the lung
function in stroke patients. Therefore, our aim is to promote
the activity of diaphragm, enhance thickness and mobility of
diaphragm, promote the recovery of respiratory function, and
further promote the functional recovery of stroke patients by
using a simple and effective rehabilitation program.

RMT mainly improves the lung function by strengthening
peripheral respiratory muscle strength. Transcranial magnetic
stimulation can act on the central nervous system and has been

widely used. In our paper, we adopted the central plus peripheral
mode of respiratory function training to treat stroke patients.
The results showed that RMT combined with rTMS could obtain
better therapeutic effect.

Ultrasonography can dynamically observe the respiratory
muscle function in real time. Ultrasonic probes with different
shapes and resolutions can be used to observe the shape and
contraction of diaphragm and auxiliary respiratory muscles
during calm and deep breathing, including the position, shape,
motion amplitude, motion time, acceleration of diaphragm
and the thickness changes before and after contraction of
diaphragm. Therefore, Ultrasonography was used for evaluation
and measurement in this study.

Study has shown that the critical time to begin recovery after
stroke is in the first 30 days after stroke (Krakauer et al., 2012),
with the majority of patients reached or near to their maximum
recovery by 3 months after stroke (Verstraeten et al., 2020).
Therefore, we limited the included patients to a stroke course
of less than 3 months.

This study also has some limitations. On the one hand, the
sample size is not large enough and the research cycle is not
long enough. On the other hand, whether rTMS is effective for
PD in patients with chronic hemiplegia has not been verified.
In the future, we can further study the therapeutic effect of
rTMS on patients with chronic hemiplegia. However, this study
confirms the therapeutic role of rTMS, which can be used for the
rehabilitation of lung function.

Conclusion

The rTMS combined with RMT can effectively improve
the lung function in early hemiplegia patients, which is more
effective than RMT alone. Improvement of lung function may
be attributed to increased local blood flow during stimulation.
Meanwhile, the changes both before and after treatment in DT,
DTF, and DM measured by musculoskeletal ultrasonography
(MSUS) are consistent with the lung function and can be used
as objective indicators in response to lung function. At the same
time, the changes of ultrasound index, such as DT, DTF, and
DM, as well as lung function index FVC, FEV1, FEV1/FVC, and
PEF were consistent with the improvement of patients, activity
of daily living. Therefore, we believe that the improvement of
pulmonary function can further improve the activity of daily
living of stroke patients.
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Osteoarthritis (OA) is a degenerative joint disease, the prevalence of OA is

increasing, and the elderly are the most common in patients with OA. OA

has a severe impact on the daily life of patients, this increases the demand

for treatment of OA. In recent years, the application of non-invasive brain

stimulation (NIBS) has attracted extensive attention. It has been confirmed that

NIBS plays an important role in regulating cortical excitability and oscillatory

rhythm in specific brain regions. In this review, we summarized the therapeutic

effects and mechanisms of different NIBS techniques in OA, clarified the

potential of NIBS as a treatment choice for OA, and provided prospects for

further research in the future.

KEYWORDS

osteoarthritis, NIBS, rTMS, single-pulse TMS, tDCS, tRNS, tACS, tFUS

Introduction

As a general degenerative disease and the most common form of arthritis,
osteoarthritis (OA) is pathologically characterized by cartilage degeneration,
subchondral bone sclerosis, and osteophyte formation (Pereira et al., 2015). Cartilage
degeneration is also a hallmark of OA (Egloff et al., 2012). The major clinical symptoms
of OA are joint pain and activity disorders. The new subchondral bone tissue that
results from subchondral bone sclerosis and osteophyte formation contains new blood
vessels and nerve fibers, which may be related to OA pathogenesis and pain perception
(Walsh et al., 2010). These in turn cause the patient’s dysfunction, poor sleep, and
low mood; these conditions seriously affect the quality of life (QOL) of patients. In
accordance with statistics, the prevalence rate of OA in people over 60 years old can
reach 50%, it in people over 75 years old is as high as 80%, the prevalence in women
is higher than that in men, and the disability rate of the disease can reach 53% (Zhang
et al., 2020). Patients with OA worldwide are expected to exhibit an increasing trend
in the next few decades (Mantovani et al., 2016) partly due to increasing risk factors
for OA, such as genetics, obesity, lack of exercise, or exercise injury (Hawker, 2019;
Kakouris et al., 2021). The disease not only exerts a huge influence on the QOL of
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patients but also considerably increases the economic burden
of society. At present, however, the complex pathological
mechanism of OA is not yet fully known; it mostly involves
increased inflammatory components, mechanical overload,
altered metabolic changes, and cellular aging (Jeon et al., 2017).
In contrast with other inflammatory joint diseases, varying
responses to different parts of OA further complicate treatment,
and thus, treatment for OA remains a challenge (Hermann et al.,
2018).

OA is currently mainly treated with drugs (Guo et al.,
2022), mainly non-steroidal anti-infective drugs, which have
anti-inflammatory and analgesic effects, but these drugs have
many adverse reactions, and long-term use can lead to different
degrees of cardiovascular complications (da Costa et al., 2017).
Intra-articular injections such as glucocorticoids can reduce
joint adhesion and promote cartilage repair, but they only
have short-term effects, and long-term injections may cause
infection (Kavanaugh et al., 2016). Cartilage protective drugs
such as glucosamine can reduce joint edema, maintain synovial
fluid viscosity, and inhibit inflammation, but long-term use
has serious adverse reactions to gastrointestinal function and is
expensive (Arden et al., 2021). Joint-targeted drug therapy only
works in the diseased part and has no effect on other normal
parts, which is conducive to cartilage repair and pain relief
(Zhang et al., 2022). However, the current targeted therapy is
still in the clinical trial stage, and the potential adverse reactions
are not yet clear. Therefore, it is considered to explore a non-
drug-safe treatment method for OA.

OA is also mostly treated with physical therapy, mainly
exercise therapy, hydrotherapy, and extracorporeal shock wave
therapy (Griffin et al., 2020). Anti-blocking exercise combined
with hydrotherapy is prone to adverse events such as worsening
pain (Waller et al., 2017) and other symptoms in patients with
moderate to severe OA, and hydrotherapy has had only a small
short-term clinical effect in patients with OA (Bartels et al.,
2016) and does not appear to have a significant effect on the
patient’s drug dose or quality of life (Forestier et al., 2016).
Extracorporeal shock wave therapy (ESWT) is important for
the protection of articular cartilage in patients with early OA,
but it can only slow down the course of OA. Moreover, the
experimental subjects are mostly mice, and the doses for humans
have not been standardized (Chou et al., 2019). Whole-body
vibration therapy also does not improve joint stiffness in patients
with OA (Qiu et al., 2022).

Bioelectronic medicine uses the body’s electrical signals
to improve the diagnosis and treatment of disease. As an
emerging bioelectronic medical technology, Non-invasive brain
stimulation (NIBS) has been widely used in clinical treatment,
particularly for pain (Xiong et al., 2022), neuronal function
regulation, brain function cognition, behavior, and other aspects
of the evident treatment effect (Miniussi and Ruzzoli, 2013).
NIBS not only brings hope for treating diseases that cannot
be solved by common drugs and medical means, but also

provides drug alternatives with rapid and precise targeting. This
paper describes the therapeutic effects and possible mechanisms
of six commonly used NIBS methods in OA, namely single
pulse transcranial magnetic stimulation (TMS), repetitive
transcranial magnetic stimulation (rTMS), transcranial direct
current stimulation (tDCS), transcranial alternating current
stimulation (tACS), transcranial random noise stimulation
(tRNS), transcranial focused ultrasound stimulation (tFUS), to
provide directions for future research.

Methods

A comprehensive literature search was
conducted in PubMed and Web of Science
databases using [Osteoarthritis(Title/Abstract)] OR
[OA(Title/Abstract)], [Osteoarthritides(Title/Abstract)]
OR [Osteoarthrosis(Title/Abstract)] OR
[Osteoarthroses(Title/Abstract)] OR [Arthritis,
Degenerative(Title/Abstract)] OR [Arthritides,
Degenerative(Title/Abstract)] OR [Degenerative
Arthritides(Title/Abstract)] OR [Degenerative
Arthritis(Title/Abstract)] OR [Arthrosis(Title/Abstract)]
OR [Arthroses(Title/Abstract)] OR [Osteoarthrosis
Deformans(Title/Abstract)], [Non-invasive brain
stimulation(Title/Abstract)] OR [NIBS(Title/Abstract)],
rTMS[Title/Abstract] and Osteoarthritis, Single-pulse
TMS[Title/Abstract] and Osteoarthritis, tDCS[Title/Abstract]
and Osteoarthritis, tFUS[Title/Abstract] and Osteoarthritis,
tACS[Title/Abstract] and Osteoarthritis, tRNS[Title/Abstract]
and Osteoarthritis. From the date initially provided until
November 2021, it is not limited to randomized controlled trials
(RCT). Firstly, irrelevant articles were excluded according to
the article titles or abstracts, and after reading and summarizing
the remaining articles, the articles with high relevance, in-depth
research, or lack of research were selected for inclusion.

Non-invasive brain stimulation

NIBS has become an effective and multi-field treatment
technology in recent years. It is used to study the behavioral
correlation of specific brain regions; neuronal regulatory
function and its related perceptual, cognitive, and behavioral
characteristics play a huge role (Plewnia et al., 2015),
significantly deepening researchers’ understanding of NIBS.
However, NIBS is more dependent on brain state and task
content, and some variability can be observed even among or
within individuals. And the long-term effects of NIBS have not
been explored (Polanía et al., 2018). Recent research trends on
NIBS are presented in Figures 1A,B.

Clinically, common NIBS technologies include TMS (Ansari
et al., 2021) and transcranial electrical stimulation (tES)
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FIGURE 1

(A) Publications accumulated by year. (B) From 1990 to 2020, publications were classified annually in accordance with different non-invasive
brain stimuli in categories that included repetitive transcranial magnetic stimulation (rTMS, orange), single-pulse transcranial magnetic
stimulation (single-pulse TMS, blue), transcranial direct current stimulation (tDCS, gray), transcranial alternating current stimulation (tACS,
yellow), transcranial random noise stimulation (tRNS, light blue), and transcranial focused ultrasound stimulation (tFUS, green).
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(Abhishek and Doherty, 2013; Terranova et al., 2018). Among
TMS techniques, single-pulse and rTMS are more commonly
used. Meanwhile, tES can be divided into tACS and tDCS. In
addition, tFUS (Badran et al., 2020) and tRNS (Battaglini et al.,
2020) are also commonly used methods of NIBS (O’Connell
et al., 2018).

TMS is a late-model neurophysiological technique based
on the theory of the principle of electromagnetic induction
(Barker et al., 1985; Hallett, 2007). Its principle is to use the
rapidly changing magnetic field that emerges when a high-
voltage current passes through a coil, acting on a certain region
of the cerebral cortex, or the corresponding skull surface; hence,
the magnetic field produces an induction current, which, in turn,
changes the neural cell excitability in that region (Klomjai et al.,
2015). Such changes can be recorded on effectors through the
neural pathway. TMS is divided into three categories: single
pulse TMS, double pulse TMS, and rTMS (Auvichayapat and
Auvichayapat, 2009; Ansari et al., 2021). There is also an
emerging TMS model called Theta Burst Stimulation (TBS).
rTMS is a new neuroelectrophysiological technology. rTMS
not only affects the local function of the cerebral cortex, but
relatively distant cortical function can also achieve cortical
function reconstruction. High-frequency TMS can enhance
the metabolism of nerve cells, while low-frequency TMS can
inhibit nerve cell metabolism (Du et al., 2019). Thus rTMS can
produce lasting changes in cortical excitability (Pell et al., 2011)
and has become a new treatment for neurological disorders.
However, rTMS remains in the preliminary exploration stage.
Its treatment effect and optimal treatment parameters have
not been scientifically confirmed, and its treatment mechanism
also requires further research and discussion (D’Agati et al.,
2010). Single-pulse TMS emits only one stimulation pulse
at a time; such pulse can depolarize neurons and cause a
measurable response (Mathew and Danion, 2018), primarily for
the detection of neural pathways, i.e., motion-evoked potential
or measurement of a motor threshold. Single-pulse magnetic
stimulation can also be used to detect central conduction time,
and resting time, accurately map the motor cortex, and measure
the motor evoked potential amplitude related to motor cortical
conduction (Zorn et al., 2012). However, the aforementioned
studies, have no targeted disease or standardized parameters.
Dual-pulse magnetic stimulation refers to the emission of
two consecutive pulses or one pulse pair after each issued
instruction; it can be used in the research on cortical excitability
(de Goede et al., 2020). TBS is similar to the frequency of theta
waves in the hippocampus of the brain and is a special type of
rTMS. It uses short pulses in clumps, with an intra-frequency of
50 Hz and an inter-frequency of 5 Hz (Ferrarelli and Phillips,
2021), which has the advantages of short stimulation time, long
duration of therapeutic effect, and closer to the physiological
state of neurophysiological activity. Different TBS models have
different effects on neuronal excitability. Intermittent TBS
(iTBS) acts by continuous stimulation for 2 s with 8 s intervals,

which can increase neuronal excitability. On the other hand,
continuous TBS (cTBS) provides continuous stimulation at a
frequency of 5 Hz, which reduces neuronal excitability (Bai et al.,
2022). This article mainly describes two ways of treating OA,
rTMS and Single-pulse TMS.

tDCS (Ahn et al., 2019a) is a pair of electrodes that use
constant, low-intensity current (1–2 mA) on specific brain
regions to regulate cortical neural activity (Cucca et al., 2019).
It is widely used in the clinical treatment of Parkinsonism and
other neurological diseases; it can also be used to improve
motor, language, cognitive, and swallowing functions (Santos
Ferreira et al., 2019). However, the exact mechanism of tDCS
is not yet completely clear. Its clinical application remains
in the incremental research phase, and a single mechanism
cannot explain the multiple effects of tDCS; moreover, no
unified scheme is available for the choice of stimulation
intensity, time, and location of tDCS (Palm et al., 2016a).
Currently, for tDCS, the widely recognized mechanism of
action is the effect on membrane potential and ion channels,
synaptic plasticity, cortical excitability (Nitsche and Paulus,
2000), bilateral hemispheric excitability, and regulation of local
cortical and brain network connections (Lapenta et al., 2018).

tACS (Antal et al., 2008) is a special mode of NIBS that
transmits sinusoidal alternating current electricity to the scalp,
mostly affecting the excitability of cortical neurons (Bland and
Sale, 2019). The currently recognized action mechanism of
tACS is to regulate brain function by guiding brain oscillations
(Antal et al., 2008) and inducing synaptic plasticity over a
long period to regulate cognitive processes (Elyamany et al.,
2021); it can also link cellular neuronal activity to brain network
mechanisms to recover disturbed brain oscillations and perfect
behavioral outcomes (Del Felice et al., 2019). tACS can be
used as a practical means to judge the diagnosis, classification,
and prognosis of mental diseases. tACS is relatively safe and
non-invasive (Matsumoto and Ugawa, 2017); hence, it exhibits
considerable potential in basic research and as a tool for clinical
care. However, information on how tACS ultimately affects
neural activity (Vieira et al., 2020) is minimal, and the two
practical factors of tACS and electric field are difficult to focus
on accurately, which is a common problem in tACS; thus, this
technique should be further optimized and studied (Wu et al.,
2021).

tRNS is a type of TMS, which exhibits the potential to
induce improvements with a lasting perception when combined
with assignments such as a contrast detection test (Terney
et al., 2008). Nevertheless, the mechanism of these long-
range improvements is not yet fully determined. tRNS can
strengthen contrast sensitivity after one training cycle; however,
this early onset also depends on the characteristics of the
stimulus (Battaglini et al., 2020). tRNS can sense the effect
of duration (Mioni et al., 2018). Interference with persistent
neuronal oscillations can ultimately generate neuroplasticity
effects if suitable parameters are applied (Paulus, 2011).
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tFUS has a higher spatial resolution and can reach deeper
organizations compared with other NIBS methods (di Biase
et al., 2019). tFUS acting on the brain can modulate human
cortical function (Legon et al., 2014). For example, two 10-
min tFUS in the front of the thalamus will induce analgesic
effects in healthy individuals (Badran et al., 2020). tFUS can
also be used to regulate emotion regulatory networks in the
prefrontal cortex (Goh et al., 2020; Sanguinetti et al., 2020). Low-
intensity tFUS enhances the neuromodulatory effect of human
autonomous motor-related cortical activity (Yu et al., 2021).
Through an in-depth study, tFUS was found to be safe, and
adverse reactions rarely occur. However, under high stimulation
intensity or rate, tFUS may lead to bleeding, cell death or injury,
and accidental opening of the blood–brain barrier. Thus, the
study of tFUS is necessary to set up a good and secure framework
for the application and promotion of clinical treatment of tFUS
(Pasquinelli et al., 2019).

