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Abstract

Tai Chi Chuan (TCC), a traditional Chinese martial art, is well-documented to result in
beneficial consequences in physical and mental health. TCC is regarded as a mind-body
exercise that is comprised of physical exercise and meditation. Favorable effects of TCC on
body balance, gait, bone mineral density, metabolic parameters, anxiety, depression, cognitive
function, and sleep have been previously reported. However, the underlying mechanisms
explaining the effects of TCC remain largely unclear. Recently, the advances in neuroimaging
technology have offered new investigative opportunities to reveal the effects of TCC on
anatomical morphologies and neurological activities in different regions of the brain. These
neuroimaging findings have provided new clues for revealing the mechanisms behind the
observed effects of TCC. In this review article, we discussed the possible effects of TCC-
induced modulation of brain morphology, functional homogeneity and connectivity, regional
activity and macro-scale network activity on health. Moreover, we identified possible links
between the alterations in brain and beneficial effects of TCC, such as improved motor
functions, pain perception, metabolic profile, cognitive functions, mental health and sleep
quality. This article aimed to stimulate further mechanistic neuroimaging studies in TCC and
its effects on brain morphology, functional homogeneity and connectivity, regional activity and
macro-scale network activity, which ultimately lead to a better understanding on the

mechanisms responsible for the beneficial effects of TCC on human health.
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Introduction

Tai Chi Chuan (TCC) is a traditional Chinese martial art that has been practiced in China for
centuries. Deep diaphragmatic breathing, relaxation and the imperceptibly smooth flow of
body postures are the well-known signatures of TCC (Wolf, et al., 1997). Indeed, TCC has
been considered as a treasure of traditional wisdom and a powerful martial art in China, which
was only taught to a limited amount of people before 1950’s. This traditional martial art was
then gradually simplified and made into a common sport in 1950’s, aimed to promote healthy
lifestyle among the general public in mainland China. TCC has been evolved to different styles
during its development with Yang as one of the most popular styles. As a mind-body exercise,
TCC requires practicers not only to build their physical strength but also to treat their body and
mind as a whole in order to improve the mind-body control (Wolf, et al., 1997). The healthcare
values of TCC have been highly recognized in recent researches. Although a number of the
beneficial effects of TCC on human health have been identified, the underlying mechanisms
mediating those effects remain largely unknown. In the current review, we summarized the
beneficial effects of TCC on different populations and recent advances in neuroimaging
findings on TCC-induced changes in brain morphology, functional homogeneity and

connectivity, regional activity and macro-scale network activity.

Beneficial Effects of Tai Chi

TCC consists of training in both physical and mental components. A number of researches
have revealed the beneficial effects of TCC on both physical and psychiatric health in different
populations. Previous systematic reviews have provided evidence that TCC is beneficial to a
number of specific medical conditions, such as falls, Parkinson disease, depression, cognitive
impairment and dementia, rehabilitations of stroke, cardiac disease and chronic obstructive

pulmonary disease, by improving balance, muscle strength, aerobic capacity and well-being



(Huston, et al., 2016). The current review focuses on the potential mechanisms that mediate
the effects of TCC through the modulation of brain morphology, functional homogeneity,
activity and connectivity. The beneficial effects of TCC in different populations, together with

the major outcomes and interventions employed, are briefly summarized in Table 1.

Neuroimaging Findings on the Effects of Tai Chi Chuan (TCC) on Brain Structure,
Functional Homogeneity and Connectivity, Regional Activity and Macro-scale Network
Activity

Numerous studies have reported the beneficial effects of TCC on physical and mental health,
however, the underlying mechanisms mediating those beneficial effects remain largely
unknown. Fortunately, advances in neuroimaging technologies have provided some clues to
understand the neurological adaptation to TCC. Keyword search on PubMed database was
performed to access all the articles that related to TCC-associated changes in brain, using the
following terms: 1) “Tai Chi” or “Tai Chi Chih” or “Tai Chi Chuan” or “Tai Chi Quan” or
“Taiji” or “Tai ji Quan” and 2) “magnetic resonance imaging” or “MRI” or “functional
magnetic resonance imaging” or “fMRI” or “brain structure” or “neuroimaging”. Manual
assessment was performed to filter out articles that were not related to TCC-induced alterations
in brain. There were totally 8 original studies demonstrated changes in brain associated with
TCC training or intervention that consisted of TCC until November 2017. These 8 articles were
all included in this review. The changes in brain that associated with TCC were summarized in

Table 2 and were briefly described as below.

