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Abstract
Tai Chi (TC) has been often provided to older adults by rehabilitation professionals for medical dysfunction and anti-ag-
ing healthcare. In last decade, there has been an increase in the number of studies examining the effects of TC on brain as 
assessed by neuroimaging including near infrared spectroscopy (fNIRS), and structure and functional magnetic resonating 
imaging (sMRI & fMRI). Thus, the primary purpose of this literature review is to evaluate how TC practice may affect the 
brain in the elderly as assessed by neuroimaging techniques, and followed by corresponding neurobehavioral changes as 
the secondary purpose. A comprehensive literature search was conducted using a variety of keywords with different search 
engines to search from the last ten years until January 15, 2022. Studies were included if they investigated topographic brain 
responses after TC practice in the elderly population. A total of 12 original studies with 15 articles met the criteria and were 
included for the review process. The results showed increased volume of cortical grey matter, improved neural activity and 
homogeneity, and increased neural connectivity in different brain regions, including the frontal, temporal, and occipital 
lobes, cerebellum, and thalamus. Intriguingly, the longer one practices TC, the more his/her brain regions may be altered. 
Such neural findings after TC practice are often associated with neurobehavioral improvements in attention, cognitive exe-
cution, memory, emotion, and risk-taking behaviors. TC is a promising exercise that is able to improve structural capability 
and neurofunctional activity in the brain in the elderly. These improvements appear to be associated with the time-length of 
TC practice. 
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Abstract

Cancer is the second leading cause of death worldwide, and due to the emergence of 
resistance to synthetic drugs in different cancers, developing new green drugs have be-
come crucial. In this study, chitosan nanoparticles containing Cinnamomum verum J.Presl 
essential oil and cinnamaldehyde (major ingredient) were first prepared. The obtained 
nanoparticles were then characterized using Dynamic Light Scattering (DLS), Transmis-
sion electron microscopy (TEM), and Attenuated Total Reflection-Fourier Transform In-
fraRed (ATR-FTIR). After that, anticancer effects of the as-prepared nanoparticles were 
investigated. IC50 values of chitosan nanoparticles containing the essential oil were ob-
served at 79 and 112 µg/mL against A-375 and MDA-MB-468 cells, respectively. These 
values for chitosan nanoparticles containing cinnamaldehyde were obtained at 135 and 
166 µg/mL. The results of the current study indicated that chitosan nanoparticles contain-
ing C. verum essential oil can inhibit the growth of human melanoma (A-375) and breast 
cancer (MDA-MB-468) cells.
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Introduction  
Clinically, Tai Chi (TC) is one of the most commonly 
used exercises frequently provided by rehabilitation 
professionals for older adults [1].  TC is originally 
from ancient Chinese Martial arts and it integrates 
breathing, meditation, and body movement to achieve 
a great sense of inner peace and well-being in a calm, 
relaxed, and meditative way [1]. Over years, TC has 
been recognized as an effective mind-body exercise 

intervention to improve physical performance, prevent 
falls, increase social participation, and enhance cogni-
tion activities, particularly for the elderly population 
who are experiencing neural degeneration due to the 
aging process and/or medical dysfunctions [1,2].
In the last decade, an increasing number of studies 
have been conducted to investigate whether and how 
the human brain might respond to TC practice, as-
sessed by using a variety of neuroimaging techniques. 
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Functional near-infrared spectroscopy (fNIRS) is a 
cost-effective, wearable neuroimaging technology 
that can safely assess the real-time brain activity dur-
ing physical performance by monitoring the hemo-
dynamic response (HbO2) in the brain cortex using 
near-infrared light sources [3]. Structural magnetic 
resonance imaging (sMRI) is a non-invasive imaging 
technique that can examine the structural characteri-
zation of the brain in normal or pathological condi-
tions [4]. Functional Magnetic Resonance Imaging 
(fMRI) is an imaging technique often used to assess 
two or more different states in an experimental func-
tional condition. In fMRI, fractional amplitude of 
low-frequency fluctuations (fALFF) is a resting state 
fMRI indicator and the fALFF technique is often used 
to assesses the spontaneous neural activity of specif-
ic regions in the brain [5]. The regional homogeneity 
(ReHo) technique in fMRI is to assess local sponta-
neous coherence or intra-regional synchronization of 
neural activity [6]. The functional connectivity and 
diffusion tensor imaging (DTI) technique are often 
used to estimate white matter connectivity and integ-
rity respectively in the brain [7]. Therefore, the pur-
pose of this literature review was to review and exam-
ine if and how TC exercise might affect the brain after 
TC practice as assessed through these neuroimaging 
techniques, and how these TC effects may be associ-
ated with changes of neurobehavioral and cognitive 
functions.

Methods

Search strategy 
TC-related literature that investigated TC’s effects 
on structural responses of the brain was searched. 
The following sources were included in the literature 
search process: PubMed, Scopus, Medline (US Na-
tional Library of Medicine), the Physiotherapy Evi-
dence Database (PEDro), the Cochrane Controlled 
Trials Register (Cochrane Library), Cumulative Index 
of Nursing and Allied Health Literature (CINAHL), 
and the oversea English version of China Nation-
al Knowledge Infrastructure (CNKI), The searched 
time period is from January 2012 to January 15, 2022. 
The PubMed search strategy was based on the PICO 
approach. Both the term (tw) and MeSh (mh) search 
keywords were used to find the qualified articles. 
Published reviews and all relevant studies and their 
reference lists were also reviewed manually in search 
for other pertinent publications.
 
Study selection
Studies identified in the search were screened for 
inclusion. Articles that met the following inclusion 
criteria were selected. 1. studies investigating the 
effects of TC on brain response. 2. studies assessing 

the responses with fNIRS, sMRI, and/or fMRI as the 
primary outcome assessments. 3. participants were 
older adults (≥ 60 years older). 4. randomized con-
trol trials, single-group pre- and post- comparison, 
and cross-sectional studies. 5. studies published in 
peer‐reviewed English journals or English version of 
Chinese journals from last 10 years until January 15, 
2022. However, an article could be excluded if it met 
one of the following exclusion criteria. 1. The study 
was case study, a review, study protocol, or a pro-
spective article. 2. The Tai Chi intervention was a part 
of a combined exercise program for the intervention 
group. 3. The article was published in a non-English 
language, or published in English journals before De-
cember 31, 2022.    

Data Extraction
Initially, all identified articles were assessed inde-
pendently by two reviewers by scanning the titles and 
abstracts to determine whether they met the predeter-
mined eligibility criteria. When there was uncertainty 
or disagreement between the two reviewers, the lead 
author (first author) was involved in the discussion 
until a consensus decision was reached. Data extracted 
from each of these studies included study design, par-
ticipant characteristics, TC program characteristics, 
outcome assessed on neurobehavioral aspects, neuro-
imaging techniques, and structural changes identified 
by these techniques. 