The six methods of NIBS are commonly used in clinical
treatment, and they exhibit unique characteristics, including
their respective sites of action, as indicated in Figure 2.

Therapeutic effects of
non-invasive brain stimulation on
osteoarthritis

Relieve pain

Pain is a common symptom in patients with OA (Perrot,
2015), and with an increase in incidence in OA and the risk
factors that affect OA, pain places heavy burdens on the daily

life of patients with OA and society. The treatment of pain
of patients with OA is particularly important. NIBS has been
shown to exhibit a therapeutic function on the pain brought
by OA in many studies. For example, Jean-Paul Nguyen et al.
(2019) performed a monthly rTMS treatment of 10 Hz in the
right motor cortex of an elderly female patient suffering from
left knee OA. One week after the third treatment, the pain was
significantly reduced, and after 1 year of follow-up, the effect
of pain reduction continued. Ahn et al. (2017) performed a
tDCS intervention of 2 mA per day in middle-aged and elderly
patients with knee OA, placing the anode on the primary motor
cortex (M1) and the cathode on the contralateral supraorbital
(SO). After five interventions, the patient’s NRS scores decreased
significantly and the Short-Form McGill Pain Questionnaire
(SF-MPQ-2) scores also improved. The therapeutic effect of pain
relief was found to be maintained after the 3-week follow-up.
Ahn et al. (2018) also evaluated the pain sensitivity of 400 elderly
patients with knee OA and conducted five tDCS interventions.
Their results showed that the experimental pain sensitivity of
the patients was reduced, and tDCS exerted a beneficial effect
on the improvement of clinical pain. tFUS is frequently used in
chronic neuropathic pain. However, targeted studies on the pain
of OA are few. Research on tACS, Trns, and single-pulse TMS
with regard to the pain of OA remains in its infancy and requires
further exploration.

Alleviate symptoms of depression

Depression and other bad moods are closely related to OA.
The occurrence of OA may aggravate depressive symptoms

FIGURE 2

Six major non-invasive brain stimuli and their site of action. rTMS generally functions in the dorsolateral PFC (DLPFC) (Lefaucheur et al., 2020).
Single-pulse TMS uses frequent sites of action, such as the primary motor cortex (M1) (Savoie et al., 2020). tDCS and tACS cathode and anode
positions: contralateral orbit (SO), primary sensory cortex (S1) (Marlow et al., 2013; May et al., 2021). tRNS: cerebral cortex. tFUS: thalamus (Th)
(Palm et al., 2016b; Badran et al., 2020).
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(Zheng et al., 2021), and the long-term accumulation of these
symptoms may aggravate the pain grade and joint dysfunction
of patients with OA (Rathbun et al., 2018, 2020). NIBS has
been widely used in research related to depressive symptoms.
Depression assessment, such as the Hamilton Depression Rating
Scale, was used as a secondary evaluation index in the research
of Nguyen et al. (2019) on the program of rTMS intervention
in the treatment of OA. Patients with 20 years of OA showed
a significant increase in their HAD scores after ten rTMS
interventions. This suggests that rTMS is effective in treating
depression in patients with OA. Ahn et al. (2019b) evaluated
the efficacy of remotely supervised tDCS for the treatment
of OA patients, elderly KOA patients did not experience
significant improvement in anxiety and depression scores after
10 consecutive tDCS interventions. This may be the result of
various factors, such as autonomously improper use of tDCS.
Luz-Santos et al. (2017) and Tavares et al. (2018) also studied
tDCS for depression in OA patients, although the results were
not available. This requires further research by researchers.
The other basic NIBS methods have minimal research on the
depressive symptoms of OA, and more studies are still required
to confirm their result.

Improve joint motor function

The articular cartilage, as an important basic structure of
joints, is the major structure affected by OA, which can cause
joint deformities, joint swelling, and a decrease in the range
of motion (Abhishek and Doherty, 2013), resulting in limited
motor function in patients with OA. In severe cases, joint
replacement surgery should be considered. Drug therapy is
mostly used in the early treatment of OA, but the efficacy of
drug therapy is limited (Cao et al., 2022). The safety and non-
invasive characteristics of NIBS make it indispensable in the
auxiliary treatment of OA. In a randomized controlled trial
of tDCS combined with conventional physical therapy on the
functional ability of patients with OA, Fatemeh Rahimi et al.
(2021) used the anode of tDCS to intervene in the left primary
motor cortex (Ahn et al., 2017), primary sensory cortex (Ahn
et al., 2018), and dorsolateral PFC. The subjects were evaluated
functionally with the Keen Injury and OA Outcome Score rating
scale, the range of motion of the knee joint, 30-s chair standing,
and 4 × 10-m walking training before and after treatment. The
results show that various functional indicators were significantly
improved after tDCS intervention. The strength of the muscles
around the joints is also an important factor affecting joint
function. Quadriceps weakness is a typical symptom of KOA.
Kittelson et al. (2014) performed TMS stimulation on subjects
with this symptom. After stimulation, quadriceps torque was
reduced, resting motion threshold was also decreased, and the
Western Ontario and McMaster Universities OA Index (Luz-
Santos et al., 2017) scores increased. All these findings suggested

the improvement of the motor function of subjects. The effects
of tACS, tRNS and other methods on joint motor function have
not yet been confirmed.

Quality of life

As a common degenerative disease of the elderly, OA is
becoming increasingly in many young individuals at present,
and it is one of the major factors that affect the daily activities
and QOL of patients (Sabashi et al., 2021). Studies have shown
that (Paget et al., 2021) the QOL of young people is more affected
by OA than that of older patients in ankle OA. In the research
protocol of Tavares et al. (2018) on elderly KOA patients with
defective endogenous pain-inhibitory systems, health-related
QOL (HRQOL) was included in the evaluation indicators of OA
subjects after tDCS intervention. In the subsequent trial (Tavares
et al., 2021), 2 mA tDCS intervention at the stimulation site of
M1 and SO for 20 min at 15 times in 3 weeks did not significantly
improve the HRQOL and WOMAC scores, and did not exert
an evident effect on the QOL of patients with OA. However,
in patients with OA after total knee replacement surgery, the
SF-36 score was significantly improved, and the QOL of the
patients was also improved after 6 weeks of treatment with
electroacupuncture and exercise therapy combined with tDCS
(Li et al., 2021). The curative effect of NIBS in the QOL of OA
patients remains uncertain, and other factors should be excluded
for further research. The detailed process and results of other
research are provided in Table 1.

Mechanisms of non-invasive brain
stimulation for osteoarthritis

Controlling central sensitization

OA has a complicated physiological mechanism. Studies
have shown that (Fingleton et al., 2015; Perrot, 2015; Vincent,
2020) nerve mediators such as the nerve growth factor (NGF)
and central sensitization are closely related to the severity of OA
pain. An excitatory–inhibitory mechanism has been proven in
the corticospinal system that is related to the degree of pain
and the disorder of pain downward control (Passard et al.,
2007). rTMS can inhibit the corticospinal system’s excitability
by stimulating it, modifying the central pain regulation system
(Tarragó et al., 2016), and activating a large number of structures
involved in pain processing bilaterally, leading to the long-term
relief of chronic extensive pain. The high-frequency rTMS of
the motor cortex can also restore the endoscopic suppression
control associated with pain relief, and further reduce the
pain of OA. tDCS interrupts mechanical pain processing,
regulates high-order neuronal circuits that are altered by central
sensitization, and weakens the mechanical stimulation response
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TABLE 1 Characteristics of the research literature of the six NIBS methods for the treatment of OA.

Authors/
Publication
time

Journal N Stimulation Evaluation
indicators

Experimental
results

Treatment
methods

Duration Intensity Rate

rTMS

Ansari et al.
(2021) 2021-4

ACS Chem
Neurosci

_____________ rTMS can improve
muscle fibrous pain.

Nguyen et al.
(2019) 2019-4

Front Neurosci 1 (71 years old, female,
KOA)

rTMS 10 months 10 Hz Once a
month

HAD, LISO,
NRS

rTMS is particularly
appealing to treat

pain associated with
KOA

Single-pulse TMS

_____________

tDCS

Sajadi et al.
(2020)
2020-10

Neurophysiol
Clin

40 (Adult, KOA) Knee
strengthening

exercises + tDCS,
knee

strengthening
exercises + TENS

2 weeks 1–2 mA Six times VAS?WOMAC Effects of tDCS and
TENS were not

significantly different
on the pain and

function of patients
with KOA

Fillingim et al.
(2020)
2020-11

Contemp Clin
Trials

60 (NHBs and NHWs
with KOA)

Four groups of
BAT (real vs.

sham) + tDCS
(real vs. sham)

1 week 1–2 mA Five times a
week

QST, WOMAC,
SPPB

–

Pollonini et al.
(2020b) 2020-11

J Neuroimaging 19 (The elderly with
KOA)

MBM + tDCS,
sham

MBM + tDCS

2 weeks 2 mA Five times a
week

fNIRS, NRS,
WOMAC

Combining tDCS
and MBM reduced

experimentally
induced pain and

pain perception on
KOA.

Ahn et al. (2017)
2017-9

Brain Stimul 40 (50–70-year-old,
KOA)

tDCS, sham
tDCS

5 days 2 mA Once a day NRS, WOMAC,
SF-MPQ-2, 6
MWT, SPPB

tDCS was efficacious
in reducing of
clinical pain

perception in
patients with KOA.

Ahn et al.
(2019a)
2019-8

J Clin Neurosci 20 (50–85-year-old,
KOA)

tDCS 10 Days 2 mA Once a day PROMIS, VAS,
WOMAC,
SF-MPQ

tDCS was feasible
and beneficial in

alleviating pain in
older adults with

KOA

Pollonini et al.
(2020a)
2020-4

Neurophotonics 10 (9 females, 1 male,
62.4 ± 6.9 years,

OA-related pain suffering
37.7 ± 31.5months,

affected by right KOA
from the greater

Houston community)

tDCS 2 weeks 2 mA Five times a
week

VAS, WOMAC,
fNIRS

tDCS can increase
cortical excitability

and alleviate pain in
patients with KOA.

Teixeira et al.
(2020) 2020-4

Princ Pract Clin
Res

Adult, KOA > 3 months tDCS + PTM,
PTM alone,

PTM + sham
tDCS

_____________ VAS Potential analgesic
effect of tDCS in

combination with
PTM for

fibromyalgia and
KOA.

Ahn et al. (2018)
2018-9

J Pain Res 40 (50–70 years with
KOA pain)

tDCS, sham
tDCS

5 days 2 mA Once a day NRS, WOMAC,
QST

tDCS can reduce
experimental pain

sensitivity and
facilitate pain

inhibition in older
patients with KOA.

Ahn et al.
(2019b) 2019-12

J Clin Neurosci 30 (50–85 years old with
symptomatic KOA)

MBM + tDCS,
sham

MBM + sham
tDCS

10 days 2 mA Once a day NRS, WOMAC,
QST

Promising clinical
efficacy of

home-based tDCS
paired with MBM

for older adults with
KOA

(Continued)
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TABLE 1 (Continued)

Authors/
Publication
time

Journal N Stimulation Evaluation
indicators

Experimental
results

Treatment
methods

Duration Intensity Rate

Rahimi et al.
(2021) 2021-9

Neurophysiol
Clin

80 (KOA) PT + tDCS in M1,
PT + tDCS in S1,

PT + tDCS in
DLPFC, sham

PT + sham tDCS

1 month 2 mA Once every
3 days

VAS, KOOS tDCS can be a
beneficial additional
treatment for pain

relief, disability
reduction, and

functional
improvement in

patients with KOA.

Luz-Santos et al.
(2017) 2017-12

Trials 80 (KOA) Active anodal
tDCS + sham PES,

sham tDCS + active
PES, sham

tDCS + PES, active
tDCS + PES

5 days 2 mA Once a day SF-36, VAS,
WOMAC, HAD

–

da
Graca-Tarragó
et al. (2019)
2019-1

J Pain Res 60 (women with KOA,
aged 50–75 years old)

a-tDCS/a-EIMS,
s-tDCS/s-EIMS,
a-tDCS/s-EIMS,
s-tDCS/a-EIMS

5 days 2 mA Once a day VAS, WOMAC,
PPT

tDCS combing with
EIMS can improve
pain measures and

descending pain
inhibitory controls

in KOA.

Suchting et al.
(2020a) 2020-1

Biol Res Nurs 40 (50–70 years with
KOA)

Sham tDCS, tDCS 5 days 2 mA Once a day IL-1β, IL-6,
IL-10 TNF-α,
CPR, cortisol,
β-endorphin

Active Tdcs can
reduce inflammation

in patients with
KOA.

Chang et al.
(2015) 2015-8

BMJ Open 20 (age over 50 years,
morning stiffness lasting

less than 30 min, a
minimum pain score of
40 on a 100 VAS, KOA)

Active
tDCS + exercise,

sham
tDCS + exercise

8 Weeks 2 mA Two times a
week

VAS, WOMAC –

Laste et al.
(2012) 2012-8

Exp Brain Res 18 (rats) Sham tDCS, tDCS 8 days 500 µA Once a day Von Frey test tDCS induced
significant,

long-lasting,
neuroplastic effects

of OA

Suchting et al.
(2020b) 2020-11

Pain Med 60 (aged 50–85 years,
with self-reported

unilateral or bilateral
KOA pain)

tDCS 2 weeks 2 mA Five times a
week

VAS, WOMAC,
QST

tDCS improved pain
in older adults with

KOA

Li et al. (2021)
2021-6

Med Sci Monit 80 (KOA who underwent
TKA)

tDCS +
electroacupuncture

6 weeks 1.5 mA Five times a
week

SF-36, VAS,
FOOS, HSS

tDCS plus
electroacupuncture
effectively reduces

pain following TKA

Chang et al.
(2017) 2017-6

PLoS One 57 (age over 50 years,
morning stiffness lasting

less than 30 min, a
minimum pain score of
40 on a 100 VAS, KOA)

Sham
tDCS + exercise,

active
tDCS + exercise

8 weeks 1 mA Two times a
week

VAS, WOMAC AT + EX may
improve pain,

function and pain
mechanisms in KOA

Tavares et al.
(2021) 2018-10

JMIR Res Protoc 94 (KOA, pain in the
knee for a minimum of

6 months)

tDCS, sham tDCS 3 weeks 2 mA Five times a
week

NRS, BPI, PPT –

Tavares et al.
(2018) 2021-5

Brain Stimul 104 (age over 60 years
with KOA pain and a
dysfunctional DPIS)

tDCS, sham tDCS 15 days 2 mA Once a day BPI, the 12-item
short form

health survey
questionnaire,
MMSE, 0–100

VAS

–

tACS

_____________

tRNS

_____________

tFUS

(Continued)
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TABLE 1 (Continued)

Authors/
Publication
time

Journal N Stimulation Evaluation
indicators

Experimental
results

Treatment
methods

Duration Intensity Rate

di Biase et al.
(2021) 2021-6

Neurol Res Int _____________ VAS tFUS has huge
research potential in

the field of pain
management.

NRS, numeric rating scale; BPI, the Brief Pain Inventory; MMSE, the Mini-Mental State Examination; VAS, 0–100 visual analog scale; WOMAC, the Western Ontario and McMaster
Universities Osteoarthritis Index; PPT, pressure pain threshold; QST, quantitative sensory testing; TKA, total knee arthroplasty; KOOS, Knee Injury and Osteoarthritis Outcome
Score; SF-36, The Short Form-36 Health Survey; HSS, the Hospital for Special Surgery; TNF-α, tumor necrosis factor-α; IL, interleukin; CRP, C-reactive protein; MBM, mindfulness-
based meditation; HAD, the hospital anxiety and depression scale; LISO, The lequesne index of severity for osteoarthritis; BAT, Breathing and Attention Training; SPPB, Short
Physical Performance Battery; fNIRS, functional near-infrared spectroscopy; SF-MPQ-2, Short-Form McGill Pain Questionnaire; PROMIS, the Patient-Reported Outcomes Measurement
Information System; PTM, physical therapy modality; EIMS, intramuscular electrical stimulation.