TCC intervention has been found to bring several positive changes in brain function and
structure. A study reported in 2012 has compared the normalized brain volume before and after

the participants received TCC training (Mortimer, et al., 2012). The intracranial volume of



brains of the participants was increased by 47% after 40 weeks of TCC training (Mortimer, et
al., 2012), whereas significant change in brain volume was not observed in participants after
receiving walking exercise intervention and in sedentary control subjects (Mortimer, et al.,
2012). Indeed, our previous study has also revealed that the cortical thickness of several parts
of the brain, including right precentral gyrus, right middle frontal sulcus, right inferior segment
of the circular sulcus of insula, left medial occipitotemporal sulcus, left lingual sulcus, and left
superior temporal gyrus were larger in TCC practicers compared with people who did not
practice TCC (Wei, et al., 2013). The changes in cortical thickness of those brain regions were
correlated with the practicing hours of TCC training, while the increase in cortical thickness of
superior temporal gyrus of Tai Chi practicers was correlated with their shorter reaction time in

Attention Network Test (Wei, et al., 2013).

Apart from the alterations of the brain morphology, TCC intervention has been demonstrated
to modulate the functional homogeneity (i.e., temporal synchronizations of brain functional
activity within a small region) in several sections of the brain. By using the technique of
functional magnetic resonance imaging (fMRI), increased functional homogeneity of right
postcentral gyrus, together with decreased functional homogeneity of anterior cingulate cortex
and superior frontal cortex were observed in participants with long-term TCC training (Wei, et
al., 2014). Notably, the changes in functional homogeneities of postcentral gyrus and anterior
cingulate cortex were correlated with the practical hours of Tai Chi training (Wei, et al., 2014).
The decrease in functional homogeneity of anterior cingulate cortex was negatively correlated
with the performance of the log-transformed accuracy in the Attention Network Test. Other
studies have also demonstrated that psychological-physical intervention, which consisted of
TCC training, cognitive training and group counseling, altered the neurological activities in

several brain regions (Li, et al., 2014, Yin, et al., 2014, Zheng, et al., 2015). It has been



demonstrated that the regional homogeneity of spontaneous fluctuations in the blood oxygen
level-dependent signals (BOLD) in particular parts of the brain regions including left superior
temporal gyri (increased by 15%), middle temporal gyri (decreased by 7% for left side and
10% for right side), and the posterior lobe of the cerebellum (increased by 10%) were altered
after the psychological-physical intervention (Zheng, et al.,, 2015). Furthermore, the
psychological-physical intervention has been demonstrated to increase the resting state
amplitude of the low frequency fluctuations (ALFF) in middle frontal gyrus (increased by
13%), superior frontal gyrus (increased by 21%) and anterior cerebellum lobe (increased by
13%) in elderly subjects (Yin, et al., 2014). This data suggested that TCC training might
contribute to the increases in resting neurological activities in these brain regions and, hence,
aid to improve the cognitive functions and well-being in elders (Yin, et al., 2014). The
functional connectivity between the medial prefrontal cortex and the parahippocampal cortex
of the medial temporal lobe has been demonstrated to be improved from -0.036 to 0.201 in
healthy elders after receiving TCC-consisted psychological-physical intervention (Li, et al.,
2014). Another recent study has demonstrated that 12 weeks of TCC training increased the
resting state functional connectivity of bilateral hippocampus and medial prefrontal cortex (Tao,
et al., 2017). The observations on the increased functional connectivities among these brain
regions were associated with individual improvements in cognitive performance (Li, et al.,

2014, Tao, et al., 2017).

Although it is well known that each brain region has its specified functions, it has been
demonstrated that multiple brain regions, rather than a particular region, work coherently to
perform a task (Wei, et al., 2017). Those brain regions that work coherently for task
performance are regarded as a macro-scale brain network. Recent advancement of

neuroimaging technology allows researchers to investigate a macro-scale network of brain.



Multiple networks in human brain and their functions have been identified. A recent study has
demonstrated that TCC training altered the resting state fractional amplitude of the low
frequency fluctuations (fALFF) of default mode network and bilateralized frontoparietal
network (Wei, et al., 2017). The resting state fALFF in default mode network was shown to be
10% lower in people with long-term TCC training, compared with those have never received
TCC training (Wei, et al., 2017). The fALFF of left lateralized frontoparietal network and right
lateralized frontoparietal network in experienced TCC practicer were observed to be 12% and
10% lower, respectively, compared with the people who had not practiced TCC (Wei, et al.,
2017). Intriguingly, the TCC-induced change in fALFF of left lateralized frontoparietal
network has been shown to be correlated with the performance of cognitive function (Wei, et

al., 2017).