Outcome of Interests
The interest from this review were: what TC param-
eters were provided to older adults to practice, how 
different parts of an aging human brain might react to 
the TC practice in neuroimaging approach, whether 
some neurobehavioral response might correspond to 
the neuroimaging changes, and if these brain reactions 
and neurobehavioral response might correlate to the 
time length of practicing TC. The outcome of these 
interests was measured with analysis of TC exercise 
parameters, sMRI, fMRI, rsFC, fNIRS, as well as in-
struments and questionnaires for neurobehavioral as-
sessments.

Results
Twelve studies were qualified for this review, but 
some authors published more than one article out of 
a single study, which made the final 15 articles quali-
fied and retrieved for the final review (Table 1). There 
were six randomized control trials (RCTs) with seven 
articles [8,11,16,19-22], and six cross-sectional stud-
ies with eight articles [9,10,12-15,17,18]. In the six 
RCT studies, the intervention group or one of the in-
tervention groups used TC as the intervention, while 
in the six cross-sectional studies, comparisons were 



http://jtim.tums.ac.ir88

H. Liu  et al.Tai Chi and neurobehavioral changes

conducted between people who practiced TC over 
three years [17] or five years [9,10,12-15,18] with 
people who received usual care without any exercise 

[12,13,18], or did exercise of walking [9,10], aquatic 
aerobics [17], or other exercises with matched physi-
cal activity level [14,15].   

Authors Research
Design Subjects Interventional Param-

eters Assessment instruments

Adcock, 
Fankhauser, et al 

(2020)[8]
RCT

All healthy elderly in-
dividuals

•	 IG – n =15 (77±6.4 
y.o.)

•	 CG – n=16 (70.9±5.0 
y.o.)

IG – TC at 
home; 3/wk, 
30-40 min/
each for 16 

wks
CG – normal daily 

living with usual care

sMRI
Victoria Stroop test

Trail making test
Wechsler memory scale

Yue, Zou, Mei et 
al (2020)[9]

Yue, Yu, Zhang 
et al (2020)[10]

Cross-sec-
tional

•	 42 healthy elderly fe-
males

•	 IG – n=20 TC practi-
tioners (62.9±2.38 y.o.)

•	 CG – n=22, walk-
ing as the exercise 
(63.27±3.58 y.o.)

Both groups: 90 min/each, 5/
week, over 6 years of experience

NA fMRI

Yang, Chen, 
Shao, et al  
(2020)[11]

RCT

IG – n = 13
CG – n = 13

All healthy elderly individuals 
(>60 y.o.)

IG - TC: 45 min/each, 
3/wk, for 8 wks,

24-form Yang style
CG - usual care

fNIRS
Flanker task test

Tsang, et al 
(2019)[12]

Cross-sec-
tional

8 practitioners (over 7 years of 
experience) and 8 non-practi-

tioners
All: 60-75 y.o.

NA fNIRS

Xie, et al (2019)
[13]

Cross-sec-
tional

32 ordinary vs 25 long-term (>5 
years) Chen-style TC practi-

tioners (all 60-70 y.o.)
NA fNIRS

Liu, Li, Liu, Sun, 
et al (2020)[14]
Liu Li, Liu, Guo 
et al (2019)[15]

Cross-sec-
tional

52 community-dwelling older 
adults (60-70 y.o.)

IG – n = 26 (10 years or more 
TC experience)

CG – n = 26 (non-TC practi-
tioners, but matched in physical 

activity level)

Both groups were 
asked to accomplish a 
sequential risk-taking 

task

sMRI and fMRI rsFC
Beck depression inventory
NEO five-factor inventory

Five facets mindfulness 
questionnaire

Sequential risk-taking task
Mindful attention awareness 

scale
Barratt impulsiveness scale

Wu, Tang, Goh, 
et al (2018)[16] RCT

Community living older adults 
(60-69 y.o.)
IG – n = 16
CG – n = 10

TC: 60 min each, 3/
wk, 12 wks; Yang (10 
min warm-up and 10 

min cool down)
CG – telephone con-
sultation biweekly 
without changing 

lifestyle

fMRI
Intra-extra dimensional 

(IED) set shift task

Port, Santaella, et 
al (2018)[17]

Cross-sec-
tional

8 TC practitioners (>60 y.o.)
8 water aerobics practitioners (> 

60 y.o.)
NA

fMRI
Stroop Word Color Task

N-back task

Liu, Wu, Li, Guo, 
(2018)[18]

Cross-sec-
tional

IG – TC, n = 26 (10.44±5.48 
years of TC experience) 

(65.19±2.30 y.o.)
CG – age and sex matched group 
(63.92±2.87 y.o.) (no TC expe-

rience)

NA

fMRI
Beck depression inventory
NEO five-factor inventory
Five facets mindfulness. 

questionnaire
Mindful attention awareness 

scale

Table 1. Tai Chi studies assessed with neuroimaging techniques
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Zheng, et al 
(2015)[19] RCT

Elderly community dwellers
IG  – n = 17 (68.59 y.o.)
CG – n = 17 (71.65 y.o.)

IG – TC: 60 mins/
each, 3/week for 6 

wks
24 form Yang style
CG – two 120-min 

health-related lectures 
in 6 wks

fMRI
Paired associative learning 

test
Category fluency test

Yin, et al (2014)
[20]

Li, Zhu, Yin, 
Niu, et al (2014)

[21]

RCT
45 older community-dwellers

IG – n = 26
CG – n = 19

IG – TC: 60 mins/
each, 3/week for 6 

wks
24 form Yang style

CG - daily routine, 2 
120-min healthcare 

education

MRI
MoCA

Paired-associative learning 
test

Digit span forward and 
backward tasks

Category fluency test
Trail making test

Social support rating scale
Satisfaction with life scale

Mortimer, et al 
(2012)[22] RCT

120 community-living older 
adults (primary females) – 30 in 

each group
IG1 - TC: 67.3±5.3 y.o., 19/30 

females
IG2 - Walking: 67.8±5.0 y.o., 

19/30 females
IG3 - Social: 67.9±6.5 y.o., 

21/30 females
CG - No interventions: 68.2±6.5, 

21/30 females

3/week for 40 wks
IG1 - TC: 50 mins - 
20min warm-up, 20 
min TC and 10 min 

cool-down), 3
IG2 - Walking: 50 

mins - 10 warm-up, 
30 min brisk walking, 
and 10 min cool-down 

along a 400-meter 
track

IG3 - Social interac-
tion: 60 min for any 

topics
No interventions
CG – usual care

sMRI and fMRI
Mattis dementia rating 

scale;
Category (verb) fluency test

CG: control group; fMRI: functional magnetic resonance imaging; fNIRS: functional near infrared spectrum; IG: interven-
tional group with Tai Chi as the intervention; min: minute(s); MOCA: Montreal Cognitive Assessment; NA: not applicable; 
RCT: randomized control trial; sMRI: structural magnetic resonance imaging; TC: Tai Chi; wk(s): week(s); y.o.: years old. 