FIGURE 3

Picture showing the likely mechanism of action of different forms of NIBS in the treatment of osteoarthritis.

of spinal dorsal horn neurons (Meeker et al., 2019), controlling
central sensitization and alleviating pain. Single-pulse TMS can
also act on the motor cortex of the brain to increase the overall
excitability of the corticospinal cord and the inner periphery of
the patient (Woods et al., 2016), reducing quadriceps torque and
improving motor function.

Reducing inflammatory factors

Inflammation has been proven to play an important role
in OA (Sokolove and Lepus, 2013). Compared with healthy
people, OA patients have higher levels of inflammatory
factors, such as the tumor necrosis factor-α (Hong et al.,
2020), interleukin-1β (Cao et al., 2022), and IL-6 (Wang
and He, 2018). The increase of these inflammatory factors
may damage the articular cartilage, synovium, and other

structures (Mathiessen and Conaghan, 2017); it can also cause
the release of adipokines such as leptin, which indirectly
causes OA. rTMS can act on microglia, induce the capability
of synaptic plasticity, promote the secretion of the anti-
inflammatory factor IL-10, and inhibit the production of
pro-inflammatory factors, reducing inflammatory response
(Lenz et al., 2021). Under the stimulation of cathodic tDCS,
endogenous neural stem cells (NSCs) exhibit a tendency to
increase (Ryu et al., 2009), inducing a strong regenerative
response and reducing the inflammatory response. Neuritis
has beneficial and harmful effects on the prevention of
secondary tissue damage (Stoll et al., 2002), regeneration,
and recovery. Therefore, the parameters of NIBS should be
controlled to promote the beneficial aspects of inducing
the recruitment of endogenous NSCs and minimizing
inflammation as much as possible (Mabuchi et al., 2000).
Promoting the production of factors is conducive to
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FIGURE 4

Effects of six major NIBS on OA.

the normal growth of chondrocytes and slows down the
development of OA.

Influencing gene expression

Mitochondria are the cell organelles where genetic genes
are replicated and transcribed; they also have their gene-
mitochondrial (Blanco et al., 2018), and the variation of
mtDNA directly affects OA phenotypes (Blanco et al., 2018).
Therefore, different gene expressions exert varying effects on
the OA process. Among them, rTMS can effectively affect
the regulation of astrocytes related to the expression of pro-
inflammatory or anti-inflammatory genes (Hong et al., 2020)
and may change the cell membrane potential and cell function
of astrocytes (Ruohonen and Karhu, 2012) to produce anti-
inflammatory mediators for the neuroprotection effect, further
reducing inflammation response (Liddelow et al., 2017). rTMS
can promote the increase of Nrf2 nuclear metastasis (Tian
et al., 2020), and Nrf2 can activate genes via antioxidant
response, which can effectively protect cells under inflammatory
conditions and can also inhibit the expression of signal
channels that induce inflammation, effectively reducing the
inflammatory response. In addition, tDCS can stimulate the
regulation of osteopontin (Rabenstein et al., 2015, 2019).
OPN can increase the survival, proliferation, migration, and
neuronal differentiation of endogenous NSC (Rabenstein
et al., 2015); enhance the proliferation and migration of
neuronal precursors after cerebral ischemia (Denhardt et al.,
2001), and play an important role in organizational balance,
wound healing, immune regulation, and other aspects. These
conditions can alleviate secondary damage in patients with

OA, promote cartilage repair, and accelerate functional recovery
in patients with OA. Although tACS, tFUS, and other
methods still lack research on OA gene expression, NIBS
plays a role in the pathological mechanism of OA gene
expression.

Improving cortex excitability

Studies suggest that higher cortical excitability may be
a mechanism of OA and is closely linked to chronic pain
and motor capacity in OA patients (Kittelson et al., 2014;
Simis et al., 2021). OA patients with lower cortical inhibition
had higher degrees of pain and a more obvious decrease in
quadriceps motor function. As one of the NIBS methods for
stimulating nerve cells in the superficial brain area (Fan et al.,
2021), rTMS can regulate cortical excitability and recovery
through different frequency stimulations (Barker, 1991). Among
the rehabilitation studies based on the hypothesis of cross-
hemisphere competition (Chen and Seitz, 2001), low-frequency
rTMS may cause a short-term decline in the excitability
of the unaffected hemisphere cortex (Wang et al., 2019),
balance the excitability of the cerebellum, improve patients’
learning ability, and increase walking ability. By contrast,
high-frequency rTMS can enhance the cortical excitability
of the affected hemisphere during exercise (Goh et al.,
2020), reducing competition and gradually improving the
exercise capacity of patients. The improvement of specific
motor functions by tDCS is also related to changes in
the excitability of the motor cortex. The tDCS acting
on M1 can increase the activity of the cerebral cortex,
reduce the body’s response time, and better activate a
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patient’s motor function (Stagg et al., 2012). Therefore, NIBS
might alleviate the symptoms of OA by improving cortical
hyperexcitability.

Adjusting endocrine

Obesity is an important risk factor for OA, and obesity
is driven by complex endocrine mechanisms (Steidle-Kloc
et al., 2018). Under the intervention of rTMS, the serum
lipid level is significantly reduced (Ren et al., 2017), while the
contents of thyroid-stimulating hormone and thyroxine are
increased simultaneously. This finding indicates that rTMS can
regulate serum lipid metabolism by changing the hypothalamic–
pituitary–thyroid axis (George et al., 1996). Therefore, rTMS has
the functions of regulating endocrine, improving PFC metabolic
activity (Trojak et al., 2011), and regulating serum metabolic
activity of lipid levels, thereby stabilizing blood lipid levels,
reducing the incidence of obesity, and ultimately decreasing the
effect of obesity on OA. tDCS is also extremely important in the
control of obesity, but its specific mechanism remains unclear
(Araujo et al., 2018), and the endocrine regulation mechanism
that affects OA should be further explored.

In summary, on the basis of its role in complex
pathophysiological mechanisms, NIBS can be further applied to
OA to test its therapeutic mechanism and efficacy of OA. We
summarize the mechanism and effects of six commonly used
NIBS methods on OA, as shown in Figures 3, 4.

Future perspectives

Although NIBS has been proven to be effective and feasible
in the treatment of OA, there are still some limitations that
need to be improved. First, existing research has focused on
the tDCS and rTMS methods. Studies on OA treatment of
single-pulse TMS, tACS, tRNS, and tFUS are few. Second,
although NIBS, as a mature treatment technique, has been
extensively applied to the treatment of clinical diseases in
many fields in recent years, the treatment of OA is still in
its infancy. No uniform treatment standard for regulating the
treatment of OA by NIBS is available. Moreover, when OA
occurs in different joints, it will exhibit different symptoms
and require more targeted treatment. In addition, current
NIBS studies have mostly focused on the pain symptoms of
OA, and the treatment of other symptoms lacks evidence
to confirm. In summary, the understanding of NIBS in the
treatment of OA is limited, and more in-depth exploration
can be performed from the aforementioned aspects, such that
OA can be treated with more standardized NIBS, enabling
OA patients to participate better in family and social life, and
reduce social burdens.

Conclusion

With the continuous research on NIBS, the feasibility
and effectiveness of NIBS in the treatment of OA have been
confirmed by research. This paper summarizes the current
research progress of NIBS for OA, describes the main clinical
effects and possible mechanisms of NIBS in treating OA, and
provides a basis for further research on NIBS in the therapy of
OA in the future. However, the treatment protocol of NIBS for
the treatment of OA is not unified, which provides a research
direction for future research.
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Background: Mild cognitive impairment (MCI) is considered a transitional

stage between cognitive normality and dementia among the elderly, and its

associated risk of developing Alzheimer’s disease (AD) is 10–15 times higher

than that of the general population. MCI is an important threshold for the

prevention and control of AD, and intervention in the MCI stage may be the

most effective strategy to delay the occurrence of AD.

Materials and methods: In this study, 68 subjects who met the inclusion

criteria were divided into an MCI group (38 subjects) and normal elderly (NE)

group (30 subjects). Both groups underwent clinical function assessments

(cognitive function, walking function, and activities of daily living) and

dual-task three-dimensional gait analysis (walking motor task and walking

calculation task). Spatial-temporal parameters were obtained and reduced

by principal component analysis, and the key biomechanical indexes were

selected. The dual-task cost (DTC) was calculated for intra-group (task factor)

and inter-group (group factor) comparisons.

Results: The results of the principal component analysis showed that the

cadence parameter had the highest weight in all three walking tasks. In

addition, there were significant differences in the cadence both walking motor

task (WMT) vs. walking task (WT) and walking calculation task (WCT) vs. WT
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in the MCI group. The cadence in the NE group only showed a significant

difference between WMT and WT. The only differences between the MCI

group and NE group was DTC cadence in WCT, and no differences were found

for cadence in any of the three walking tasks.

Conclusion: The results show that dual tasks based on cognitive-motor

gait analysis of DTCcadence in MCI have potential value for application in

early identification and provide theoretical support to improve the clinical

diagnosis of MCI.

KEYWORDS

gait analysis, MCI, dual-task, dual-task cost, rehabilitation

Introduction

Mild cognitive impairment (MCI) is considered as the
transitional stage from a normal cognitive state to dementia
in the elderly and is a typical clinical manifestation of pre-
dementia (Petersen, 2004). A cross-sectional survey of Chinese
communities showed that the prevalence of MCI in those over
55 years old is 14.5%, which increases with age. The risk of
Alzheimer’s disease (AD) in MCI patients is 10–15 times higher
than that in the general population (Liu-Ambrose et al., 2008).
Therefore, MCI is an important gateway for interventions and
the prevention of AD. Interventions in the MCI stage may be
the most effective strategy to delay the occurrence of AD.

However, MCI is still symptomatically diagnosed in
clinic, and neuropsychological assessment is still important in
diagnosis and research on MCI (Chipi et al., 2019). Therefore,
the evaluation results are semi-quantitative data, which are
greatly affected by subjective factors and have poor consistency
and low sensitivity. It is challenging to evaluate and diagnose
MCI patients accurately. Studies have shown that the motor
ability of MCI patients is reduced to a certain extent, and the risk
of falls is higher than that of normal elderly people (Schwenk
et al., 2016; Tyrovolas et al., 2016).

As an A-level recommendation, the 2018 Chinese
Guidelines for the Diagnosis and Treatment of Dementia
and Cognitive Impairment in China pointed out that gait
performance can help with early identification and prediction
of the progress of MCI (Classification Types and Causes of
Diseases, 2018). Gait analysis with a single task shows a decline
in gait performance in patients with MCI, especially in walking
velocity (Grande et al., 2019). However, slow walking velocity
may also be associated with aging (Noce Kirkwood et al.,
2018). Therefore, gait velocity may be a non-specific variable,
and assessing walking performance with a single task may be
unsatisfactory for accurately identifying MCI. Thus, dual-task
gait analysis was developed and provides a new perspective for
the identification of early MCI.

Dual-task walking is walking while performing another
task that occupies cognitive resources, such as using mobile
phones or talking. Compared with single-task walking, dual-task
walking is more challenging, more common in daily life, and
more conducive to the discovery of potential gait abnormalities
in activities of daily living (ADL) (Liang et al., 2019; Oh, 2021).
Imaging studies have also shown that gait and cognitive control
share a brain network, especially in the cognitive and motor
zones of the frontal cortex (Rosano et al., 2006; Annweiler
et al., 2012; Montero-Odasso et al., 2017). Manuel Montero-
Odasso et al. confirmed the reliability of dual-task quantitative
gait analysis for MCI recognition by analyzing the changes of
gait parameters in single-task and dual-task walking (Montero-
Odasso et al., 2009; Bishnoi and Hernandez, 2021). In addition,
the dual-task cost (DTC) introduced in dual-task gait analysis
can be used to calculate the dual-task consumption of cognitive
resources. Compared with the original data, it reduces the
influence of specific factors of patients, such as height, weight,
physical health status, and physical activity level. Thus, it can
more accurately quantify the dual-task performance and shows
great potential in identifying MCI.

Nevertheless, locating and identifying important
biomechanical indicators of MCI among many parameters
is an urgent problem to solve and has great significance for
guiding the clinical evaluation and diagnosis of MCI. In
recent years, principal component analysis (PCA) has been
widely used in biomechanics research. PCA is a dimensionality
reduction algorithm that can convert multiple indicators
into a few unrelated principal components. Thus, fewer
unrelated variables can be used to reflect the information
conveyed by a large number of relevant raw data. Wakako
et al. extracted 26 principal component vectors from many
gait parameters by the PCA method and found that knee-
angle variability and ankle-angle variability are important
gait indicators for distinguishing between frail and non-
frail older women (Tsuchida et al., 2022). Therefore, the
goal of this study is to increase the understanding of
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spatio-temporal parameters of MCI and normal elderly
participants by using PCA.

In addition, the following key problems still need to be
solved in clinical and mechanism research on dual-task gait
analysis for early diagnosis of MCI. First, the key to diagnosis
is distinguishing MCI from middle age to elderly population.
MCI is mainly manifested as a decline in the function of
single or multiple cognitive fields, but normal middle-aged and
elderly population also shows a decline in cognitive ability
due to factors such as reduced hippocampal volume and
adverse changes in cerebrovascular structure (Sun et al., 2022).
Therefore, distinguishing MCI from normal aging-induced
cognitive decline is a key issue in the clinical diagnosis of MCI
(Naidu et al., 2019).

Another problem is that further clarification is needed in
regard to the difference in MCI recognition effect between
different types of dual tasks needs. There are many types of
dual tasks, and the sensitivity of different cognitive tasks to
MCI recognition is not clear (Hunter et al., 2018; Bishnoi and
Hernandez, 2021). Therefore, selecting different types of dual
tasks may affect the accurate recognition of MCI. Therefore,
in this study, three-dimensional gait analysis was used to
compare the biomechanical characteristics of MCI patients
and middle-aged and elderly population during conventional
walking and different dual tasks. PCA was then used to
explore the sensitive indicators for the objective evaluation
of MCI patients, which could provide an important basis for
clinical applications.

Materials and methods

Participants

This study recruited MCI elderly subjects and healthy
elderly subjects in the Huangpu District of Guangzhou City.
The inclusion criteria for MCI subjects were an age of 55–
85 years, the DSM-5 diagnostic criteria for MCI, Montreal
cognitive assessment (MoCA) score < 24 (Julayanont et al.,
2014), and ability to walk independently without gait aids
(such as a walking stick or walker). The inclusion criteria of
healthy subjects were an age of 55–85 years, MoCA score ≥ 24
(consistent with a normal cognitive level), no aphasia, no
history of psychosis, and walking independently without gait
aids (such as crutches or walkers). The exclusion criteria for
both groups were language dysfunction, history of Parkinson’s
disease, or any neurological disorder (such as stroke or epilepsy),
musculoskeletal diseases, a history of knee or hip arthroplasty
that affects gait performance, consumption of psychotropic
drugs that affect sports performance, history of mental illness,
congestive heart failure, deep venous thrombosis of the lower
extremities, malignant progressive hypertension, respiratory
failure, active liver disease, and liver or kidney dysfunction.

This study was approved by the Ethics Committee of the
Fifth Affiliated Hospital of Guangzhou Medical University (No.
KY01-2019-03-01) and has been registered in an international
clinical trials registry (ChiCTR18000188321). All participants
signed informed consent forms.

Study design

This study is a cross-sectional control study. The subjects
with MCI were included in the experimental group (MCI
group), and the healthy subjects were included in the normal
elderly group (NE group) as control. Both groups received
the same assessment, including standardized questionnaire
collection of basic information, clinical function assessment
(including cognitive function, gait, and ADL assessment), and
three-dimensional gait analysis (single task and dual task).
Clinical function assessment was conducted by two experienced
therapists, and three-dimensional gait analysis was conducted
by a professional gait analysis technician in the Gait Analysis
Laboratory of the Fifth Affiliated Hospital of Guangzhou
Medical University.