Potential Mechanisms Responsible for the Effects of Tai Chi Chuan (TCC) through the
Modulation of Brain Morphology, Functional Homogeneity and Connectivity, Regional
Activity and Macro-scale Network Activity

Alterations of brain morphology, functional homogeneity and connectivity, regional activity
and macro-scale network activity caused by TCC training might contribute to the underlying
mechanisms of the observed beneficial effects of TCC on health consequences. In this section,
we attempted to identify the possible links between the alterations in brain and beneficial

effects of TCC.

Balance and Gait Performance
A systematic review has concluded that TCC intervention significantly improves flexibility
and balance function in older adults (Huang, et al., 2015). Increased cortical thickness of right

precentral gyrus (Wei, et al., 2013) and elevated homogeneity of postcentral gyrus have been



observed in long time TCC practicers (Wei, et al., 2014). Right precentral gyrus is the primary
motor cortex is responsible for coordinating and planning for the voluntary movements of
skeletal muscle, whereas postcentral gyrus is the main sensory receptive brain area for the sense
of touch. The coordination of timing and amplitude of muscle responses to postural
perturbations and the abilities of re-organize sensory inputs and subsequently modify postural
responses are two important aspects of balance control (Woollacott, et al., 1986). Improvement
of sensation of touch can thus provide more concise information to the brain to react and
coordinate the muscles for better balance control. The TCC-associated increase in cortical
thickness of right precentral gyrus (Wei, et al., 2013) and functional homogeneity of
postcentral gyrus (Wei, et al., 2014) might be a possible mechanism to strengthen the
coordination and planning of voluntary movement of brain. The cerebellum might be another
brain region that involves in the behind mechanism of TCC-induced improvement in balance
and gait. The cerebellum is known to be responsible for coordination, precision, and timing for
motor functions. The increases in basal activities of anterior cerebellum lobe (Yin, et al., 2014)
and posterior cerebellum lobe (Zheng, et al., 2015) after TCC-consisted psychological-physical
intervention might lead to better functioning of cerebellum, thus contribute to the better
performance of balance and gait in TCC practicers. Further researches are warranted to confirm
the involvement of these alterations in brain regarding the beneficial effects of TCC on balance

and gait.

Metabolic Parameters

Metabolic syndrome refers to a sub-healthy condition consisting of a cluster of metabolic
abnormalities including high blood pressure, central obesity, reduced blood high-density
lipoprotein (HDL) cholesterol, elevated fasting blood glucose, and high blood triglyceride

(Alberti, et al., 1998). People with metabolic syndrome are more susceptible to the



development of cardiovascular diseases, diabetes mellitus, and some cancers (Alberti, et al.,
1998). TCC could be a possible intervention to prevent metabolic syndrome as it could elicit
cardiorespiratory responses and energy expenditure to the level of moderate-intensity activity,
which is associated with reduced risk of developing metabolic syndrome. Previous studies have
demonstrated that TCC intervention decreased systolic and diastolic blood pressure, blood
triglyceride, low-density lipoprotein (LDL) cholesterol, postprandial blood glucose, fasting
blood glucose, and increased HDL cholesterol (Hui, et al., 2015, Tsai, et al., 2003). However,
it is known that TCC is an exercise with slow movement and moderate intensity, which might
not be sufficient to dramatically alter metabolic rate. Thus, it is speculated that TCC might
improve the metabolic parameters by an alternative mechanism. It has been demonstrated that
the cortex of inferior segment of the circular sulcus of insula are thickened in people with long-
term TCC training (Wei, et al., 2013). Insular lobe is related to the sensory function of inner
body (de Araujo, et al., 2012). It integrates information related to bodily states and instructs
the body to generate appropriate responses such as food intake, blood pressure changes, and
autonomic function, to maintain the homeostasis of the body (de Araujo, et al., 2012).
Alteration in the thickness of inferior segment of the circular sulcus of insula might be a part
of behind mechanism of TCC to improve the metabolic parameters. The thickening of inferior
segment of the circular sulcus of insula induced by TCC might result in improvement of
recognition of inner body status, and serves as a possible mechanism of TCC for adjusting of
the metabolic parameters. Nonetheless, additional researches are needed to confirm the link of

TCC to metabolic adaptation via the modulation of circular sulcus of insula.