Tai Chi Exercise parameters 
Exercise parameters were reported in six RCT stud-
ies with seven articles in which subjects are 60 years 
and older. The frequency of TC exercise in each study 
was 3/week [8,11,16,19-22], the session length ranged 
from 30-45 minutes [8,11] to 50-60 minutes [16,19-
22] respectively, and the duration varied from 6 weeks 
[19-21], 8 weeks [11 12], 12 weeks [16], 16 weeks 
[8], or even 40 weeks [22]. It seems that at least three 
times per week, and 50-60 minutes or above each time 
are the most common TC exercise parameters provid-
ed to older adults in longitudinal TC studies. Also a 
minimum of 6 weeks is the TC exercise duration by 
TC researchers to investigate TC effects on the human 
brain based on these analyzed RCT studies. 

Tai Chi effects on brain
In the elderly, TC could affect the neural activity, the 
grey matter volume, and the neural functional con-
nectivity as shown in Table 2. Neural activity was 
assessed indirectly with the fNIRS to measure the 
brain tissue oxyhemoglobin (HbO2) [3], or directly 
with the fALFF to measure the power of local spon-

taneous neuronal activity [5]. The local intra-regional 
synchronization of neural activity was evaluated with 
the ReHo technique: increased ReHo indicates inte-
gration of neural activity, while the decreased ReHo 
indicates the specialization of neural activity [6]. In 
four RCT studies with TC practiced 6 weeks [19,20], 
8 weeks[11], or 12 weeks [16], increments of HbO2 
were found in the prefrontal cortex during the atten-
tion test time [11]; increased fALFF was identified 
in the left superior frontal cortex, right middle fron-
tal cortex, and anterior cerebellum during the time of 
task-switching [16] and cognitive execution function 
[20]; and increased ReHo was noticed in the left supe-
rior and middle temporal gyri along with the posterior 
lobe of cerebellum [19]. Further, in three cross-sec-
tional studies [10,12,13] practitioners with many years 
of TC practice demonstrated increments of HbO2 in 
the prefrontal cortex [12,13], and occipital cortex 
[13], as well as increased ReHo in fusiform gyrus and 
hippocampus [10]. However, compared with people 
who have practiced water aerobic exercise over three 
years, people who have practiced TC over the same 
amount of time showed decreased  fALFF in right su-
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perior frontal gyrus and right frontal pole during work-
ing memory assessment time [17] and also in the right 
intra-calcarine cortex, lateral occipital cortex, and 
occipital pole during attention assessment time [20].  
Assessed with the structural MRI, change of grey 
matter volume (GMV) in an elderly tended to be asso-
ciated with how long this individual has practiced TC. 
There were no GMV changes reported in those RCT 
studies with duration from 6-12 weeks [11,16,19-21]. 

However, in a 16-week RCT study, decreased GMV 
was found in the frontal cortex and hippocampus [8], 
but increased in the total brain after 40-week prac-
tice [22]. Further, cross-sectional studies showed that 
TC practitioners with more than 5-year practice had 
increased GMV in more brain areas: inferior tempo-
ral gyrus [10], medial temporal gyrus including hip-
pocampus [10], frontal motor cortex [13], and thala-
mus [15].  

Local Neural Activity Assessed with HbO2, fALFF and Regional Homogeneity with ReHo
Frontal Temporal Occipital 

Prefrontal cortex (PFC)
•	 ↑neural activity with ↑HbO2 [11-13],  positively cor-

related with improved inhibitory control of attention as 
assessed with Flanker Task test) [11]. 

Superior frontal gyrus (SFG)  
•	 ↑neural activity with ↑fALFF in left SFG activity during 

task-switching assessed with Intra-Extra Dimension test 
[16], but↓ fALFF during working memory time (N Back 
Test) [17].

Superior and middle frontal gyrus (SFG and MFG)  
•	 ↑neural activity with ↑fALFF in right MFG,  along with 

↑fALFF in SFG and anterior *cerebellum, positively cor-
related with cognitive execution function (assessed with 
Trail making test) and well-being assessed with Satisfac-
tory with Life scale in older adults [20].

Frontal pole
•	 ↓ fALFF neural activation in R-frontal pole during work-

ing memory time assessed with N Back task test [17].

Fusiform gyrus and hippo-
campus
•	 &↑ReHo [10]. 

Superior and middle tem-
poral gyrus (STG & MTG) 
[19]
•	 ↑ReHo in left STG and 

left MTG (along with 
left posterior lobe of 
*cerebellum) 

•	 ↑ReHo in left STG is 
positively correlated 
with speech production 
assessed with category 
Fluency Test, 

•	 ↑ReHo in right MTG 
correlated with episod-
ic memory  assessed 
with paired associative 
learning Test.

Occipital cortex
•	 ↑HbO2 in occipital cor-

tex [13].

Intra-calcarine sulcus, Oc-
cipital cortex, and Occipital 
pole
•	 ↓ fALFF in right in-

tra-calcarine sulcus, 
right occipital cortex, 
and right occipital pole 
during attention time 
(assessed with Stroop 
Word Color test) [17].

Tai Chi Effect on Grey Matter Volume (GMV)
Frontal Temporal Thalamus Brain

↓GMV in Frontal cortex [8]. ↑GMV in both Inferior tempo-
ral gyrus and Medial temporal 
gyrus [10].

↓GMV in hippocampus [8], but 
↑GMV in hippocampus [10,15] 
which is positively correlated 
with improved episodic mem-
ory [10].

↑GMV in thalamus [15]. ↑GMV in total brain [22].

Tai Chi Effect on Neural Functional Connectivity
•	 Greater brain white matter network in TC practitioners as assessed with diffusion tensor imaging (DTI) MRI technique 

[9].
•	 ↑front-bilateral striatum connectivity, associated with improved emotional regulation and stability (less risk-taking 

and less feeling of regret) [14].
•	 ↑Dorsolateral prefrontal cortex – Middle frontal gyrus connectivity; correlated with improved emotional regulation af-

fected by decisions as assessed with five-facet mindfulness questionnaire and sequential decision task [18].
•	 ↑medial prefrontal cortex – medial temporal lobe connectivity, positively correlated with cognitive execution function 

(assessed with Trail Making Test) and speech production (Category Fluency Test) [19,21].