Clinical function evaluation

Cognitive function assessment
MoCA was used to evaluate cognitive function. The

scale consists of 11 items in eight cognitive fields, including
attention and concentration, executive function, memory,
language, visual-spatial skills, abstract thinking, calculation, and
orientation. The total score was 30, and scores≥ 26 are regarded
as normal cognitive function (Nasreddine et al., 2005).

Gait assessment
A 10-meter walking test (10WMT) was used to evaluate the

functional walking ability of subjects. The subjects were asked to
walk three times on a 10-m footpath at their own comfortable
speed. A therapist used a stopwatch to measure the completion
time and calculated the average speed of the middle 6 m of the
three tests (m/s).

The Timed Up and Go test (TUGT) (Liang et al., 2019) is
commonly used to screen the risk of fall for hospitalized patients
and elderly people and can also be used as a monitoring tool
for cognitive ability. The subject stood up from an armchair,
which was about 46 cm high, crossed marked line 3 m away
at a comfortable speed, turned back to the chair, and sat down
while being protected and guided by an experienced therapist
throughout the test. The therapist used a stopwatch to record
the completion time and calculated the average time of the three

1 https://www.chictr.org.cn
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tests. Times over 13.5 s were considered to indicate increased
risk of falls (Barry et al., 2014).

Activity of daily living assessment
The Modified Barthel Index (MBI) was used to evaluate the

ADL of subjects and includes 10 items: eating, dressing, toilet
use, bathing, personal hygiene, bed/chair transfer, walking up
and down stairs, defecation, and bladder control. Each activity
can be divided into grades 1–5 (5 points) (Kaambwa et al.,
2021). A higher grade indicates greater independence. A score
of 21–60 means high dependence and a great need for help, 61–
90 indicates moderate dependence and a need for help, 91–99
indicates mild dependence and basic self-care capability, and100
indicates complete independence and self-care capability. The
total scores of the subjects were included in the data statistics.

Three-dimensional gait analysis

A three-dimensional gait analysis system (Italy BTS
SMART DX infrared motion capture and analysis system) was
used to collect the motion trajectory of fluorescent markers
on the subjects. Twenty-two markers were placed on the
subjects, and three-dimensional spatial and temporal data were
obtained through six high-precision infrared cameras while the
subjects walked.

Subject preparation
The subjects wore tight underwear and with the neck,

shoulder, waist, and lower limbs fully exposed. The height,
weight, bilateral ankle width, bilateral knee-joint diameters,
pelvic width, bilateral pelvic depth, and bilateral leg lengths
were measured and recorded. According to the Davis Heel
Protocol, 22 fluorescent markers were attached to the subject.
Three markers were located on the trunk (seventh cervical
vertebra, shoulders on both sides), 3 markers were located
on the pelvis (bilateral anterior superior iliac spine and ankle
joints), 6 markers were located on the thigh (bilateral femoral
trochanter, femoral condyle and midpoint of femoral trochanter
and ipsilateral femoral condyle), 6 markers were located on the
calf (bilateral fibula head, lateral ankle joint and midpoint of
ipsilateral fibula head and lateral ankle joint), and 4 markers
were located on the foot (fifth metatarsal head and bilateral
heels) (Ou et al., 2021).

Walking data acquisition
Standing task

Subjects were asked to remain upright for at least 3–5 s, and
their feet were aligned to obtain baseline data.

Walking tasks

Subjects were asked to perform three different walking
tasks at a preferred speed on an 8-m footpath: (1) single-
task walking (WT): subjects walked at a preferred speed (2)

walking + holding a water bottle (WMT) (walking + exercise
load as a dual-motion task) (3) walking + computation
(WCT): subjects completed consecutive computation tasks of
subtracting 7 starting from 100 while walking.

The task sequence was as follows. Subjects completed the
baseline gait assessment (WT), and then the order of WMT
and WCT dual-task walking was determined by a single-blind
random lottery. Each task was performed five times in a row,
and the first two to four data were selected as experimental data.
If data were missing when processing the data, data from the
subsequent experiment were selected to replace them to ensure
the integrity of the experimental data.

Gait analysis data processing
The BTSFreeEMG300 acquisition system (BTS Engineering,

version 2.9.37.0, Italy) was used to analyze the three-
dimensional gait data. Firstly, all the gait data collected by the
subjects were selected, and at least two heel-strike events and
one toe-off event calibrated in the gait cycle were automatically
identified by the system. Four gait events were manually checked
for accuracy (eRHS: right heel-to-ground, eRTO: right toe-to-
ground, eLHS: left heel-to-ground, eLTO: left toe-to-ground).
By selecting the “Rep_Gait_Standing” module, we checked
whether the label positions of the 22 markers were symmetrical,
and by selecting the “Rep_Gait_Consistency” module, we tested
the consistency and repeatability of the data. Finally, we
generated a module by clicking on “report.”

The spatiotemporal motion parameters for different tasks
were obtained, including time parameters (stance phase,
swing phase, first double support phase, average velocity, and
cadence) and spatial parameters (stride length, step length,
and step width). DTC was introduced to calculate the gait-
performance difference between single-task gait and dual-task
gait and to eliminate the differences in experimental data
caused by subjects’ own heterogeneity. The DTC was calculated
according to the following: ([single-task gait parameter-
dual-task gait parameter]/single-task gait parameter) × 100
(Montero-Odasso et al., 2017).

Principal component analysis
Considering the potential correlation between gait variables,

PCA method was used to extract the principal features of the 22
spatial-temporal gait variables in order to remove redundancy
and locate target parameters. The spatial-temporal data from
recruited subjects were imported into SPSS software. For each
task paradigm, PCA was performed to identify the potential
contribution of spatial-temporal variables, which took into
account the changes observed in each task paradigm. For
each task paradigm, subjects and variables were arranged in
a matrix with gait variables as columns and subjects as rows.
A principal component (PC) is represented by varimax rotation
to minimize the number of variables with high load on each
component factor. PC is retained according to the gravel map
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describing the individual contribution of each PC to explain the
overall variance. The goal was for all retained PCs together to
explain ≥ 80% of the total variance. Then Pearson correlation
(r) and explicitness value were used to cross-validate the factor
load (correlation between original spatial-temporal variables
and each PC) and component score coefficient (contribution
or weight of spatial-temporal variables to each PC). The
contributions of the first two PCs were reported.

Statistical analysis

After all the data were collected, IBM SPSS statistical
software (version 25.0, IBM, Armonk, NY, United States) and
GraphPad Prism (La Jolla, CA, United States) were used for
statistical analysis and plotting. The data are represented by
the mean and standard deviation (SD). In terms of the basic
information and spatial-temporal parameters between MCI
and NE groups, two independent-sample t-tests were used to
compare the differences between the two groups. The repeated-
measures analysis of variance was used to analyze the effect of
multiple factors (group factors: MCI group and NE group; task
factors: WT, WMT, and WCT).

Results

In this study, 156 subjects were recruited. Of the subjects
who met the research conditions, 36 subjects withdrew from
the experiment due to low motivation, 13 subjects withdrew
because their families did not agree to the experiment, 9 subjects
had severe knee osteoarthritis, 16 subjects were beyond the
age requirement, and 14 subjects were unable to complete the
experiment due to schedule conflicts. During the experiment,
no subjects reported any adverse events or results. Finally, 68
subjects completed all the evaluations, including 38 subjects in
the MCI group and 30 subjects in the NE group (Figure 1).

The basic information of the subjects can be found in
Table 1. There was no significant difference in age, height,
weight, BMI, years of education, 10WMT, and TUGT between
the two groups (P > 0.05). The MoCA score of the MCI
group was lower than that of the NE group, and the difference
was statistically significant (MCI group: 21.0 ± 1.9; NE group:
26.4± 1.4; p < 0.001) (Table 1).

All spatial-temporal data for both groups are detailed in the
Supplementary Table 1. The PCA results of 22 spatial-temporal
parameters of different tasks are shown in Table 2 (WT), Table 3
(WMT), and Table 4 (WCT). Six PCs (PC1–PC6) accounted for

FIGURE 1

Study flow diagram. NE, normal elder; MCI, mild cognitive impairment.

Frontiers in Aging Neuroscience 05 frontiersin.org

222

https://doi.org/10.3389/fnagi.2022.969822
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-969822 September 28, 2022 Time: 15:21 # 6

Zheng et al. 10.3389/fnagi.2022.969822

80% of the spatial-temporal changes. Among the three tasks,
the parameters with the highest weight proportion of PC1
were cadence (fqCADENCE, fqRCADENCE, fqLCADENCE)
(Tables 2–4). At the same time, PC2 of WT and WMT had the
highest proportion weight for gait substage parameters (swing
and stance), and PC2 of WCT had the highest proportion weight
for spatial parameters (LSTRIDE% height, RSTRIDE% height).
Figure 2 shows the data points of the three walking tasks (68
∗ 22 ∗ 3 ∗ 1496 measurements in the three tasks from 68
subjects) projected onto a two-dimensional plane based on two
spatiotemporal variations.

Table 5 shows results of the repeated-measures analysis
of variance on group factor (MCI group and NE group)
and task factors (WT, WMT, and WCT) for fqRCADENCE,
fqLCADENCE, fqCADENCE. The raw data of fqCADENCE
and the DTC of the three CADENCE parameters were
significantly different among tasks and groups (group factor:
Raw DatafqCADENCE: F = 6.310, P = 0.013; DTCfqRCADENCE:
F = 22.021, P < 0.001; DTCfqLCADENCE: F = 9.121, P = 0.003;
DTCfqCADENCE: F = 17.054, P < 0.001; task factor: Raw
DatafqCADENCE: F = 6.226, P = 0.002; DTCfqRCADENCE:
F = 23.616, P < 0.001; DTCfqLCADENCE: F = 8.957, P = 0.003;
DTCfqCADENCE: F = 19.537, P < 0.001). The raw data of
fqRCADENCE and fqLCADENCE just presented significant
difference among three walking tasks (Raw DatafqRCADENCE:
F = 4.220, P = 0.016; Raw DatafqLCADENCE: F = 4.256, P = 0.015).

Table 6 shows the differences in fqCADENCE
among single and dual walking tasks in the MCI group
and NE group respectively. In the MCI group, the
fqCADENCE in WCT was significantly smaller than that
in WT (Mean difference = 4.442 ± 1.144 steps/min,
P = 0.001). Whereas, in the NE group, the fqCADENCE

TABLE 1 Baseline demographic characteristics of the MCI
group and NE group.

Characteristics MCI group NE group P-value

Age (year) 60.9± 7.3 60.1± 6.7 0.705

55–64 52.7± 2.6 (30) 57.4± 2.9 (24) −

65–74 67.8± 3.4 (5) 68.8± 2.2 (5) −

75–85 80.3± 4.1 (3) 83.0± 0.0 (1) −

Gender (female/male) 38 (male 7/female 31) 30 (male 2/female 28) −

Height (cm) 159.7± 6.8 159.8± 5.4 0.143

Weight (kg) 61.1± 9.5 58.2± 6.3 0.943

BMI (kg/m2) 23.9± 3.1 22.8± 2.3 0.104

Education (years) 11.0± 2.8 11.8± 2.6 0.232

MoCA (score) 21.0± 1.9 26.4± 1.4 <0.001

10WMT (s) 5.5± 0.7 5.5± 0.8 0.91

TUGT (s) 10.9± 1.6 10.7± 1.7 0.549

MBI (score) 100 100 −

The data are presented as the means ± SD or numbers. P-value less than 0.05 indicate
statistically significant differences and are marked in bold.
BMI, body mass index; MoCA, montreal cognitive assessment; TUGT, time up and go
test; 10WMT, 10–meter walk test; MBI, modified barthel index.

in WMT was significantly smaller than that in WT (Mean
difference = −6.924 ± 1.147 steps/min, P < 0.001). Moreover,
the fqCADENCE between MCI group and NE group in
WMT were significantly larger than those in WCT (MCI
group: Mean difference = 6.537 ± 1.153 steps/min, P < 0.001;
NE group: Mean difference = 5.790 ± 1.298 steps/min,
P < 0.001). The DTCfqRCADENCE in WMT in both groups were
significantly smaller than those in WCT (MCI group: Mean
difference = −5.970 ± 0.868%, P < 0.001; NE group: Mean
difference =−3.718± 0.977%, P < 0.001).

Table 7 shows the difference in fqCADENCE between
the MCI group and the NE group in different single and
dual walking tasks respectively. The fqCADENCE of the
MCI group in WMT and WCT were both significantly
smaller than those of the NE group (WMT: Mean

TABLE 2 Results of principal component analysis of WT.

Parameters Component

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

velseqRHSTRIDE 0.473 0.744 0.199 0.075 −0.021 0.224

velseqLHSTRIDE 0.656 0.501 0.43 0.066 0.035 −0.097

velseqRHSWING 0.759 0.107 0.544 0.021 0.002 0.235

velseqLHSWING 0.732 0.196 0.533 0.113 −0.058 0

fqRCADENCE 0.922a
−0.029 0.216 0.002 −0.018 0.088

fqLCADENCE 0.868a 0.032 0.294 −0.01 −0.003 −0.233

fqCADENCE 0.906a 0.357 0.039 −0.008 −0.014 −0.051

sRSTANCE −0.029 −0.919a 0.186 −0.121 0.027 0.143

sRSWING 0.178 0.812a 0.154 0.205 −0.055 −0.081

sLDBLSTANCE −0.506 −0.185 0.142 −0.03 0.108 0.459

sLSTANCE −0.043 −0.854a 0.019 0.166 −0.244 −0.062

sLSWING 0.186 0.731 0.389 0.011 0.113 0.153

sRDBLSTANCE −0.289 −0.551 −0.517 0.077 0.043 0.163

RGDI −0.068 −0.177 −0.029 −0.892a
−0.2 −0.059

sRGPS −0.023 −0.045 0.002 0.933a 0.091 −0.087

LGDI 0.041 −0.138 0.085 −0.169 −0.915a
−0.059

sLGPS −0.02 −0.002 0.135 0.114 0.916a 0.035

sRSINGSTANCE 0.122 0.507 0.293 0.028 0.107 0.731a

sLSINGSTANCE 0.222 0.521 0.37 0.12 −0.008 −0.637a

velMEAN%height/s 0.71 0.37 0.506 −0.014 0.02 −0.07

LSTRIDE%height 0.299 0.082 0.91a 0.026 0.051 0.129

RSTRIDE%height 0.337 0.047 0.911a 0.011 0.039 0.017

The parameters that obtained membership to each component (>0.500) are in bold and
with the superscript symbol “a”.
velseqRHSTRIDE, right heel stride velocity; velseqLHSTRIDE, left heel stride velocity;
velseqRHSWING, right heel swing velocity; velseqLHSWING, left heel swing velocity;
fqRCADENCE, the cadence of right foot; fqLCADENCE, the cadence of left foot;
fqCADENCE, the cadence of double feet; sRSTANCE, right stance phase; sRSWING,
right swing phase; sRDBLSTANCE, right double support phase; sLSTANCE, left stance
phase; sLSWING, left swing phase; sLDBLSTANCE, left double support phase; RGDI,
right gait deviation index; LGDI, left gait deviation index; sRGPS, right gait profile score;
sLGPS, left gait profile score; velMEAN%height/s, mean velocity in relation to the height
of the subject; RSTRIDE%height, length of the right stride in relation to the height of the
subject; LSTRIDE%height, length of the left stride in relation to the height of the subject.
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TABLE 3 Results of principal component analysis of WMT.