Pain Relieve
Knee arthritis and low back pain can be caused by prolonged inappropriate posture and exertion

habit. TCC has been reported to relieve pain in patients with knee osteoarthritis and chronic



low back pain (Song, et al., 2003, Tsali, et al., 2015). Apart from the fact that TCC training
corrects the exertion posture and strengthens the muscles of practicers to relieve pain, it is
possible that the pain-relieving effect of TCC is attributed to the alteration of the brain activity
induced by TCC training. Anterior cingulate cortex is a multi-functional brain region with
registration on physical pain as one of the functions (Gu, et al., 2015). Moreover, the insular
cortex has been demonstrated to be involved in the sensory processing of pain information, and
is involved in modulating cognitive-evaluative, affective and sensory discriminative
dimensions of pain by utilizing cognitive information provided by other brain regions (Starr,
et al., 2009). Increase in cortical thickness of inferior segment of the circular sulcus of insula
(WEei, et al., 2013), together with decrease in functional homogeneity of the left anterior
cingulate cortex has been observed in people under long-term TCC training (Wei, et al., 2014).
The alterations of these brain regions might be involved in the mechanism behind TCC-
mediated pain management. Previous study has suggested that inhibition of anterior cingulate
cortex might help to relieve chronic pain (Gu, et al., 2015). It is possible that the improved
functional specialization of anterior cingulate cortex after TCC training might contribute to
better pain management and thus accounts for the pain-relieving effects of TCC. Insular cortex
has been reported to be involved in pain perception, modulation and chronification (Lu, et al.,
2016). The increase in cortical thickness of insula observed in long-term TCC practicers might
also aid in improving pain management and reliving pain via a better processing of pain-related
cognitive information. Further researches on direct correlation between perceived pain and the
TCC-mediated changes on these brain regions are needed to unmask the mechanism behind

the TCC-mediated pain alleviation.

Insomnia
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Sleep complaints including difficulties in falling asleep, waking up during the sleeping period,
awaking too early, and chronic insomnia are common sleep problems found in older adults
(Foley, et al., 1995). It is estimated that sleep complaints exist in more than 50% of elders
around the world (Foley, et al., 1995). About 20-40% of the elders worldwide have been
diagnosed with chronic insomnia (Schubert, et al., 2002). The high morbidity of sleep
impairments is an alarming public health issue as sleep disorder has been shown to be
associated with impaired cognitive function and memory, reduction of attention span, increase
in response time, anxiety, depression, risks of falls, hypertension, and heart diseases (Schubert,
et al., 2002). Tai Chi has been demonstrated to be beneficial in alleviating sleep complaints
(Irwin, et al., 2008). Researches have been conducted to reveal the differences of brain
structures between healthy controls and insomniac patients. The volume of hippocampus
(Riemann, et al., 2007) and the grey matter concentration in orbital frontal cortex have been
shown to be decreased in patients with chronic insomnia when compared to non-insomniac
people (Joo, et al., 2013). In contrast, the volume of rostral anterior cingulate cortex has been
shown to be increased in patients with chronic insomnia (Winkelman, et al., 2013). There is
currently no direct measurement reporting that TCC improves sleep, or alleviates sleep
complaints and insomnia by altering the structure of the brain, however the brain regions that
are involved in mindfulness meditation-induced improvement in insomnia have been reported.
As meditation is regarded as an essential part of TCC training, those brain regions that are
altered by meditation might provide clues to unmask the behind mechanisms of the effects of
TCC on improving sleep. It has been reported that mindfulness meditation increased the
volume of hippocampus (Holzel, et al., 2011) and grey matter concentration in orbital frontal
cortex (Luders, et al., 2009). It is possible that TCC might improve insomnia by inducing
similar changes in the brain. Indeed, several studies have reported that alterations of brain

regions related to insomnia have been observed in people received TCC training. The decrease
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in homogeneity of anterior cingulate cortex has been observed in long-term TCC practicers
(WEei, et al., 2014). A recent study has demonstrated that the resting functional connectivity
between bilateral hippocampus and prefrontal cortex was significantly increased after TCC
training (Tao, et al., 2017). Although the alterations caused by TCC on those brain regions
were not directly opposing the changes in brain observed in insomniac patients, alteration of
those insomnia-related brain regions induced by TCC might be the possible mechanisms that

contribute to the sleep improvement.