Table 2. Brain Response after Tai Chi (TC) Practice 

h: increased/increase;,decreased/decrease; &hReHo: indicates improved functional integration of neural activity; *: cere-
bellum is involved with either hfALFF in its anterior lobe [20] or hReHo in the posterior lobe [19]; DTI: diffusion tensor 
imaging for white matter structure integrity; fALFF: fractional amplitude of low-frequency fluctuations for neural activity; 
fMRI: functional magnetic resonance imaging; fNIRS: functional near infrared spectrum; GMV: grey matter volume; HbO2: 
oxyhemoglobin; ReHo: regional homogeneity; sMRI: structural magnetic resonance imaging; TC: Tai Chi. 
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As of neural functional connectivity, Yue et al [9] re-
ported in a cross-sectional study with a DTI technique 
that people who had practiced TC over six years ex-
erted greater white matter network than those healthy 
elderly who just did walking as a daily exercise. In 
addition, with a pre-determined region (e.g., a nucle-
us) as a seed area in the fMRI, the neural functional 
connectivity fMRI has revealed: 1) increased medi-
al prefrontal cortex – medial temporal lobe connec-

tivity during cognitive execution time and speech 
production assessment time in two RCT studies 
[19,20], 2) increased dorsolateral prefrontal cor-
tex – middle frontal cortex connectivity during se-
quential decision making time in a cross-sectional 
study [18], and 3) increased bilateral frontal cortex 
– ventral striatum connectivity during risk-taking 
testing time also in another cross-sectional study 
[14]. 

Time duration of Randomized Control Trials between TC learners 
and others without TC practice

Cross-sectional studies comparing people between 
over 3-year TC practice and Non-TC practice

6 wks[19-21] 8 wks [11] 12 wks 
[16] 16 wks [8] 40 wks 

[22]

Compared with 
usual care or 

healthcare consul-
tation [12-15,18]

Compared with 
walking [9,10]

Compared 
with water 

aerobics [17]

↑medial pre-
frontal cortex – 
medial temporal 
lobe connectivity 

[19,21].

↑fALFF in right 
superior and 

middle frontal 
cortex, and ante-
rior cerebellum 

[20].

↑ReHo in left 
Superior and 

middle temporal 
gyri, and poste-
rior cerebellum 

[19].

↑HbO2 in 
prefrontal 

cortex

↑fALFF 
in left 

superior 
frontal 
cortex

↓GMV in 
frontal cortex 

and hippo-
campus

↑GMV 
in total 
brain

↑HbO2 in prefron-
tal cortex [12,13], 
and *occipital cor-

tex [13].

↑GMV in hippo-
campus and *thala-

mus [15].

*↑front-ventral 
striate connectivity 

[14].

*↑dorsolateral 
prefrontal cortex  
– middle frontal 

gyrus connectivity 
[18].

↑Brain white 
matter network 

[9].

↑ReHo in hip-
pocampus and 

*fusiform gyrus 
[10].

*↑GMV in in-
ferior temporal 
gyrus and me-
dial temporal 

gyrus including 
hippocampus 

[10].

*↓ fALFF 
in right su-
perior fron-
tal cortex, 

frontal pole, 
intra-calcar-
ine cortex, 

occipital cor-
tex, and oc-
cipital pole

Table 3. Effects of time duration of Tai Chi practice on brain

*changes in new brain areas that have not been reported in Tai Chi learners who had short-term (<1 year) practice duration in 
RCT studies, but reported in Tai Chi practitioners who had long-term (>3 years) practice in cross-sectional studies; fALFF: 
fractional amplitude of low-frequency fluctuations; GMV: grey matter volume; HbO2: oxyhemoglobin; TC: Tai Chi; wks: weeks 

Influence of time duration of Tai Chi practice 
on brain
As shown in table 3, the time duration of six RCT 
studies ranges from 6 to 40 weeks. Brain responses 
mainly occurred in the frontal lobe, temporal lobe 
and cerebellum starting with increased neural activ-
ity, regional homogeneity, and medial prefrontal cor-
tex-medial temporal lobe connectivity in 6-week TC 
practices [19-22], followed by increased HbO2 in pre-
frontal cortex in the 8-week study [11], and altered 
grey matter volume in a 16-week and a 40-week RCT 
respective studies [8,22]. However, in those cross-sec-
tional studies in which subjects had practiced TC for 
many years, increased HbO2, grey matter volume, and 
functional connectivity were found in more additional 
brain areas including the occipital cortex [13], thal-
amus [13], medial temporal gyrus [10], the frontal – 
ventral striatum connectivity [14], and the dorsolateral 

prefrontal cortex – middle frontal gyrus connectivity 
[18]. When compared with people who received wa-
ter aerobic exercise, TC practitioners with over 3-year 
TC practice experience showed even decreased neural 
activity in some frontal and occipital areas [17].  

Neurobehavioral assessment association 
with neuroimaging changes 
Many neurobehavioral tasks or tests had been con-
ducted to assess attention, cognitive execution, de-
mentia, emotional regulation and stability, error-mak-
ing, memory, speech production, and well-being in the 
elderly TC learners and practitioners (Table 4). In TC 
learners from six RCT studies, 6 to 40 weeks of TC 
exercise are able to improve capability of selective 
attention [11], task-switching [19-21], dementia [22], 
attention set shifting (error-making) [16], episodic 
memory [19], speech [19,21], and satisfaction with 
life [20], which involved the prefrontal cortex [11], 
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frontal gyri [16,20,22], anterior cerebellum [20,22], 
superior and middle temporal gyrus [19], and the me-
dial prefrontal cortex – medial temporal lobe connec-
tivity [19,21], respectively. However, improvements 
of emotional regulation and stability [14,15,18], work-
ing memory [10,17], and ability to inhibit cognitive 
interference [17], along with more neural structures 
and functional connectivity involved, are just report-
ed in those TC practitioners who have practiced TC 

over three years. The emotional regulation improve-
ments are associated with the increased neural activity 
in thalamus [15], as well as with the increased fron-
to-ventral striatum connectivity [14] and increased 
dorsolateral prefrontal cortex – middle frontal gyrus 
connectivity [18]. However, the improved working 
memory is associated with decreased neural activity in 
right superior frontal gyrus and frontal pole [17], and 
the improved ability to inhibit cognitive interference is 
associated with decreased neural activity in intra-cal-

Attention

•	 Assessed with Flanker task test – improved selective atten-
tion and inhibitory control of attention are positively cor-
related with ↑neural activity in prefrontal cortex [11]. 