Parameters Component

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

velseqRHSTRIDE 0.473 0.744 0.199 0.075 −0.021 0.224

velseqLHSTRIDE 0.656 0.501 0.43 0.066 0.035 −0.097

velseqRHSWING 0.759 0.107 0.544 0.021 0.002 0.235

velseqLHSWING 0.732 0.196 0.533 0.113 −0.058 0

fqRCADENCE 0.922a
−0.029 0.216 0.002 −0.018 0.088

fqLCADENCE 0.868a 0.032 0.294 −0.01 −0.003 −0.233

fqCADENCE 0.906a 0.357 0.039 −0.008 −0.014 −0.051

sRSTANCE −0.029 −0.919a 0.186 −0.121 0.027 0.143

sRSWING 0.178 0.812a 0.154 0.205 −0.055 −0.081

sLDBLSTANCE −0.506 −0.185 0.142 −0.03 0.108 0.459

sLSTANCE −0.043 −0.854a 0.019 0.166 −0.244 −0.062

sLSWING 0.186 0.731 0.389 0.011 0.113 0.153

sRDBLSTANCE −0.289 −0.551 −0.517 0.077 0.043 0.163

RGDI −0.068 −0.177 −0.029 −0.892a
−0.2 −0.059

sRGPS −0.023 −0.045 0.002 0.933a 0.091 −0.087

LGDI 0.041 −0.138 0.085 −0.169 −0.915a
−0.059

sLGPS −0.02 −0.002 0.135 0.114 0.916a 0.035

sRSINGSTANCE 0.122 0.507 0.293 0.028 0.107 0.731a

sLSINGSTANCE 0.222 0.521 0.37 0.12 −0.008 −0.637a

velMEAN%height/s 0.71 0.37 0.506 −0.014 0.02 −0.07

LSTRIDE%height 0.299 0.082 0.91a 0.026 0.051 0.129

RSTRIDE%height 0.337 0.047 0.911a 0.011 0.039 0.017

The parameters that obtained membership to each component (>0.500) are in bold and
with the superscript symbol “a”.
velseqRHSTRIDE, right heel stride velocity; velseqLHSTRIDE, left heel stride velocity;
velseqRHSWING, right heel swing velocity; velseqLHSWING, left heel swing velocity;
fqRCADENCE, the cadence of right foot; fqLCADENCE, the cadence of left foot;
fqCADENCE, the cadence of double feet; sRSTANCE, right stance phase; sRSWING,
right swing phase; sRDBLSTANCE, right double support phase; sLSTANCE, left stance
phase; sLSWING, left swing phase; sLDBLSTANCE, left double support phase; RGDI,
right gait deviation index; LGDI, left gait deviation index; sRGPS, right gait profile score;
sLGPS, left gait profile score; velMEAN%height/s, mean velocity in relation to the height
of the subject; RSTRIDE%height, length of the right stride in relation to the height of the
subject; LSTRIDE%height, length of the left stride in relation to the height of the subject.

difference = −5.069 ± 2.326 steps/min, P = 0.033; WCT:
Mean difference = −5.816 ± 2.684 steps/min, P = 0.034).
Moreover, the DTCfqRCDENCE of the MCI group both in WMT
and WCT were significantly smaller than those of the NE group
(WMT: Mean difference = 3.400 ± 1.390%, P = 0.017; WCT:
Mean difference = 5.652± 1.694%, P = 0.001).

Discussion

In this study, the difference of gait parameters between
MCI patients and healthy elderly people in single and dual
tasks was explored by using dual-task three-dimensional gait
analysis. The aim was to explore the biomechanical targets of
MCI patients and optimize the clinical quantitative evaluation
and identification methods for MCI patients. The results

of principal component analysis showed that the cadence
parameters (fqRCADENCE, fqLCADENCE, and fqCADENCE)
presented the highest weight in distinguishing MCI group
and NE group. Furthermore, the repeated-measures analysis
of variance results showed that the significant advantages of
three DTCcadence parameters in distinguishing MCI group and
NE group, while only raw date of the fqCADENCE parameter
presented significant differences between groups. At the same
time, the significant differences between the two groups under
different dual tasks were found in both in raw date and DTC,
indicating that dual task paradigm of gait analysis could be used
to distinguish MCI group and NE group. The more significant
difference between two groups were under the DTC than raw
data, Moreover, the more significant difference was found in
WCT than in WMT.

TABLE 4 Results of principal component analysis of WCT.

Parameters Component

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

velseqRHSTRIDE 0.413 0.32 0.613 0.481 0.016 −0.036

velseqLHSTRIDE 0.388 0.365 0.639 0.433 −0.024 −0.023

velseqRHSWING 0.718 0.592 −0.028 0.287 0.026 −0.024

velseqLHSWING 0.659 0.667 0.107 0.188 −0.015 0.015

fqRCADENCE 0.95a 0.143 0.03 0.224 −0.02 −0.046

fqLCADENCE 0.966a 0.169 0.066 0.035 −0.05 −0.024

fqCADENCE 0.97a 0.071 0.151 −0.008 −0.042 −0.036

sRSTANCE 0.035 0.166 −0.948a
−0.023 0.011 0.036

sRSWING 0.054 0.358 0.638 0.481 0.024 −0.051

sLDBLSTANCE −0.062 −0.33 −0.236 0.392 0.533 0.173

sLSTANCE −0.036 0.192 −0.86 −0.225 0.007 0.063

sLSWING 0.16 0.265 0.494 0.747a 0.025 −0.094

sRDBLSTANCE −0.112 −0.199 −0.07 −0.363 0.094 0.256

RGDI 0.067 −0.149 −0.245 0.067 −0.838a 0.285

sRGPS −0.008 −0.036 −0.122 −0.01 0.933a
−0.113

LGDI 0.038 −0.003 −0.191 −0.083 −0.112 0.93a

sLGPS 0.095 −0.037 −0.106 0.125 0.179 −0.892a

sRSINGSTANCE 0.183 0.247 0.199 0.861a 0.081 −0.121

sLSINGSTANCE 0.129 0.404 0.707 −0.02 −0.038 0

velMEAN%height/s 0.67 0.664 0.161 0.217 −0.036 −0.023

LSTRIDE%height 0.178 0.928a 0.01 0.239 −0.008 −0.008

RSTRIDE%height 0.221 0.917a 0.055 0.203 0.002 0.007

The parameters that obtained membership to each component (>0.500) are in bold and
with the superscript symbol “a”
velseqRHSTRIDE, right heel stride velocity; velseqLHSTRIDE, left heel stride velocity;
velseqRHSWING, right heel swing velocity; velseqLHSWING, left heel swing velocity;
fqRCADENCE, the cadence of right foot; fqLCADENCE, the cadence of left foot;
fqCADENCE, the cadence of double feet; sRSTANCE, right stance phase; sRSWING,
right swing phase; sRDBLSTANCE, right double support phase; sLSTANCE, left stance
phase; sLSWING, left swing phase; sLDBLSTANCE, left double support phase; RGDI,
right gait deviation index; LGDI, left gait deviation index; sRGPS, right gait profile score;
sLGPS, left gait profile score; velMEAN%height/s, mean velocity in relation to the height
of the subject; RSTRIDE%height, length of the right stride in relation to the height of the
subject; LSTRIDE%height, length of the left stride in relation to the height of the subject.
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FIGURE 2

Principal component analysis of spatial-temporal parameters. Component loading plot of spatial-temporal parameters for all 68 patients in
three different tasks. (A) Walking task; (B) walking motor task; (C) walking calculate task. WT, walking task; WMT, walking motor task; WCT,
walking calculate task; NE, normal elder; MCI, mild cognitive impairment.

The effectiveness of dual-task gait analysis in identifying
MCI has been confirmed in previous studies. Doi et al. (2014)
compared the gait velocity of MCI patients between a single task
and dual task (walking while counting backward from 100) and
found that the working memory ability of MCI patients in the
dual task significantly affected their gait velocity. There was no
significant difference in the single task. Furthermore, Montero-
Odasso et al. found that the DTC parameters of walking speed in
the reciprocal (counting backward) dual-task walking test could
be used to predict the progress of dementia in MCI patients by
constructing a prediction model. They confirmed the potential
of a dual-task gait test for clinical cognitive function assessment
(Montero-Odasso et al., 2017). This study also found that the
DTC value of step frequency of MCI patients in dual tasks
(walking while counting down from 100 by 7) was greater than
that of the normal elderly subjects, which was similar to the
result of other studies. The DTC value of cadence can be used
as an important biomechanical indicator to identify MCI, which
once again verifies the positive role of dual-task gait analysis in
clinical evaluation and diagnosis of MCI.

There are many biomechanical indicators available from gait
analysis, but accurate determination of target indicators is of
great significance for the clinical application and promotion of
MCI diagnosis based on this method. Therefore, we used PCA
to reduce the dimensions of the spatial-temporal parameters in
three walking tasks and selected cadence as the index with the
largest proportion weight for in-depth intra-group comparison.
Cadence refers to the frequency of legs switching support points
when running or walking. The results of PCA showed that
cadence had the largest weight in distinguishing the MCI group
and the NE group. The possible reasons are as follows. First,
when walking at a preferred velocity, factors such as height
and leg length may lead to inconsistent individual strides,
resulting in inconsistent paces. Therefore, when comparing
the two groups, simply considering the pace may be biased.
When studying the cognitive function training effect of MCI
patients, Liao et al. (2019) found that DTCcadence results were
statistically significant, while DTCvelocity was not, which was
similar to the results of this study. Second, steps/min is the
unit of step cadence, and m/s is the unit of gait velocity.

Cadence is measured per minute, and the gait velocity is
measured per second. Thus, in the statistical analysis, the
cadence parameter makes the differences accumulate compared
with the gait velocity, which is more conducive to identifying
the cognitive-function difference between MCI and NE groups.
Therefore, cadence may be more likely to be an important
biomechanical marker to identify MCI gait decline. Third,
in previous studies, velocity was often used as an important
result indicator in the analysis of dual-task gait. This may
be due to the fact that the gait velocity parameters are more
easily obtained in clinical evaluation, such as the commonly
used 10-meter walking test and TUGT test. The gait velocity
parameters can be obtained with only timing tools, while the
cadence parameters are difficult to obtain in non-instrumental
evaluation. In this study, a three-dimensional gait analysis
system was used for the dual-task gait analysis, and the gait
parameters such as cadence and gait velocity can be obtained
easily. The results showed that the cadence of the MCI group
and the NE group decreased in the dual task, and the decrease of
the MCI group was more obvious than that of the NE group.
This result can be used to confirm that MCI can lead to a
decrease of dual-task gait performance, which can be used to
identify MCI patients and new ideas for MCI gait research.
The results indicated that DTC parameters might be more
sensitive than raw data in distinguishing MCI group and NE
group. DTC parameters can be used for quantification of dual
tasks and comparison between different dual-task paradigms. At
the same time, DTC can remove gait physiological differences
between different individuals by calculating the difference
between single and dual tasks, as well as reduce the impact
of heterogeneity on experimental design (Bayot et al., 2018).
Due to these advantages of DTC, DTCcadence is more effective
than raw cadence in distinguishing MCI and healthy subjects.
Ying et al. also studied the effect of VR-based physical and
cognitive training on the performance of dual-task gait in MCI
patients. They found that DTCcadence was improved, while the
original data of step frequency had no statistical difference.
Thus, promptly obtained DTC parameters have advantages
for clinical assessment and diagnosis of MCI. The significant
differences between the two groups under different dual tasks

Frontiers in Aging Neuroscience 08 frontiersin.org

225

https://doi.org/10.3389/fnagi.2022.969822
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-969822 September 28, 2022 Time: 15:21 # 9

Zheng et al. 10.3389/fnagi.2022.969822

TABLE 5 Results of the repeated-measures analysis of variance on group and task for fqRCADENCE, fqLCADENCE, fqCADENCE.

Main effect Main effect Interaction effect
(Group) (Task)

F-value P-value F-value P-value F-value P-value

Raw data (steps/min)

fqRCADENCE 3.044 0.083 4.220 0.016 1.220 0.297

fqLCADENCE 3.842 0.051 4.256 0.015 0.839 0.434

fqCADENCE 6.310 0.013 6.226 0.002 1.401 0.249

DTC (%)

fqRCADENCE 22.021 <0.001 23.616 <0.001 1.117 0.292

fqLCADENCE 9.121 0.003 8.957 0.003 0.603 0.439

fqCADENCE 17.054 <0.001 19.537 <0.001 1.055 0.306

DTC = 100 * (single-task gait parameters − dual-task gait parameters)/single-task gait parameters; P-value less than 0.05 indicate statistically significant differences and are marked in
bold.
fqRCADENCE, the cadence of right foot; fqLCADENCE, the cadence of left foot; fqCADENCE, the cadence of double feet.

TABLE 6 Paired comparison of fqCADENCE parameters (raw date and DTC) in different tasks respectively.

MCI group NE group

Mean difference (Mean ± SE) P-value Mean difference (Mean ± SE) P-value

Raw data (steps/min)

WT vs. WMT −2.095± 1.019 0.132 −6.924± 1.147 <0.001

WT vs. WCT 4.442± 1.144 0.001 −1.134± 1.288 1.000

WMT vs. WCT 6.537± 1.153 <0.001 5.790± 1.298 <0.001

DTC (%)

WMT vs. WCT −5.970± 0.868 <0.001 −3.718± 0.977 <0.001

DTC = 100 * (single-task gait parameters − dual-task gait parameters)/single-task gait parameters; P-value less than 0.05 indicate statistically significant differences and are marked in
bold.
SE, standard error; WT, walking task; WMT, walking motor task; WCT, walking calculate task; DTC, Dual task cost.

were found both in raw date and DTC. Moreover, the more
significant difference was found in WCT than in WMT under
the DTC. Our results suggested that both the motor-cognitive
dual task and dual motor task in this study could be used
to distinguish MCI patients from healthy elderly, however,
the motor-cognitive dual task presented more advantageous
in the diagnosis of MCI population. The results are also
consistent with the pathological characteristics of MCI—that is
the ADL of MCI patients is partially retained, while the cognitive
function is impaired.

Furthermore, the dual-motor task WMT designed in this
study involves holding a water bottle and walking, which can be
regarded as a single motor task whether (holding a water bottle
or walking) (McIsaac et al., 2015). The demand for cognitive
brain function resources of the subjects is not large, and it is
not easy to occupy significant cognitive resources compared
to the single walking task. However, the subjects in WCT
with continuous subtraction by 7 needed more cognitive brain
function resources, which is more challenging for MCI patients
(Tsang et al., 2022). Therefore, WCT is more likely to identify
MCI patients than WMT. Thus, there are many types of dual

tasks in clinical evaluation, and it is possible to choose motor-
cognitive tasks with higher sensitivity for MCI recognition than
dual motor tasks.

TABLE 7 Paired comparison of fqCADENCE parameters (raw date and
DTC) between MCI group and NE group.

Mean difference
(Mean ± SE)

P-value

Raw data (steps/min)

WT −0.240± 2.645 0.928

WMT −5.069± 2.326 0.033

WCT −5.816± 2.684 0.034

DTC (%)

WMT 3.400± 1.390 0.017

WCT 5.652± 1.694 0.001

DTC = 100 * (single-task gait parameters − dual-task gait parameters)/single-task gait
parameters; P-value less than 0.05 indicate statistically significant differences and are
marked in bold.
SE, standard error; WT, walking task; WMT, walking motor task; WCT, walking calculate
task; DTC, Dual task cost.
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Limitations

This study has the following limitations. Most of the subjects
were female, and few were male. However, due to the high
prevalence of women among MCI patients, the gender ratio
of subjects was in line with epidemiological characteristics (Jia
et al., 2020; Shi et al., 2022). In subsequent studies, we will
include more male subjects to reduce the impact of gender on
the experimental results. The key spatial-temporal parameters
for MCI recognition under dual-task gait were discussed, and
future research should further explore the influence of joint
angle on MCI recognition. In the future, we will continue
follow-up on this this study by obtaining data before and after
healthy subjects develop MCI, which is of great significance
for further clarifying the recognition of MCI through gait
parameters. Further studies should also improve the efficiency
of clinical assessment and diagnosis of MCI by constructing a
clinical prediction model through the dual-task gait parameters
of MCI patients.

Conclusion

This study examined dual-task three-dimensional gait
analysis methods, and the key spatial-temporal parameters for
the early diagnosis of MCI were screened through PCA. The
results showed that the DTCcadence based on the cognitive-
motor dual-task gait analysis has potential application value
for the early recognition of MCI. The results could provide
theoretical support for improving the clinical diagnosis of MCI.
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Mild cognitive impairment (MCI) is a major public health concern that

endangers health and decreases the quality of life of the elderly around

the world. A recent clinical guideline has recommended regular exercise

(twice per week) for patients with MCI as part of an overall approach

to management. Tai Chi, a form of light-to-moderate-intensity mind-body

exercise, is particularly suitable for seniors. This review aims to summarize

epidemiological studies related to the effects of Tai Chi on symptom remission

in older adults with MCI and reveal the potential mechanisms. Evidence

suggested that Tai Chi can improve cognitive functions and alleviate the

accompanying symptoms of MCI in the elderly potentially by activating the

expression of signals in different brain regions, altering their connectivity,

increasing the brain volume, and modulating brain-derived neurotropic

and inflammation factors. Studies comparing various types of Tai Chi may

contribute to the identification of paradigms that have appropriate intensities

and difficulty and exert good effects on older people with MCI. In addition,

studies are warranted to determine the frequency and duration of training

that can optimize the beneficial effects of Tai Chi on MCI.