Apart from the changes in morphology and activity, altered pattern of functional connectivity
in sub-regions of default mode network has been observed in insomniac patients’ brains (Nie,
et al., 2015). The functional connectivity between prefrontal cortex and right medial temporal
lobe, and between left medial temporal lobe and left inferior parietal cortices have been
demonstrated to be decreased in insomniac patients (Nie, et al., 2015). Previous study has
shown that TCC-consisted psychological-physical intervention significantly increased the
functional connectivity between medial prefrontal cortex and medial temporal lobe (Li, et al.,
2014). The opposing change in functional connectivity between prefrontal cortex and medial
temporal lobe observed in insomniac patients and people trained with TCC-consisted
psychological-physical intervention might imply that the modulation of functional connectivity
between these two brain regions could be parts of the possible mechanisms for TCC to improve
sleep. Of note, different diseases — Alzheimer’s disease, depression, and schizophrenia are
related to decreased or disrupted functional connectivity. TCC might be a possible intervention
to normalize the resting functional connectivity in these diseases as well as insomnia. However,
further researches are needed to identify the involvement of brain alteration induced by TCC

in alleviating sleep complaints.
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Cognitive Function

Cognitive function includes a range of functionalities such as memory, information processing,
learning ability, speech, and reading. Cognitive impairment is a common problem that affects
the self-care ability and quality of life of elderly population (Leroi, et al., 2012). Elders with
cognitive impairment might have impaired memory, unreasonable action, and fluctuated
emotion, which generate a lot of stress to their caregivers (Leroi, et al., 2012). TCC has been
demonstrated to prevent the decline in cognitive function as reflected by the findings that TCC
practicers have a higher score in Mini Mental State Exam and Digit Symbol-Coding Score
(Chang, et al., 2011), a shorter task-switching reaction time (Fong, et al., 2014), and better

immediate memory, attention and verbal fluency (Reid-Arndt, et al., 2012).

In fact, a number of the brain regions that are related to cognitive functions have been
demonstrated to be responsive to TCC training. Increases in cortical thickness of in several
brain regions that contribute to cognitive function, including middle frontal sulcus, superior
frontal cortex, inferior segment of the circular sulcus of insula, superior temporal gyrus, middle
frontal sulcus, occipitotemporal sulcus and lingual gyrus, have been observed in long-term
TCC practicers (Wei, et al., 2013). Middle frontal sulcus is responsible for internal thought
processing including short-term memory, recognition, theory of mind, evaluating recency,
planning, overriding automatics responses, and calculation. It is also involved in the analysis
of auditory information by controlling and sustaining auditory verbal attention for auditory
stimuli. Superior frontal cortex controls self-awareness and working memory. Insula cortex is
involved in generating emotional senses (Starr, et al., 2009). Besides insula and middle frontal
sulcus, superior temporal gyrus is another region of the brain that processes information of
emotion from facial stimuli and analyzes the changeable characteristics in face and auditory

stimuli to percept both verbal and non-verbal information from other individuals. Right middle
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frontal sulcus infers the intention and emotions of others, and deducts information from spatial
imagery. The occipitotemporal sulcus processes color and word information and is also
involved in face and body recognition. Lingual gyrus is involved in processing vision
information for face and word recognition. Previous study has demonstrated that damage in
lingual gyrus can lead to visual memory dysfunction and visuo-limbo disconnection, resulting
in impairment of motivation, memory, learning ability, and emotional control. The reported
thickening of these aforementioned cortices in the brain regions induced by TCC might
possibly strengthen the functionality of those regions and resulted in the observed
improvements in memory, calculation, emotion sensory, theory of mind, auditory processing,

recognition, and social cognition.