•	 *Assessed with Stroop word color test – improved atten-
tion ability to inhibit cognitive interference correlated with 
↓neural activation in right intra-calcarine sulcus, right 
occipital cortex, and right occipital pole during attention 
time [17].

The neurobehavioral tests (tasks) used in qualified 
studies:
•	 Barratt Impulsiveness Scale [14,15] – to assess 

impulsive personality traits.
•	 Beck depression inventory [14,15,18] – to 

assess characteristic attitude and symptoms of 
depression.

•	 Category fluency test [19-21] – to assess se-
mantic memory.

•	 Digit span forward and backward task [20,21] 
- to assess verbal and visuospatial short-term/
working memory.

•	 Five facets mindfulness questionnaire 
[14,15,18] – to assess mindfulness with regard 
to thoughts, experiences, and actions in daily 
life.  

•	 Flanker task test [11]– to assess the ability to 
inhibit non-relevant competing responses to a 
nonverbal stimulus.

•	 Intra-extra dimensional Set Shift (IED) task 
[16] – to assess cognitive flexibility, error-mak-
ing decision, ability, and executive functions. 

•	 Mattis Dementia Rating Scale [22] – to screen 
dementia in attention, initiation to preservation, 
construction, conceptualization, and memory.

•	 Mindful attention awareness scale [15,18] – to 
assess a core characteristic of dispositional 
mindfulness.

•	 Montreal cognitive assessment (MoCA) [20,21] 
– to assess cognitive or thinking abilities in-
cluding orientation, short-term memory, execu-
tion, language, and abstraction.  

•	 N-back task [17] – to assess working memory.
•	 NEO five-factor inventory [14,15,18] – to as-

sess different traits of personality.
•	 Paired associative learning test [19-21] – to as-

sess learning ability and working memory.
•	 Satisfaction with life scale [20,21] – to assess 

global cognitive judgments of one’s life satis-
faction.

•	 Sequential risk-taking task [14,15] – to  
•	 Social support rating scale – to assess dimen-

sions of social support.
•	 Stroop word color task [17] - to assess the abil-

ity to inhibit cognitive interference when focus-
ing on a specific stimulus.

•	 Trail making test [8,20,21]– to assess visual 
attention and task-switching.

•	 Victoria Stroop test [8] – to assess cognitive 
execution including cognitive flexibility and 
inhibition, selective attention, and information 
process speed.

•	 Wechsler memory scale [8] – to assess verbal, 
auditory, visual, short-term/working memory. 

Cognitive exe-
cution

•	 Assessed with Trail making test and MoCA – improved 
visual attention and cognitive task-switching execution are 
positively associated with ↑neural activity with fALFF in 
right superior and middle frontal gyri and anterior cerebel-
lum [20] or ↑GMV in total brain [22], or ↑medial prefron-
tal gyrus – medial temporal lobe connectivity [19,21].

Dementia

•	 Assesses with Mattis dementia rating scale – improved 
dementia score is positively correlated with ↑GMV in total 
brain [22].

•	 Assessed with Category verb fluency test – a test for 
screening dementia improved that is positively correlated 
with ↑GMV in total brain [22]. 

Emotional 
regulation and 

stability

•	 *Assessed with Sequential risk-taking test and Barratt 
Impulsiveness Scale – improved meditation level and 
emotional stability (less risk-taking less feeling of regret) 
are  positively correlated with ↑GMV in thalamus[15] and 
↑front-ventral striatum connectivity [14].

•	 *Assessed with five-facet mindfulness questionnaire and 
sequential decision task  - improved emotional regulation 
affected by decisions based on own feeling, perception, 
and thoughts  is positively associated with ↑dorsolateral 
prefrontal cortex – middle frontal gyrus connectivity [18]. 

Error-making
•	 Assessed with intra-extra dimensional Set Shift (IED) – 

improved attentional set shifting (error-making) with ↑neural 
activity in left superior frontal gyrus [16].

Memory

•	 *Assessed with N Back Task- improved working memory 
of continuous performance correlated with ↓ fALFF in 
right superior frontal gyrus and frontal pole during working 
memory time [17]. 

•	 Assessed with paired associative Learning Test – improved 
episodic visual memory and new learning are positively 
correlated with ↑ReHo in right middle temporal gyrus 
[190].

•	 *Assessed with Montreal Cognitive Assessment (MOCA) 
scale – improved episodic memory is not significantly cor-
related with ↑ReHo in left hippocampus [10]. 

Speech produc-
tion

•	 Assessed with category Fluency Test and MoCA – im-
proved speech production is positively correlated with 
↑ReHo in left superior temporal gyrus [19] or ↑medial pre-
frontal gyrus – medial temporal lobe connectivity [19,21].

Satisfaction 
with life

•	 Assessed with Satisfactory with Life scale – improved 
satisfaction with life is positively associated with ↑neural 
activity with ↑fALFF in right superior and middle frontal 
gyri and anterior cerebellum [20].

Table 4. Neurobehavioral aspects assessed in association with neuroimaging changes in brain

*neurobehavioral improvements reported in Tai Chi practitioners who had long-term (> 3 years) practice in cross-sectional studies; fALFF: 
fractional amplitude of low-frequency fluctuations; GMV: grey matter volume; ReHo: regional homogeneity; h: increased/increase; ,: de-
creased/decrease.
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carine cortex, occipital cortex, and occipital pole [17]. 

 Discussion
In the last decade, there has been increase in the 
practice of TC in elderly population. Previous stud-
ies showed that TC practice is associated with sever-
al brain morphological changes. Although several of 
those studies showed that TC practice is associated 
with neurobehavioral changes, the effects of TC prac-
tice on brain and neurobehavioral aspects have not 
been synthesized. This present review examined and 
synthesized the available literature regarding how TC 
exercise might affect the brain after TC practice as 
assessed through these neuroimaging techniques, and 
how these TC effects might be associated with neu-
robehavioral changes and cognitive functions. 

Evidence of neuroplasticity and relevant TC 
exercise parameters 
The results from the present review study demonstrate 
that TC practice can alter (actually mostly, increase) 
local neural activity and homogeneity, increased grey 
matter volume, and increased functional connectivity 
between neural regions in the brain [8-22]. This may 
provide neuroimaging-based structural evidence that 
TC exercise could elicit the brain plasticity and pro-
mote neurobehavioral improvements in older adults. 
Moreover, biological evidence of TC effect on neural 
plasticity in aged population were previously reported 
[23,24]. Brain derived neurotrophic factor (BDNF), 
a neurotrophin for neural growth and maintenance, 
was found significantly increased in a group of el-
derly people who practiced TC with the parameters: 
50-minutes per session, 3 times a week for 6-month 
[23]. Further, after 60 minutes each, >2/week for 12 
weeks of TC practice, NAA (N-Acetylaspartate), an 
important biomarker used to assess neuronal health, 
was found significantly increased as well in the brain 
[24]. When considering TC exercise parameters to 
achieve potential neuroplastic changes both morpho-
logically and biologically, the TC exercise parameters 
at 50-60 minutes each time and 3 or more times a week 
for a minimum of 12 weeks seem to be the reasonable 
to use based studies for biological evidence [23,24] 
and neuroimaging evidence [8,11,16,19-22].