KEYWORDS

Tai Chi, mild cognitive impairment, elderly, cognitive function, mechanism

Introduction

Mild cognitive impairment (MCI) is a syndrome of cognitive dysfunction beyond that
associated with natural aging but is not severe enough to meet the criteria for dementia.
The risk of developing MCI increases significantly with age, with an annual conversion
rate from 1% at age 60 to 11% at age 85 (Yesavage et al., 2002). MCI is an independent risk
factor for dementia. A meta-analysis estimated that individuals with MCI were 2.3 times
more likely to develop dementia than their age-matched counterparts without MCI, and
the cumulative dementia incidence was 14.9% in MCI patients aged ≥65 years within a
2-year follow-up (Petersen et al., 2018).
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MCI can be divided into single/multiple-domain amnestic
MCI and single/multiple-domain non-amnestic MCI (Figure 1;
Petersen et al., 1997; Petersen, 2004). Amnestic MCI is
predominated by a memory deficit, whereas non-amnestic
MCI is characterized by disturbances of attention, information
processing, psychomotor speed, language, or executive
functions (Tannenbaum et al., 2012). Other symptoms
may also include a deficit in gait and balance, sleep
disturbance, and body pain (Kong et al., 2016; Bahureksa
et al., 2017; Hu et al., 2017). Additionally, a systematic review
reported that 35%–85% of patients with MCI had at least
one neuropsychiatric symptom, with the most common
symptoms being depression, anxiety, irritability, and apathy
(Martin and Velayudhan, 2020).

To date, no pharmacological treatments specifically for
MCI have been approved (Tricco et al., 2013). However,
accumulating evidence from randomized clinical trials (RCTs)
indicated that physical activity could benefit cognitive functions
in patients with MCI (Langa and Levine, 2014; Demurtas et al.,
2020). A recent clinical practice guideline has recommended
regular exercise (twice per week) as part of MCI management
(Petersen et al., 2018).

Tai Chi, a mind-body low-impact exercise, may offer
numerous health benefits to individuals with MCI, but related
results were not consistent. A systematic review and a
meta-analysis of RCTs reported that Tai Chi could significantly
improve memory, learning, visuospatial ability, and executive
functions in patients with MCI compared with no exercise
(Lim et al., 2019; Lin et al., 2021). Furthermore, Tai Chi
and cognitive mixed training have shown positive effects
on delaying the progression of MCI to dementia (Li et al.,
2022). However, one meta-analysis found no associations
between Tai Chi and global cognition and memory in
older people with cognitive impairment (Wang et al., 2018).
Besides, related mechanism studies are still in a nascent
stage. Current evidence indicated that as a type of aerobic
exercise, Tai Chi might induce some positive neurophysiological
changes related to cognitive function improvements, such
as increases in hippocampus size, regional cerebral blood
flow, and the production of neurotrophic factors (Burdette
et al., 2010; Voss et al., 2010; Suzuki et al., 2013). Moreover,
some stress-related pathways (e.g., cortisol) associated with
depression and anxiety alleviation might be induced by
meditation, mental focus, and deep breathing in Tai Chi
(Wayne et al., 2014).

Given the light to moderate intensity [about three
metabolic equivalents of task (METs)], Tai Chi has
attracted people worldwide in pursuit of health and
longevity, especially the frail elderly who experience
a functional decline (Hui et al., 2016). This article
aimed to give a comprehensive review about the
impact of Tai Chi on MCI in the elderly and the
potential mechanisms.

Amelioration of the clinical
symptoms of MCI through Tai Chi in
the elderly

Improve memory function

Amnestic MCI is a subtype of MCI manifesting as a decline
in various types of memory (Leyhe et al., 2009; Costa et al.,
2011; Tuena et al., 2021). The prevalence of amnestic MCI in
people aged ≥60 was 7.4% in South Italy and 17.1% in China
(Li et al., 2020; Caffo et al., 2022). Older patients with amnestic
MCI are more likely to progress to Alzheimer’s dementia than
those with non-amnestic MCI (Jungwirth et al., 2012). Tai
Chi, which calls for a substantial cognitive effort to learn
new skills by remembering and performing movements, might
prevent or alleviate memory loss in older adults with MCI
(Lin et al., 2021).

An RCT from Thailand reported that the increase in logical
memory delayed recall score was more pronounced in the
10-form Tai Chi group (three times per week for 6 months)
than in the educational control group [mean difference: 0.43;
95% confidence interval (CI): 0.2, 0.7; Sungkarat et al., 2018].
An RCT from China also found that the Mattis memory score
was enhanced in the Tai Chi group (three times per week for
40 weeks) in contrast to that in the other three groups (walking,
social interaction, or no intervention; Mortimer et al., 2012). In
another RCT from China, 389 older participants with MCI were
randomized into either the 24-form simplified Tai Chi group
or the exercise group (stretching and toning), and both their
delayed recall and subjective memory complaints significantly
improved after 5 months of intervention, but the positive effect
only remained for delayed recall at 1-year post-intervention
(Lam et al., 2011, 2012). In contrast, there are also some
studies finding no associations between Tai Chi and memory
improvement in older people with cognitive impairment
compared with health education (Wang et al., 2018). The authors
speculated that the beneficial effects of Tai Chi might not be
apparent until enough training (60 min per time and three times
per week for at least 12 weeks) had been done. In addition, a
study found that Taoist Tai Chi + memory intervention program
(MIP) was not superior to MIP alone in memory performance
(Fogarty et al., 2016).

Improve executive function

The executive function refers to a set of cognitive abilities
that help an individual plan, monitor, and achieve a goal,
mainly including inhibition and interference control, working
memory, and cognitive flexibility (Diamond, 2020). Elderly
people with MCI are likely to have some defects in executive
functions, which might be alleviated by exercises, such
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FIGURE 1

Classification and symptoms of mild cognitive impairment (MCI) in the elderly.

as Tai Chi (Law et al., 2020). A systematic review and
meta-analysis found that Tai Chi was effective in improving
the executive functions of processing speed, attention, and
working memory compared with either non-active (health
education or no intervention) or active controls (walking
or endurance, resistance/strength, and flexibility exercises;
Wayne et al., 2014). However, the number of studies was
very limited (Tai Chi vs. non-active controls: N = 4; Tai
Chi vs. active controls: N = 2). Apart from studies in the
meta-analysis, an individual trial showed that 6 months
of 10-form Tai Chi training (three times per week) was
effective in improving the mental switching component
of executive function in older adults with amnestic MCI
(Sungkarat et al., 2018). The beneficial effects on executive
function in exergaming-based Tai Chi group (modified Yang
style), traditional Tai Chi group (simplified 24-form Yang
style), and untrained controls were compared (Liu et al.,
2022). During the Tai Chi exergames, participants imitated
a virtually-presented Tai Chi instructor and made real-time
adjustments in response to immediate feedback. These two
Tai Chi groups (three times per week for 12 weeks) had
similar improvements in executive functions, significantly
stronger than the controls. Two RCTs assessing the effects
of 24-form or 10-form Tai Chi on components of executive
function showed significant improvement in Trail Making
Test (task switching) but not the digit span forward and
backward test (information updating and monitoring),
indicating that the intervention effect of Tai Chi might be
specific to certain executive components (Lam et al., 2011;
Sungkarat et al., 2018).

Improve global cognitive function

Tai Chi is a light-to-moderate-intensity aerobic exercise,
which may offer benefits to global cognitive functions (Bao
and Liu, 2019). A 48 times 8-form Tai Chi training within
3 months can significantly improve the MOCA-P (the
Peking Union Medical College version of Montreal cognitive
assessment) total score of the elders with MCI, especially in
its sub-project score (visual space function and long delayed
recall) compared with the control group (a 30-min health
education about MCI prevention and a related handbook;
Wang and Sheng, 2016). The higher the MOCA-P score,
the better the global cognitive function is. Systematic reviews
demonstrated that compared with non-intervention controls
or other active interventions (adapted physical activity and
health education, stretching and relaxation exercise, walking,
etc.), 12 weeks to 1 year of Tai Chi training could yield
small to moderate clinically relevant improvements in global
cognitive functions for cognitively impaired older adults (Wayne
et al., 2014; Lim et al., 2019; Zhou et al., 2022). A pilot
RCT compared the effects of 24-form Yang-style Tai Chi
vs. conventional exercise with similar intensity on global
cognitive function in adults aged ≥50 years with MCI (Yu
et al., 2022). The results indicated that Tai Chi resulted
in earlier (12 weeks vs. 24 weeks) and more significant
improvements in cognitive flexibility. Notably, Tai Chi had
additional positive effects on global cognitive function in
comparison to cognitive training alone after 12 months of
intervention, but the beneficial effects in both groups gradually
disappeared after they stopped training, and only those who
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continued to receive the combined training maintained their
cognitive performance after another 12 months (Li et al., 2022).
Therefore, prolonged training is required to delay cognitive
decline. A meta-analysis revealed that as the duration of
Tai Chi increased from 20–40 min to 60 min, profound
improvement in global cognitive function would be obtained.
However, one study found that the cognitive function was
not differentially improved in the Taoist Tai Chi + MIP
group relative to the MIP-only group over the shorter term
(10 weeks) and longer-term (22 weeks; Fogarty et al., 2016).
This might be attributed to the instability of the test or
the relatively large difference in baseline cognitive functions
between the groups.

Reduce the risk of falls

Good performance in maintaining balance and gait not
only relies on the health of muscles and bones but also
on that of some cognitive functions, such as executive-
attentional functions, visuospatial abilities, and memory
(Amboni et al., 2013). Degenerated muscles and bones
and cognitive impairment often coexist in older adults,
increasing the risk of falls (Tamura et al., 2018). A study
reported that older people with cognitive impairment were
four times more likely to fall than those without these issues
(Tinetti et al., 1988).

Tai Chi might be an effective strategy for preventing falls in
the elderly with MCI possibly by improving their somatic and
cognitive functions related to balance, muscle strength, physical
endurance, postural control, and flexibility (Wehner et al., 2021).
A meta-analysis summarized that Tai Chi might reduce the
incidence of falls by 43% over a short time (<12 months) in
older and at-risk adults (Lomas-Vega et al., 2017). Sungkarat
et al. (2017) assessed the effect of a combination of center-
and home-based 10-form Tai Chi training on the risk of falls
in older adults with MCI using various indicators, including
knee proprioception, knee extension strength, hand reaction
time, postural sway, and Physiological Profile Assessment fall
risk index. These indices significantly improved after a 15-week
intervention (three times per week). In addition to field training,
the effects of Tai Chi online courses on the risk of falls have
been explored during the COVID-19 pandemic. Liu et al.
(2022) found that the exergaming-based Yang-style Tai Chi
and traditional Yang-style Tai Chi groups had comparable
improvements in gait performance and cognitive-dual-task cost,
both of which were better than those of the untrained control
group. Inconsistently, Li et al. (2021) found that though the
home-based Tai Chi group performed better on tests of balance,
chair stands, and gait performance than the stretching group, no
significant reduction in falls (incidence rate ratio: 0.58; 95% CI:
0.32, 1.03) was observed possibly because of the small sample
size (N = 15 for each group). Besides, a low-quality study

reported that the Taoist Tai Chi + MIP on gait or balance showed
no preferential benefit to the elders with MCI than the pure
memory training (Fogarty et al., 2016).

Improve sleep quality

Compared with a normal population, MCI patients are
more likely to experience sleep disturbances (18.3%–45.4%
vs. 10.9%–23.3%), manifesting as greater wake after sleep
onset, lower sleep efficiency, and longer rapid eye movement
sleep latency (Da, 2015; D’Rozario et al., 2020). Some
studies have suggested a bidirectional relationship between
sleep problems and cognitive decline (Guarnieri and Sorbi,
2015). Specifically, circadian dysregulation might precede
MCI and accelerate its progress to Alzheimer’s disease, and
different patterns of sleep disorders might result from specific
dementias, depending on the areas affected in the brain
(Tranah et al., 2011; Roth, 2012).

Tai Chi has been proposed as an effective intervention
to mitigate sleep problems in older adults, but the evidence
is limited in patients with MCI. In a pilot RCT, older
adults with cognitive impairment who attended the 10-form
Tai Chi sessions twice a week for 2 months had prolonged
sleep duration (+48 min) and increased sleep efficiency
(+9.1%) after 6 months, significantly better than those of
the untrained group (Chan et al., 2016). A systematic
review found that generally healthy older adults had the
greatest number of significant improvements in various sleep
outcomes after they performed moderate intensity exercise
(e.g., Baduanjin, Tai Chi, and yoga) three times per week
for at least 3 months (Vanderlinden et al., 2020). Regular
exercise, especially Tai Chi training involving deep breathing and
meditation, may promote relaxation and raise body temperature
in ways that are helpful for initiating and maintaining sleep
(Montgomery and Dennis, 2002).

Reduce body pain

MCI in older people is often accompanied by inflammation
and chronic pain. A prospective cohort study demonstrated that
the prevalence and severity of chronic pain were independently
influenced by cognitive measures (attention, visual memory,
and executive function) and affective factors (state anxiety,
passive coping strategies, and depression; Attal et al., 2014).
Systematic reviews and meta-analyses of RCTs demonstrated
that Tai Chi was an effective intervention for relieving low
back pain and pain caused by osteoporosis, osteoarthritis, and
fibromyalgia (Kong et al., 2016). Lauche et al. (2016) showed
the effectiveness of 12 weeks of 13-form Yang-style Tai Chi
training in improving chronic nonspecific neck pain relative to
non-trained controls. A pilot study found that compared with
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light physical exercise program, a 12-week 8-form Yang-style
Tai Chi training program could significantly lower pain severity
and pain interference in older adults with chronic multisite
pain (You et al., 2018). The valid duration of Tai Chi for
osteoarthritis pain relief was at least 6 weeks as suggested by
a systematic review and meta-analysis (Kong et al., 2016). In
2017, a clinical practice guideline from the American College
of Physicians recommended patients with chronic low back
pain to select Tai Chi or other mind-body exercise as a
nonpharmacologic treatment (Qaseem et al., 2017). However,
related evidence is limited and has low or moderate quality.
Overlaps have been found among the brain regions responsible
for pain modulation and cognition, such as the amygdala,
prefrontal cortex, and hippocampus (Attal et al., 2014; Shen
et al., 2021). When Tai Chi improves cognitive functions through
altering these regions, some beneficial effects on pain relief
may occur.

Relieve internal bad sentiment and
improve the quality of life

Even though senior people with MCI can perform daily
activities, they may still face some cognitive, social, or
psychological problems that can make them feel anxious and
upset, and thus their quality of life is reduced. Older adults
with MCI who have low income, depressive symptoms, or poor
sleep quality are likely to report low quality of life (Song et al.,
2019). Eight weeks of the 10-form Tai Chi training has been
linked to improvement in the mental health component of
quality of life in older adults with cognitive impairment (Chan
et al., 2016). Researchers speculated that such benefits might
be attributed to more social interaction and companionship
offered by Tai Chi. After a 16-week Yang-style simple Tai
Chi training, older patients with MCI scored higher in some
subscales of Short-form 12, a measure of the quality of life,
than untrained controls (Siu and Lee, 2021). Reduction in
depression and anxiety, alleviation of body pain, exaltation on
activities of daily living, and improvement in sleep quality may
somehow mediate the effects of Tai Chi on the quality of life in
patients suffering from MCI (Siu and Lee, 2018; Farhang et al.,
2019).

As previously mentioned, many epidemiological studies
have identified the beneficial effects of Tai Chi on symptoms
of MCI in the elderly, including memory deficit, executive
function decline, sleep disturbance, body pain, and emotional
disorders (Table 1). The soft movement and the postural
control in Tai Chi may improve the flexibility of the limb
joints and the stability of the posture, while the combination of
aerobic exercise, meditation, and breathing control may alleviate
emotional distress and improve some cognitive functions, such
as the memory function and the executive function (Figure 2).

Mechanisms underlying the effects
of Tai Chi on cognitive functions

Alter the functional connectivity of
different brain regions

The human brain is a large network composed of structurally
and functionally interconnected components (Fam et al., 2020).
It can be artificially divided into different regions (lobes) in
charge of various functions. Accumulating neuroimaging studies
have demonstrated that MCI is a disorder characterized by brain
dysconnectivity. The beneficial effects of Tai Chi on cognitive
functions in older patients with MCI might be mediated by
altering the connectivity of the brain network.

The prefrontal cortex, a region controlling the highest levels
of cognitive and emotional processes, is extremely vulnerable
to aging, and declines in these processes manifest as disrupted
connectivity among brain regions (Jones et al., 2019; Yan and
Rein, 2022). Research discovered that the resting-state functional
connectivity between the medial prefrontal cortex and bilateral
hippocampus increased significantly after 12 weeks (5 days per
week) of Tai Chi training; the increase was associated with
corresponding improvement in memory functions measured by
the Wechsler Memory Scale (Li et al., 2014). Similarly, another
study reported that a multimodal intervention comprising
cognitive training (181-h sessions), Tai Chi (three times per
week for 6 weeks), and group counseling (once per week) was
efficacious in improving the resting-state functional connectivity
between the medial prefrontal cortex and the medial temporal
lobe and the strength of the connectivity was positively
correlated with changes in cognitive performance assessed by
the Category Fluency Test (Tao et al., 2016, 2017a). Hui et al.
(2016) monitored the functional connections of different brain
regions among experienced Tai Chi practitioners and untrained
controls during resting and movement states. They found that
Tai Chi could induce the activation of the prefrontal cortex,
motor cortex, and occipital cortex, improve the connections
among them in myogenic activity, sympathetic nervous system,
and endothelial cell metabolic activities, and increase cerebral
blood flow, which was associated with improvement in cognitive
functions. Other studies have shown that Tai Chi could increase
connectivity between the left middle frontal gyrus and the
left superior parietal lobule, between the posterior cingulate
cortex and the right putamen/caudate, or between the left
prefrontal cortex and the right sensorimotor area and reduced
connectivity among the bilateral dorsolateral prefrontal cortex,
the left superior frontal gyrus, and the anterior cingulate cortex
(Tao et al., 2017b; Liu J. et al., 2019; Wang and Lu, 2022).

The status of brain region connections is closely related
to the efficiency of information transfer (Sun et al., 2014).
Compared with general aerobic exercise, 8 weeks of Tai
Chi training could significantly enhance the nodal clustering
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TABLE 1 Characteristics of studies related to the effects of Tai Chi on mild cognitive impairment in the elderly.

Studies Country Diagnostic
criteria

Participants
(IG/CG)

Age, mean
(SD), year

Intervention Frequency
and duration
of Tai Chi

Follow-up Adverse
event

Outcomes/Measurements

Bao and Liu
(2019)

China Amnestic MCI,
Global
Deterioration
Scale: 2–3; CDR
score: 2; ADL
≤26

31/31 IG: 68.22 (9.84);
CG: 65.62 (9.34)

IG: 24-form Tai
Chi; CG: health
education

Twice a day, 3 days
a week for
6 months

6 months Not reported Tai Chi group had higher MMSE and
MOCA scores, shorter P300’s incubation
period, and higher volatility than the
control group (P < 0.05).

Birimoglu and
Deveci (2021)

Turkey MCI (MMSE
and MoCA <25)

20/22 IG: 74.21 (6.93);
CG: 74.21 (6.93)

IG: Yang style Tai
Chi; CG: not
subjected to any
physical practice

35–40 min/session,
twice a week for
3 months

3 months Not reported The scores of cognitive adaptations and
changes in level subscales of the fall
behavioral scale were significantly
increased in the Tai Chi group (P < 0.01).

Chan et al.
(2016)

China MCI (MMSE
13–26)

27/25 IG: 78.4 (7.1);
CG: 82.2 (6.7)

IG: 10-form Tai
Chi; CG: usual
activities

60-min session,
twice a week for
2 months

6 months None Tai Chi group had significantly better
results in the Chinese Pittsburgh Sleep
Quality Index global score (P = 0.004),
sleep duration (P = 0.003), habitual sleep
efficiency (P = 0.002), and the Short-form
12 mental health component (P < 0.001).

Fogarty et al.
(2016)

Canada Amnestic MCI,
MMSE

22/18 CG: 71.55 (9.33);
CG: 72.61 (5.78)

IG: Taoist Tai Chi
+ MIP; CG: MIP

2 × 90 min for
10 weeks

3 months Not reported Both groups significantly increased their
memory strategy knowledge and use,
ratings of physical health, processing
speed, everyday memory, and visual
attention.
No preferential benefit was found for
individuals in the MIP + Tai Chi group on
cognition, gait, or balance measures.

Kasai et al.
(2010)

Brazil MCI (RBMT
≤10)

13/13 IG: 73.54; CG:
74.54

IG: Yang style Tai
Chi; CG: not
practice Tai Chi

60-min
per session, twice
per week for
6 months

6 months Not reported Tai Chi group had significant
improvement in the RBMT and the SMC
(P = 0.007 and P = 0.023).

Lam et al. (2011) China CDR 0.5 or
amnestic MCI

135/194 IG: 77.2 (6.3);
CG: 78.3 (6.6)

IG: 24-form
simplified Tai Chi;
CG: stretching
and toning
exercise

3 × 30 min/week
for 8–12 weeks +
video CD of Tai
Chi + monthly
refresher lessons
for 5 months

5 months One fall with
minor injury in
CG

Tai Chi group had significantly better
performance in visual spans and CDR sum
of boxes scores (P < 0.001) and lower risk
of dementia (P < 0.05).

Lam et al. (2012) China CDR 0.5 or
amnestic MCI

92/169 IG: 77.2 (6.3);
CG: 78.3 (6.6)

IG: 24-form
simplified Tai Chi;
CG: stretching
and toning
exercise

3 × 30 min/week
for 4–6 weeks +
video CD of Tai
Chi + monthly
refresher lessons
for 12 months

1 year Death: 1 in IG and
2 in CG; fall with
bone fracture: 1 in
IG and 1 in CG

Tai Chi group had a lower risk of
developing dementia (P = 0.04) and a
better preservation of CDR sum of boxes
scores (P = 0.04).
Tai Chi group had greater improvement in
delay recall (P = 0.05) and Cornell Scale
for Depression in Dementia scores
(P = 0.02) in completers-only analyses.

China MCI (20
≤MMSE ≤30)

22/24 IG: 75 (11);
CG: 77 (10)

IG: Tai Ji Quan;
CG: usual daily
physical activities

60-min
per session, twice
per week for
14 weeks.

14 weeks None Tai Chi group had significant
improvement on MMSE (P < 0.001),
physical performance, and balance efficacy
measures (P < 0.05).

(Continued)
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TABLE 1 (Continued)

Studies Country Diagnostic
criteria

Participants
(IG/CG)

Age, mean
(SD), year

Intervention Frequency
and duration
of Tai Chi

Follow-up Adverse
event

Outcomes/Measurements

Li et al. (2021) China MCI (CDR
≤0.5 and MMSE
≥24)

15/15 IG: 76.13 (6.2);
CG: 76.2 (6.3)

IG: Tai Ji Quan;
CG: stretching

60-min virtual
exercise sessions
via Zoom, twice
weekly for
6 months

6 months No serious
intervention-
related adverse
events

Tai Chi group did not reduce falls or the
number of fallers, but performed
consistently better in balance (30-s chair
stands and Timed Up and Go under
single-task and dual-task conditions).

Li et al. (2022) China MCI (detailed
medical history,
neurological
examinations,
(CDR = 0.5) and
MTA)

48/51 IG: 65.6 (5.6);
CG: 65.5 (7.2)

IG: Tai Chi and
cognitive training;
CG: cognitive
training

2 × 120 min/week
for 12 months; a
subgroup of IG
received training
for another
12 months

24 months Not reported Tai Chi enhanced global cognitive
function in MCI. Tai Chi and cognitive
mixed exercise showed positive effects on
delaying cognitive decline.

Liu et al. (2022) China MCI based on
Petersen’s
criteria

16 + 17/17 IG: 74.6 (6.1)
and 73.2 (6.3);
CG: 73.4 (6.5)

IG: exergaming-
based/traditional
Tai Chi (24-form
Yang style); CG:
usual daily
physical activities

3 × 50 min/week
for 3 months

3 months None The exergaming-based and traditional Tai
Chi groups performed better than the
control group on the Chinese version of
the Stroop Color and Word Test, the TMT
(A and B), the one-back test, gait speed,
and dual-task cost of gait speed in
cognitive dual-task conditions. Only the
exergaming-based Tai Chi group
experienced beneficial effects for the
Montreal Cognitive Assessment.

Siu and Lee
(2021)

China MCI (MMSE
19–28)

80/80 IG: 60–74
(78.8%), 75 or
above (21.3%);
CG:60–74
(55%), 75 or
above (45%)

IG: 24-form
Yang-style Tai
Chi; CG: usual
activities

60 min per session,
2 sessions per
week for 16 weeks

17–18 weeks Not reported Tai Chi group performed better in the
physical health component (P = 0.036), the
mental health component (P = 0.014), as
well as several subscales of SF-12, namely,
the role-physical (P = 0.044), the bodily
pain (P < 0.001) and the vitality
(P = 0.004) subscales.

Sungkarat et al.
(2017)

Thailand Amnestic MCI,
MMSE ≥24 and
MoCA <26

33/33 IG: 68.3 (6.7);
CG: 67.5 (7.3)

IG: 10-form Tai
Chi; CG: health
education

3-week
center-based +
12-week
home-based Tai
Chi (50 min
per session,
3 times per week)

15 weeks One ill health, one
study-unrelated
ankle fracture

Tai Chi group had significantly better
performance on Logical Memory, Block
Design (visuospatial ability), TMT (B-A;
executive function), composite PPA score
(fall risk), and PPA parameter scores (knee
extension strength, reaction time, postural
sway, and lower limb proprioception).

Sungkarat et al.
(2018)

Thailand Amnestic MCI,
MMSE ≥24 and
MoCA <26

33/33 IG: 68.3 (6.7);
CG: 67.5 (7.3)

IG: 10-form Tai
Chi; CG: health
education

3-week
center-based +
6 months
home-based Tai
Chi (50 min
per session,
3 times per week)

27 weeks One ill health, one
study-unrelated
ankle fracture

Tai Chi group had significantly better
performance on Logical Memory and
TMT (B-A), and higher plasma BDNF
levels.
No significant difference on Block Design
scores, Digit Span forward/backward
scores (executive function), and plasma
TNF-α and interleukin-10 levels were
observed.

(Continued)
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TABLE 1 (Continued)

Studies Country Diagnostic
criteria

Participants
(IG/CG)

Age, mean
(SD), year

Intervention Frequency
and duration
of Tai Chi

Follow-up Adverse
event

Outcomes/Measurements

Tsai et al. (2015) USA Moderate, mild,
or subtle MCI
and knee
osteoarthritis
(18 ≤ MMSE
≤28 and VDS
≥2 or WOMAC
≥3)

28/27 79 IG: 12-form
Sun-style Tai Chi;
CG:
instructor-led
educational
activities

3 sessions per
week for 20 weeks

20 weeks None The VDS and observed pain behaviors
were significantly better in the Tai Chi
group (P = 0.008–0.048).

Wang and Sheng
(2016)

China MCI (MoCA-P
≤25)

43/49 IG: 6–70: 2,
70–80: 30,
80–85: 11; CG:
65–70: 2, 70–80:
30, 80–85: 17

IG: 8-form Tai
Chi; CG: health
education

At least 40 min
each time, at least
4 times a week for
3 months

3 months One case of
accidental fall

The total scores of MoCA-P and the scores
of visual space function and long-delayed
recall were higher in the Tai Chi group
(P < 0.01).

Xu et al. (2020) China MCI
(MoCA-Hong
Kong: 19–21)

6/6 IG: 76.43 (4.47);
CG: 70.67 (4.23)

IG: 24-form
simplified Tai Chi;
CG: health advice

12-week training +
12-week practice
(30 min
per session,
3 times per week)

6 months One leg pain Tai Chi group had a significantly lower
cost of health service utilization and better
performance in DAD score and GAS-20
(P < 0.05).

Young (2020) China Mild-stage
dementia
(MMSE ≥18)

41/39 IG: 80.05 (6.17);
CG: 80.25 (6.33)

IG: 8-form Tai
Chi; CG: usual
activities

60 min per session,
twice a week, with
a total of
14 sessions

7 weeks Not reported Tai Chi group was more effective in
improving the Dementia Rating Scale and
MMSE scores (P < 0.01).

Yu et al. (2022) China MCI (below the
7th percentile of
the normative
data using the
MoCA-Hong
Kong)

10/12 IG: 67.3 (4.2);
CG: 67.2 (6.8)

IG: 24-form
Yang-style Tai
Chi; CG:
conventional
exercise

3 sessions of
60-min training
per week for
6 months

6 months None Tai Chi group showed greater
improvements in MoCA-Hong Kong score
than the exercise group at 12 weeks
(P < 0.001), but the difference was no
longer significant at 24 weeks (P = 0.061).

Note: ADL, Activities of Daily Living; BDNF, brain-derived neurotrophic factor; CDR, Clinical Dementia Rating Scale; CG, control group; CPQSI, the Chinese Pittsburgh Sleep Quality Index; DAD, the Disability Assessment for Dementia;
GAS-20, the Geriatric Anxiety Scale with a maximum score of 20; GDS, Geriatric Depression Scale; HK-MoCA, Montreal Cognitive Assessment Hong Kong version; IG, intervention group; MCI, mild cognitive impairment; MIP, memory
intervention program; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MoCA-P, the Peking Union Medical College Version of Montreal Cognitive Assessment; MTA, The Visual Rating Medial Temporal
Atrophy Score; PPA, Physiological Profile Assessment; RBMT, Rivermead Behavioral Memory test; SD, standard deviation; SMC, subjective memory complaints; TC, Tai Chi; TNF, tumor necrosis factor; TMT, Trail-Making Test; VDS,
Verbal Descriptor Scale; WOMAC, the Western Ontario and MacMaster pain scale.
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FIGURE 2

The potential benefits of Tai Chi on the symptoms of mild cognitive impairment in the elderly.

coefficient of the left thalamus, an indicator of the ability of
information processing and transmission between this region
and adjacent brain regions (Cui et al., 2021). This was also
reflected as higher cognitive flexibility (smaller reaction time
difference between the heterogeneous and homogeneous tasks)
in Tai Chi practitioners. Given that the thalamus plays an
important role in attention, working memory, and sleep, it
is reasonable why Tai Chi can help attenuate the progressive
decline of cognitive functions (Mitchell et al., 2014).

Elderly people with MCI are more likely to develop
neuropsychiatric disorders, such as anxiety and depression.
Tai Chi might be efficacious in alleviating negative feelings
by strengthening the fronto-striatal functional connectivity or
weakening the connectivity between the dorsolateral prefrontal
cortex and the middle frontal gyrus (Liu et al., 2018, 2020).

Increase the activation of the prefrontal
cortex

The prefrontal cortex, a brain region involved in many
cognitive functions, including working memory, sensory
attention, abstraction, planning, value-based decision-making,
and motor control, is vulnerable to neurodegeneration
associated with aging (Chafee and Heilbronner, 2022). Reduced
activation in the dorsolateral prefrontal cortex during memory
retrieval may lead to adverse memory performance (Uemura
et al., 2016). Tai Chi might reduce the degeneration of the

prefrontal cortex caused by aging by increasing its activation.
Oxyhemoglobin, a reliable indicator of changes in regional
cerebral blood flow, can be used to reflect cortical activation
during movement (Perrey, 2008). Lu et al. (2016) reported
a case in which the prefrontal oxyhemoglobin level was
monitored when a Tai Chi master was asked to perform Tai
Chi and cycling on two separate days. They found a greater
increase in oxyhemoglobin and total hemoglobin levels (sum
of oxygenated and deoxygenated hemoglobin) during the Tai
Chi routine, suggesting that the subject had greater prefrontal
neuronal activation during Tai Chi exercise than that during
cycling, though these two activities had similar intensities
(2.6 METs for Tai Chi and 2.3 METs for cycling). This research
speculated that the additional activation was due to the
mental involvement unique to Tai Chi. Some studies found
increased prefrontal activation assessed by functional magnetic
resonance imaging or functional near-infrared spectroscopy
and increased resting-state activity in the dorsolateral prefrontal
cortex evaluated by the fractional amplitude of low-frequency
fluctuations in the Tai Chi group (Wu et al., 2018; Xie et al., 2019;
Wang S. et al., 2021).