Comparison of effects between the short-term 
and long-term TC practices 
To our knowledge, comparison of TC effects on brain 
and neurobehavioral changes between long-term (over 
three years) and short-term (less than one year) TC 
practice has not been previously reported in any lon-
gitudinal studies. This present review provides an 
opportunity to look these effects indirectly (Table 3), 
since it happens to be that among all qualified studies, 
the time length of TC practice was less than one year 

in all RCT studies [8,11,16,19-22]; while the time 
length was three years and longer in all cross-section-
al studies [9,10,12,13-15,17,18]. Topographically, in 
those practicing TC less than 1 year as seen in RCT 
studies, the lateral frontal lobe, lateral temporal lobe, 
prefrontal cortex, and cerebellum can be identified 
as the TC-affected regions [8,11,16,19-22]. Howev-
er, in those practicing TC over 3 years as seen in the 
cross-sectional studies, there are more brain regions 
involved including hippocampus, fusiform gyrus, 
occipital cortex, thalamus, ventral striatum, and dor-
solateral prefrontal cortex [9,10,12,13-15,17,18]. In-
triguingly, as shown in table 4, the short-term prac-
tice in RCT studies appears to have improvement in 
attention selection, cognitive execution, dementia, 
risk of error-making, episodic memory, speech, and 
self-satisfaction with life; while the long-term prac-
tice in cross-sectional studies seems to have additional 
improvements in ability of inhibiting cognitive inter-
ference during attention [17], emotional regulation 
and stability [14,15] and working memory [17]. These 
findings may reveal that TC effects on brain and neu-
robehavioral aspects are time-length associated. The 
longer one practices TC, the more brain regions (e.g., 
increased gray matter volume in hippocampus [10,15], 
thalamus [15]) and temporal lobe [10]), and the more 
additional neurobehavioral improvements (e.g., emo-
tional control [14,15], and working memory [17]), can 
be identified in the long-term TC practitioners. 

Altered functional neural connectivity for 
neurobehavioral changes
As presented in tables 2 and 4, the associations be-
tween the functional connectivity among neural struc-
tures and relevant neurobehavioral changes were usu-
ally conducted with resting state functional MRI, in 
which a seed neural region is determined in order to 
see where other neural regions may make connectivity 
with the seed one. Since the frontal lobe is the common 
place related to neurobehavioral aspects and cognitive 
activities, the neural structures in the frontal lobe are 
often determined as a seed region for the investiga-
tion purpose of inter-connectivity between neural re-
gions. So far, the connectivity between frontal-stria-
tum [14], dorsolateral prefrontal cortex-middle frontal 
gyrus [18], and medial prefrontal cortex-middle tem-
poral gyrus [19,21] have been conducted and found 
increased. These connections are in association with 
improved emotion control [14,18] and cognitive exe-
cution [19,21]. As more such connectivity studies are 
going to be carried out in the near future, a better and 
clearer picture of how these neural structures work 
alongside each other could be hopefully soon avail-
able. 

TC on cognitive neural network 
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Default mode network (DMN) is a network of inter-
active and interconnecting neural regions in the brain 
that engages in internally oriented cognition (e.g., at-
tentional focus) [38]. Medial and superior prefrontal 
cortex, medial and lateral temporal lobes, and cer-
ebellum are part of the DMN network [38]. On the 
other hand, he dorsolateral prefrontal cortex (DLPFC) 
is also a part of the cognitive control network (CCN) 
that is responsible for focused cognitive execution 
task, e.g., the target memory maintenance [39]. These 
herein mentioned frontal and temporal regions have 
increased neural activity and grey matter volume, and 
even the functional connectivity after TC practice as 
shown in table 2, so these may draw an inference that 
TC could affect both DMN and CCN related cogni-
tive activities. For examples, the improvements of 
internally oriented cognitive behaviors such as atten-
tion, meditation level, emotion stability are noticed 
[14,15,18]. The improvements of externally focused 
cognitive tasks, for examples, abilities to inhibit cog-
nitive interference during cognitive execution [11,17] 
or to avoid error-making [16], or to improve work-
ing memory [17] are also observed. Such cognitive 
improvements, as parts of neurobehavioral functions, 
are positively correlated with increased grey matter 
and neural activity in most component regions of the 
DMN and CCN as aforementioned [9,10,12,13-15,18]. 
However, interestingly, one of cross-sectional studies 
reported decreased neural activity in frontal and oc-
cipital areas in TC practitioners compared with people 
doing water-aerobic exercise when assessing the ca-
pability of working memory and the ability to inhibit 
cognitive interference and [17]. This may suggest that 
after long-term TC practice, TC practitioners might 
have developed more efficient cognitive performance 
with less neural activity needed in the brain.  

Neuroimaging response and related neuro-
behavioral improvements after TC practice
In addition to cognitive aspect such as attention, exe-
cution, awareness, impulse-control, decision-making 
and judgment, and memory, neurobehavioral func-
tions also consist of, language, sensory interpretation, 
and satisfaction [25,26]. As shown in the results of 
this review, neural regions in the frontal, temporal, 
occipital lobes, cerebellum, and thalamus are the 
main areas that respond to TC effect. Functionally, 
in the frontal lobe, the superior frontal gyrus is for 
self-awareness of individual personality [27]; the 
middle frontal gyrus is a convergence site of attention 
networks for higher order cognition and motor-relat-
ed information processing [28]; the medial prefrontal 
cortex is for memory and decision making [29]; and 
the dorsolateral prefrontal cortex is for top-down at-
tentional and cognitive control [30]. In the temporal 
lobe, the superior temporal gyrus is functionally for 

language perception and social cognition [31]; the 
middle temporal gyrus is for semantic memory pro-
cessing of familiar face, language, and voice [32]; the 
medial temporal lobe, including hippocampus, is as-
sociated with emotion learning and behavior, as well 
as memory encoding, consolidation, storage, and re-
trieval, particularly for episodic and spatial memory 
[33]; and the fusiform gyrus is for object and face rec-
ognition and semantic memory [34]. The cerebellum, 
besides motor learning and coordination, is also for 
cognition and emotional processing, and injury to the 
cerebellum may cause cerebellar cognitive affective 
syndrome [35]. The thalamus is a relay hub for mul-
tiple sensory information and even memory [36]. The 
occipital lobe participates in cognition improvement, 
anti-memory decline, and perception of objects [37]. 
In the present review, we noticed that TC is able to 
cause structural changes in the above-mentioned neu-
ral regions (Table 2), and is as well able to improve 
many of the neurobehavioral functions via its effects 
on different parts of the brain (Table 4). The studies 
included in this article are indicative that these neu-
ral regions above indeed involve in TC-affected neu-
robehavioral changes. However, up to date, how these 
different neural regions are structurally interconnect-
ed and/or functionally interacted for sure need further 
investigation.

TC is a better body-mind exercise compared 
with some other exercises
Numerous studies have revealed that TC is able to im-
prove pain, balance, endurance, and muscle strength 
[40]. TC could show better results for physical health 
than other physical exercises, like the Keep-Fit exer-
cise [41,42], particularly when considering the long-
term TC practicing [42]. As of improving the mental 
health, this review article demonstrates that TC has 
better results as well. Compared with brisk walking 
[9,10] and aerobic exercise [17], TC can increase 
more grey matter and functional integration (evi-
denced with increased ReHo) in the hippocampus and 
temporal lobe [10], and can even likely improve the 
performance efficiency of neural activity (evidenced 
with decreased fALFF) in long-term TC practitioners 
[17]. These imply that TC is possibly a better mind 
exercise capable of improving neurobehavioral func-
tions, indicated by altering neuroimaging manifesta-
tions in certain brain regions.

Study limitations
There are several limitations that should be noticed. 
First, due to the barrier to resources in non-English 
language, we were not able to access articles that 
were published in non-English literatures. Second, 
six out of 12 qualified studies are randomized control 
trials, while other 6 are cross-sectional studies. The 
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results from the six cross-sectional studies are not as 
high quality as those from the RCT studies based on 
their research methodology, Thus, the cross-sectional 
studies may reduce the level of evidence for this re-
view study. Third, seed-based analysis is often used in 
resting state MRI in which a neural region of interest 
(ROI) is selected to determine how other regions in-
terested by the investigators may correlate to the ROI. 
However, the obvious downside of such a method is 
that it depends on the investigators’ assumption for 
the ROI selection [43]. If a different ROI was picked, 
the involved brain regions might vary. Fourth, tools 
for assessing the central nervous system may also 
include the electroencephalography (EEG), positron 
emission tomography (PET), and magnetoencepha-
lography (MEG). However, up to this point, we have 
not seen any TC study using either PET or MEG for 
assessment. There are a few TC studies that applied 
EEG, but it was not considered by us as an imaging 
study technique for the brain, which might cause us 
missing valuable EEG data to complement the conclu-
sions in this review article.

Conclusions
In the last ten years, as neuroimaging techniques de-
velop, more structural changes of the human brain 
after TC practice have been investigated and identi-
fied in the frontal, temporal, and occipital lobes, cer-
ebellum, and thalamus, with the frontal and temporal 
lobes having more changes than other regions. These 
changes include increased cortical grey matter vol-
ume, altered local spontaneous neural activity, as well 
as increased inter-regional functional connections. 
The longer one practiced TC, the more brain areas 
may change. Many of these changes are associated 
with improvements of neuropsychological behaviors 
such as attention, cognitive execution, anti-cognition 
decline, emotional regulation and stability, avoidance 
of error-making, memory, speech production, and sat-
isfaction with life. All of these indicate that TC can be 
a great exercise program to improve the neural dys-
functions in older adults practicing TC. Future studies 
are needed to assess how functionally the brain areas 
may be altered, integrated and/or specialized in longer 
longitudinal TC studies.

Funding statement
There was not any funding for this study.

Conflict of Interests
No.

Acknowledgement
No.

References
[1] Liu H, Frank A. Tai Chi as a balance improvement exercise 

for older adults: a systematic review. J Geriat Phys Ther 
2010;33:103-109.

[2] Liu H, Salem Y, Aggarwal S. Effects of Tai Chi on biomarkers 
and its implication to neurorehabilitation – a systematic re-
view. Eur J Integr Med 2022;5:101391. 

[3] Ayaz H, Izzetoglu M, Izzetoglu K, Onaral B. The use of func-
tional near-infrared spectroscopy in neuroergonomics. In: H. 
Ayaz, F. Dehais: Neuroergonomics: The brain at Work and in 
Everyday Life. Academic Press 2019; pp 17-25.

[4] Symms M, Jager HR, Schmierer K, Yousry TA. A review of 
structural magnetic resonance neuroimaging. J Neurol Neuro-
surg Psychiatry 2004;75:1235–1244. 

[5] Zhan J, Gao L, Zhou FQ, Bai L, Kuang H, et al. Amplitude 
of low-frequency fluctuations in multiple frequency bands 
in acute mild traumatic brain injury. Front Hum Neurosci. 
2016:27.

[6] Jiang LL, Zuo XN. Regional homogeneity: A multimodal, mul-
tiscale neuroimaging marker of the human connectome. Neu-
roscientists 2016;22:486-505.

[7] Alexander AL, Lee JE, Lazar M, Field AS. Diffusion tensor im-
aging of the brain. Neurotherapeutics 2007;4:316-329.

[8] Adcock M, Fankhauser M, Post J, Lutz K, Zizlsperger L, et 
al. Effects of an In-home multicomponent exergame training 
on physical functions, cognition, and brain volume of older 
adults: A randomized controlled trial. Front Med.2019; 6:321.

[9] Yue C, Zou L, Mei J, Moore D, Herold F, et al. Tai Chi training 
evokes significant changes in brain white matter network in 
older women. Healthcare 2020;8:57.

[10] Yue C, Yu Q, Zhang Y, Herold F, Mei J, et al. , Regular Tai 
Chi practice is associated with improved memory as well as 
structural and functional alterations of the hippocampus in the 
elderly. Front Aging Neurosci 2020;12:586770.

[11] Yang Y, Chen T, Shao M, Yan S, Yue GH, et al. Effects of Tai 
Chi Chuan on inhibitory control in elderly women: An fNIRs 
study. Front Hum Neurosci 2020;13:476. 

[12] Tsang WWN, Chan KK, Cheng CN, Hu FSH, Mak CTK, et 
al. Tai Chi practice on prefrontal oxygenation levels in older 
adults: a pilot study. Complement Ther Med 2019;42:132-136.

[13] Xie H, Zhang M, Huo C, Xu GC, Li ZY, et al. Tai Chi Chuan 
exercise related change in brain function as assessed by func-
tional near-infrared spectroscopy. Sci Rep 2019;9:13198.