Increase gray matter density and regional
homogeneity in the hippocampus

The hippocampus, a region that plays a vital role in
learning, memory formation and consolidation, and emotion
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regulation, is located within the medial temporal lobe of the
brain (Bartsch and Wulff, 2015). A series of alterations in the
aging hippocampus, including decreased volume and neuronal
density, increased neuroinflammation, and altered intracellular
signaling, has been associated with cognitive decline (Driscoll
et al., 2003; Bettio et al., 2017). Compared with controls, Tai
Chi practitioners were reported to have increased gray matter
densities, higher regional homogeneity in the hippocampus,
and enhanced memory-related test scores; this finding implied
that Tai Chi improves memory functions by altering the
hippocampus at structural and functional levels (Yue et al.,
2020a). Specifically, participants who regularly performed Tai
Chi for at least 6 years had higher gray matter densities in the
left hippocampus and left parahippocampal gyrus than those
who walked for exercise. Regional homogeneity is a data analysis
method of resting-state functional magnetic resonance imaging
technique and mainly reflects the consistency of the spontaneous
activities of local neurons (Liu et al., 2021). This study also
found significantly higher regional homogeneity activation in
the hippocampus and a positive relationship between this factor
and memory performance in the Tai Chi group, which is
consistent with the results of another study with 6 weeks of Tai
Chi intervention (Zheng et al., 2015).

Improve the efficiency and
microstructure of brain white matter

The white matter serves a critical role in cognitive functions
because it connects gray matter regions throughout the brain
(Filley and Fields, 2016). The reduced integrity of the white
matter during aging is related to a decline in memory,
executive function, and general cognition (Coelho et al.,
2021). Older patients with MCI and memory deficit exhibited
decreased white matter integrity for the bilateral dorsal frontal-
striatal tract, left anterior thalamocortical radiations-ventral
part, and corpus callosum connecting the bilateral inferior
parietal lobule and ventral prefrontal regions (Chang et al.,
2021). Compared with older adults who regularly performed
walking as exercise for at least 6 years, older adults who
performed Tai Chi for a similar period had a smaller small-
world attribute (sigma), which indicated higher efficiency of
information transfer in the white matter network (Yue et al.,
2020b). This attribute is associated with enhanced performance
of the updating function in working memory. Apart from the
statistical evidence of a small-world network, a study used
diffusion tensor imaging to explore the microstructure of the
brain white matter of Tai Chi practitioners and their sedentary
counterparts (Yao et al., 2019). The results showed that the
fractional anisotropy in the splenium of the corpus callosum
was significantly higher in the Tai Chi group than in the control
group, suggesting the improved integrity of the white matter.
Additionally, a meta-analysis of RCTs investigating the role of

Tai Chi on cardiorespiratory fitness in elderly people indicated
that Tai Chi can significantly increase the maximum rate
of oxygen consumption (VO2max). Meanwhile, white matter
microstructure mediates the association of VO2max with spatial
working memory performance (Tan et al., 2022). In summary,
Tai Chi might improve cognitive functions by slowing down
white matter degeneration.

Increase the brain volume and cortex
thickness

Older adults with MCI often exhibit increased brain atrophy
rate. Patients with MCI accompanied by hippocampal atrophy,
medial temporal lobe atrophy, or entorhinal atrophy are at a
high risk of developing Alzheimer’s disease (Li et al., 2016).
Decreases in the volumes of different brain regions might
lead to impairment in cognitive functions. For instance, a
decrease in the hippocampal volume has been linked to poor
episodic memory, working memory, and executive functioning
(Hardcastle et al., 2020). Mortimer et al. (2012) reported that
after 40 weeks of Tai Chi training, the whole brain volume
increased by 0.47%, significantly higher than that in the walking
group (−0.15%) or no intervention group (−0.24%); this finding
might partially explain cognitive improvements related to verbal
learning, attention, and memory in the Tai Chi group. Compared
with general aerobic exercise, 8 weeks of Tai Chi tends to have a
stronger effect on brain plasticity, as evidenced by an increase
in gray matter volume in the left middle occipital gyrus, left
superior temporal gyrus, and right middle temporal gyrus (Cui
et al., 2019). These regions are highly correlated with visual
information processing, emotion regulation, language/semantic
processing, and memory encoding and retrieval (Pico-Perez
et al., 2017; Teng et al., 2018; Liu et al., 2021). In addition,
increased gray matter volume has been found in the insula,
medial temporal lobe, putamen, thalamus, and hippocampus in
Tai Chi practitioners (Tao et al., 2017c; Liu S. et al., 2019).

Apart from an increase in brain volume, an increase
in cortical thickness was observed in some specific brain
regions in the Tai Chi group, such as the precentral gyrus,
the middle frontal sulcus, the superior temporal gyrus, and
the medial occipito-temporal sulcus, which are responsible for
motor execution, emotion and cognition integration, and special
navigation (Wei et al., 2013). Similar effects can be induced by
meditation or aerobic exercise; hence, these activities might have
common mechanisms for brain reshaping (Lazar et al., 2005;
Rogge et al., 2018).

Change brain event-related potentials

An ERP refers to an electrical brain response time-locked
to a particular stimulus or event, which can be recorded via
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electroencephalography (Aaronson, 2021). ERPs are commonly
used in assessing cognitive processing at a high temporal
resolution (Helfrich and Knight, 2019). In this context, ERPs
as indicators are more sensitive than behavioral reactions
(Fong et al., 2014). P3b and P3 amplitudes are indices of
neural resource and cognitive processing capability allocation
and have large amplitudes reflecting enhanced processing
capability; P3 latency reflects stimulus evaluation time or
processing speed, with shorter latency indicating superior
performance (Gao et al., 2013). Under a natural condition,
P3 amplitude decreases regularly with increasing age at a
rate of 0.18 µV per year, whereas its latency increases at
a rate of 1.36 ms per year (Picton et al., 1984). Tai Chi
might mitigate such a trend. A cross-sectional study reported
that Tai Chi practitioners had larger P3b amplitudes than
sedentary controls; this result was consistent with that of
another study, which showed a larger P3 amplitude in
older adults practicing Tai Chi in a task-switching task
(Fong et al., 2014; Hawkes et al., 2014). This phenomenon
implies that Tai Chi practitioners allocate more attention
or other resources to the task given by researchers than
individuals that do not perform Tai Chi and thereby have
better cognitive performance. The second study found
shorter P3 latency in the Tai Chi group than in sedentary
counterparts, indicating the faster processing speed of
the practitioners. These findings are consistent with the
“compensation hypothesis,” which suggests that age-related
cognitive deterioration can be compensated by the frontal
activation of neural networks through learning new skills or
exercise (Fong et al., 2014).

Increase concentrations of brain-derived
neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is a protein
that can regulate a wide range of activities essential for
the development and maintenance of normal brain functions
(Colucci-D’Amato et al., 2020). It is considered a mediator
in the association between an external stimulus (e.g., exercise
and enriched environment) and improved neurogenesis and
synaptic plasticity in the hippocampus and prefrontal cortex,
which is critical for learning and memory (Numakawa et al.,
2018). Results of a trial showed that the aerobic exercise-
induced upregulation of serum BDNF was associated with
increased hippocampal volume and improved memory function
(Erickson et al., 2011). An RCT demonstrated that 6 months
of the 10-form Tai Chi practice was effective in upregulating
plasma BDNF along with improving memory and mental
switching in older patients with amnestic MCI (Sungkarat
et al., 2018). A similar phenomenon was also observed
in another study with 10 weeks of Tai Chi intervention
(Solianik et al., 2021).

Decrease plasma amyloid beta (Aβ) and
total tau (t-tau) protein levels

The hallmark neuropathological substrates for MCI are
β-amyloid (Aβ) plaques and intracellular tau neurofibrillary
tangles (NFTs; Chandra et al., 2019). Aβ peptides have
been demonstrated to lead to lipid peroxidation in amnestic
MCI brains (Butterfield and Boyd-Kimball, 2018). The
severity of cognitive symptoms and disease duration are
positively correlated with the existence and the amount of
hyperphosphorylated tau-based NFT pathology (Gómez-Isla
et al., 1997). A mice study found that 8 weeks of aerobic exercise
(treadmill) could alleviate memory impairments by reducing
tau hyperphosphorylation in the cerebral cortex (Jeong and
Kang, 2018). Tai Chi is a type of aerobic exercise and may
have a similar effect. Reduced Aβ1–42 was considered evidence
of amyloid deposition in the brain (Harris et al., 2015). A
positive association was observed between the plasma level of
Aβ1–42 and global cognition and hippocampal volume (Poljak
et al., 2016). Long-term Tai Chi practice has been shown to
increase hippocampal volume (Wei et al., 2013). Besides, Tai
Chi was associated with improved cerebral blood flow velocity,
which may help inhibit the formation and aggregation of Aβ

plaques and intracellular NFTs (Burdette et al., 2010).

Regulate brain inflammatory factors

Inflammation has been implicated in the pathogenesis
of chronic neurodegenerative diseases, such as MCI. A
meta-analysis has verified several inflammatory markers with
significantly different expression levels in patients with MCI
compared with healthy controls, such as elevated levels of
soluble tumor necrosis factor receptor 2 and interleukin-6 (IL-
6; Shen et al., 2019). Some inflammatory markers, such as
IL-1 and IL-1β, are directly correlated with the impairment
of hippocampal-dependent memory processing (Shaftel et al.,
2008). The results of studies focusing on the effects of Tai
Chi on inflammation control were inconsistent. Some of them
showed reduced levels of IL-6, tumor necrosis factor, and
C reactive protein in the Tai Chi group, but some showed
no significant changes or even reversed results (Bower and
Irwin, 2016). This might be attributed to the complexity
of inflammation regulation and the instability of circulating
inflammatory markers that can be influenced by many factors
apart from Tai Chi. However, RCTs that examined the
effects of Tai Chi on inflammation-related gene expression
consistently demonstrated reduced activity of nuclear factor
kappa B (NF-κB; Bower and Irwin, 2016). NF-κB plays a key
role in cognitive performance. A mice experiment indicated
that lipopolysaccharides could induce cognitive impairment
and neuroinflammation by activating the NF-κB signaling
pathway (Zhao et al., 2019). Moreover, another study conducted
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on Wistar rats found that aerobic exercise could attenuate
age-related memory decline, decreased hippocampal NF-κB
levels, and atrophy (Lovatel et al., 2013).

Although many epidemiological studies have identified the
beneficial effects of Tai Chi on various cognitive functions,
the underlying neural mechanisms have not been investigated
in detail. The performance of cognitive processes depends
on the condition of a neural substrate. Previous studies have
linked cognitive impairment with structural, neuroelectric, and
metabolic abnormalities in a range of brain regions, including
the hippocampus, prefrontal cortex, and temporal gyrus. Tai
Chi might alleviate cognitive decline through altering factors
related to these aspects, particularly by altering the functional
connectivity of different brain regions, increasing the activation
of the prefrontal cortex and hippocampus, changing brain event-
related potential (ERP), and regulating brain inflammatory
factors (Figure 3).

Current problems and prospects

Though guidelines have recommended exercise as an
effective nonpharmacologic treatment for preserving cognitive

functions in patients with MCI, many older adults are prevented
to perform exercises because of physical frailty. Tai Chi may be
appealing to elders with MCI because it is a light-to-moderate-
intensity aerobic exercise that is safe and friendly to those
with different levels of mobility. Furthermore, Tai Chi does not
require special equipment or a venue and can thus be performed
anywhere at any time.

Tai Chi has its unique advantages over other forms
of exercises in improving cognitive functions. First, Tai
Chi has many movements. In contrast to general exercises
consisting of simple and repetitive movements, Tai Chi
requires learning and memorizing different movements and
their sequences and formulas, which leads to particularly
significant improvements in mental flexibility and immediate
recall (Lim et al., 2019). Second, Tai Chi, considered a moving
meditation, has a higher level of intellectual involvement.
Meditation has been demonstrated to consistently alter some
brain regions that are keys to meta-awareness, memory
consolidation and reconsolidation, and emotion regulation
(Fox et al., 2014). This may shed light on why Tai Chi
has stronger effects than general aerobic exercises on brain
plasticity and executive functions (Cui et al., 2019; Chen et al.,
2020).

FIGURE 3

The brain function mechanisms of the Tai Chi treatment for mild cognitive dysfunction.
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Tai Chi has many types and can be classified either by
founding family (Chen style, Yang style, Wu Hao style, Wu style,
and Sun style) or by the degree of difficulty (8-style, 16-style,
24-style, 32-style, and 42-style). The stance can be performed
at three heights (high, medium, and low). The different types
or movements of Tai Chi may require different levels of
physical strength and flexibility. Selecting a style that works
best for one’s condition under the guidance of professionals is
important to safety, especially for elders with chronic conditions
or disabilities. For example, the lower the stance is, the more
power, flexibility, and capacity of balance are needed. Starting Tai
Chi from a high stance and gradually moving towards lower ones
is preferred for senior beginners. Moreover, the effects of Tai Chi
on MCI may vary with style. Most studies used 24-style Tai Chi
as the exercise intervention program. Whether other styles can
result in better performance is currently unclear. A systematic
review indicated that the Yang style tended to be more effective
than Sun-style in preventing falls in elders (risk ratio: 0.61 vs.
0.88). More RCTs comparing various Tai Chi styles are needed
to determine the most effective one.

Apart from style, duration and frequency may influence the
effect size of Tai Chi on MCI. A bibliometric analysis from 2010
to 2020 showed that in most trials with positive effects, Tai Chi
was performed for 60 min per time and three times per week for
at least 12 weeks (Yang et al., 2021). A recent study speculated
that an intervention lasting 6 months to 1 year might lead to
further improvements in cognitive functions (Lim et al., 2019).
The effect size of Tai Chi on static steady-state balance in older
adults was positively correlated with exercise frequency in a
meta-analysis (Wang L. C. et al., 2021). Dose-response analyses
are needed to optimize the intervention of Tai Chi on MCI.

Tai Chi has been delivered face-to-face by an instructor.
Combining Tai Chi with other teaching forms may be an
alternative for individuals who prefer to perform Tai Chi at home
or who have no access to an instructor. A modified Tai Chi
via virtual reality has been compared with untrained controls
in older adults with cognitive impairment (Hsieh et al., 2018).
Significant improvements in cognitive functions were observed
in favor of Tai Chi (twice weekly for 6 months) and were closely
correlated with the average movement accuracy score. Virtual
reality can help practitioners memorize movements by providing
verbal and visual cueing and can facilitate standardizing
movements by providing immediate feedback.

Though not very consistent, most of the previous
epidemiological studies indicated that Tai Chi was a potentially
effective strategy for relieving the symptoms of MCI and
delaying the progression of MCI to dementia in older adults.
The symptoms included but were not limited to memory deficit,
executive function decline, sleep disturbance, and body pain.
As for the underlying mechanisms, studies demonstrated that
Tai Chi can increase connectivity between many brain regions,
increase brain volume, and improve the efficiency of the white
matter. Additionally, Tai Chi might promote the clearing of

neuropathological substrates for MCI and reduce inflammatory
factors. Although some of the previous studies appear confusing
and even partially contradictory, the combined evidence
suggests that Tai Chi may have a positive value in slowing brain
aging and rejuvenating brains affected by MCI.

In summary, accumulating evidence from RCTs has
suggested Tai Chi as a promising strategy for improving
cognitive functions and delaying the onset of dementia in
patients with MCI possibly by altering structures and neural
activities and regulating other factors (e.g., neurotrophic
and inflammatory factors). Future studies are encouraged to
compare the different styles of Tai Chi, explore whether
a dose-response relationship exists, determine how long
an effect can last, and perform subgroup analyses on
different types of MCI given that the effects of Tai Chi
may vary with specific domain impairment, and investigate
potential neural mechanisms by neuroimaging techniques and
biochemical markers.
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