[14] Liu ZY, Li L, Liu S, Sun Y, Li S, et al. Reduced feelings of 
regret and enhanced fronto-striated connectivity in elders 
with long-term Tai Chi experience. Soc Cogn Affect Neurosci 
2020;15:861-873.

[15] Liu S, Li L, Liu Z, Guo X. Long term Tai Chi experience pro-
motes emotional stability and slows gray matter atrophy for 
elders. Front Psychol 2019;10:91.

[16] Wu MT, Tang PF, Goh JOS, Chou TL, Chang YK, et al. 
Task-switching performance improvements after Tai Chi 
Chuan training are associated with greater prefrontal activa-
tion in older adults. Front Aging Neurosci 2018;10:280.

[17] Port AP, Santaella DF, Lacerda SS, Speciali DS, Balardin JB, 
et al. Cognition and brain function in elderly Tai Chi practi-



http://jtim.tums.ac.ir96

H. Liu  et al.Tai Chi and neurobehavioral changes

tioners: A case-control study. Explore 2018;14:352-356.
[18] Liu ZY, Wu Y, Li L, Guo X. Functional connectivity within the 

executive control network mediates the effects of long-term 
Tai Chi exercise on elders’ emotion regulation. Front Aging 
Neurosci 2018;10:315.

[19] Zheng Z, Zhu X, Yin S, Wang B, Niu Y, et al. Combined cog-
nitive-psychological-physical intervention induces reorganiza-
tion of intrinsic functional brain architecture in older adults. 
Neural Plast 2015:713104.

[20] Yin SF, Zhu XY, Li R, Niu Y, Wang B, et al. Intervention-in-
duced enhancement in intrinsic brain activity in healthy older 
adults. Sci Rep 2014;4:7309. 

[21] Li R, Zhu X, Yin S, Niu Y, Zheng Z, et al. Multimodal in-
tervention in older adults improves resting-state functional 
connectivity between the medial prefrontal cortex and medial 
temporal lobe. Front Aging Neurosci 2014;6:39.

[22] Mortimer JA, Ding D, Borenstein AR, DeCarli C, Guo Q, et 
al. Changes in brain volume and cognition in a randomized 
trial of exercise and social interaction in a community-based 
sample of non-demented Chinese elders. J Alzheimers Dis 
2012;30:757-766. 

[23] Sungkarat S, Boripuntakul S, Kumfu S, Lord SR, Chattipako-
rn N. Tai Chi improves cognition and plasma BNDF in older 
adults with mild cognitive impairment: a randomized con-
trolled trial. Neurorehabil Neural Repair 2018;32:142-149. 

[24] Zhou M, Liao H, Sreepada LP, Ladner JR, Balschi JA, et al. 
Tai Chi improves brain metabolism and muscular energetics in 
older adults. J Neuroimaging 2018;28:359-364.

[25] Kaufer DI. Neurobehavioral assessments. Continuum 
2015;21:597-612.

[26] Williams C, Wood RL, Alderman N, Worthington A. The psy-
chological impact of neurobehavioral disability. Front Neurol 
2020;11:119.

[27] Petrides M, Pandya DN, The Frontal Cortex. In: Mai JK, Pax-
inos G: The Human Nervous System (3rd Ed.). Academic 
Press, Cambridge 2012; pp 988-1011.

[28] Japee S, Holiday K, Satyshur MD, Mukai I, Underleider LG. A 
role of right middle frontal gyrus in reorienting of attention: a 
case study. Front Syst Neurosci 2015;9:23. 

[29] Euston DR, Gruber AJ, McNaughton BL. The role of medi-
al prefrontal cortex in memory and decision making. Neuron 
2012;76:1057-1070.

[30] Brosnan MB, Wiegand I. The dorsolateral prefrontal cortex, a 
dynamic cortical area to enhance top-down attentional control. 

J Neurosci 2017;37:3445-3446.
[31] Hullett PW, Hamilton LS, Mesgarani N, Schreiner CE, Chang 

EF. Human superior temporal gyrus organization of spectro-
temporal modulation tuning derived from speech stimuli. J 
Neurosci 2016;36:2014-2026.

[32] Onitsuka T, Shenton M, Salisbury DF, Dickey CC, Kasai K, 
et al. Middle and inferior temporal gyrus gray matter volume 
abnormalities in chronic Schizophrenia: an MRI study. Am J 
Psychiatry 2004;16:1603-1611.

[33] Cutsuridis V, Yoshida M. Memory processes in medial tem-
poral lobe: experimental, theoretical and computational ap-
proaches. Front Syst Neurosci 2017;11:00019.

[34] Ding JH, Chen K, Chen Y, Fang Y, Yang Q, et al. The left 
fusiform gyrus is a critical region contributing to the core be-
havioral profile of semantic dementia. Front Hum Neurosci 
2016;10:000215. 

[35] Stoodley CJ, Valera EM, Schmahmann JD. Functional topogra-
phy of the cerebellum for motor and cognitive tasks: an fMRI 
study. Neuroimage 2012;59:1560-1570.

[36] Wolff M, Vann SD. The cognitive thalamus as a gateway to 
mental representations. J Neurosci 2019;39:3-14. 

[37] Tordesillas-Gutierrez D, Ayesa-Arriola R, Delgado-Alvarado 
M, Robinson JL, Morinigo JL,  et al. The right occipital lobe 
and poor insight in first-episode psychosis. PLoS ONE 2018; 
13:e0197715. 

[38] Greicius MD, Krasnow B, Reiss AL, Menon V. Functional con-
nectivity in the resting brain: A network analysis of the default 
mode hypothesis. Proc Natl Acad Sci USA 2003; 100:253-258.

[39] Cole MW, Schneider W. The cognitive control network: inte-
grated cortical regions with dissociable functions. Neuroimage 
2007;37:343-360.

[40] Solloway MR, Taylor SL, Shekelle PG, Miake-Lye IM, Beroes 
JM, et al. An evidence map of the effect of Tai Chi on health 
outcomes. Syst Rev 2016;5:126. 

[41] Liu H, Frank A. Tai Chi as a balance improvement exercise 
for older adults: a systematic review. J Geriatr Phys Ther 
2010;33:103-109.

[42] Nino A, Villa-Vicente JG, Collado PS. Functional capacity of 
Tai Chi-practicing elderly people. Int J Environ Res Public 
Health 2022;19:2178. 

[43] Lee MH, Smyser CD, Shimony JS. Resting-state fMRI: a re-
view of methods and clinical applications. Am J Neuroradiol 
2013;34:1866-1872 .