Apart from causing morphological changes in brain, the functional connectivity between
prefrontal cortex and medial temporal lobe has been observed to be increased after TCC-
consisted psychological-physical intervention (Li, et al., 2014), while the functional
connectivity between prefrontal cortex and bilaterial hippocampus was increased after 12
weeks of TCC training (Tao, et al., 2017). Importantly, the increases in functional
connectivities of these regions are associated with the improvement of cognitive function.
Prefrontal cortex is involved in cognitive control processes including decision-making,
memory, performance monitoring and response inhibition while medial temporal lobe is
associated with information processing, emotion processing, storage and retrieval of long term
memories (Simons, et al., 2003). It has been suggested that the prefrontal cortex and temporal
lobe work together in the remembering process (Simons, et al., 2003). Therefore, increase in
functional connectivity between prefrontal cortex and medial temporal lobe might possibly
imply a better performance in memory. The major role in conducting cognitive processes,

including spatial information processing, temporal sequencing, formulation of the relationships
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between objects in the environment, learning, regulation of memory, emotion and stress, has
made hippocampus an important brain region for cognitive function. The increase in functional
connectivity between prefrontal cortex and bilateral hippocampus might improve cognitive
function by facilitating the logic processing and decision-making. Taken together, modulation
of the functional connectivity between these brain regions might be a possible mechanism of
TCC that strengthens the cognitive function of the practicers. Apart from considering specific
regions with specialized function, it has been demonstrated that the interplay between different
brain regions might also contribute to the improved functional performance of the brain (Wei,
etal., 2017). A recent study has demonstrated that fALFF in default mode network and bilateral
frontoparietal network of experienced Tai Chi practicers are significantly lower compared with
people without experience in mind-body exercise (Wei, et al., 2017). The default mode
network consists of brain regions that relate to self-generated cognition, social cognition,
mentalizing (Andrews-Hanna, et al., 2014), while the bilateral frontoparietal network consists
of regions for visual attention and attention control (Scolari, et al., 2015). Notably, association
between cognitive control function and alteration of fALFF of left frontoparietal network has
been demonstrated (Wei, et al., 2017). In light of the alterations in activities of the macro-scale
network that related to cognitive functions, it is speculated that TCC-induced modulation of
the activity of macro-scale brain networks might be a part of behind mechanism of improving

cognitive function.

Mood

As a traditional martial art, TCC requires practicers to relax their body in order to achieve fast
reaction and quick movement for combating. It is mentioned in the traditional Tai Chi Chuan
literature that mental relaxation is a critical step for achieving the relaxation status of the body.

Current researches have reviewed that mental relaxation and improvement in anxiety and
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depression can be achieved by mindfulness meditation intervention (Hofmann, et al., 2010).
Thus, meditation, as an essential component of TCC, is believed to be a major contributor to
the TCC favorable effects on alleviating anxiety, depression and mood disorder in different
populations (Huston, et al., 2016). The insula, thalamus, striatum, anterior cingulate cortex and
amygdala are the brain regions that relate to anxiety (Gold, et al., 2015). The ventral
hippocampus is also reported to be involved in emotional memory and anxiety due to it
connection to amygdala, hypothalamus and prefrontal cortex (Leuner, et al., 2010). Previous
study has demonstrated the role of insular cortex, anterior cingulate cortex and medial
prefrontal cortex in processing emotional processing (Critchley, et al., 2004, Etkin, et al.,
2011). Insula generates emotionally relevant contexts, such as emotional pain, happiness and
sadness (Critchley, et al., 2004). The medial prefrontal cortex plays a role in increasing the
attention of positive emotions and suppressing sadness, while both anterior cingulate cortex
and medial prefrontal cortex have been suggested to be involved in emotional processing,
especially in fear and anxiety (Etkin, et al., 2011). Both anterior cingulate cortex and medial
prefrontal cortex work together to process fear memory and emotional conflict (Etkin, et al.,
2011). Meditation has been previously reported to alleviate depression and anxiety via the
modulation of functional connectivity between dorsal anterior cingulate cortex and insular
cortex (Yang, et al., 2016). A recent study has employed optogenetic technique to mimic
meditation intervention on animals and has demonstrated that alleviation of anxiety can be
achieved by modulating the activity of anterior cingulate cortex (Weible, et al., 2017). It is
possible that TCC might share a similar mechanism (i.e., alteration of brain structure, activity
and homogeneity) to achieve the reported favorable effects on mood. Indeed, previous studies
have shown that TCC intervention altered the cortex thickness and function connectivity of
some aforementioned emotion-related brain regions. Increased thickness of Right inferior

segment of the circular sulcus of insula (Wei, et al., 2013) and improved functional
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specialization in anterior cingulate cortex are observed in experienced TCC practicers (Wei, et
al., 2014). The thickening of the cortex of inferior segment of the circular sulcus of insula and
improved functional specialization in anterior cingulate cortex might associate with a better
emotional processing, recognition and adjustment and thus alleviate the mood disorders.
However, further research is needed to confirm the association of the alleviation of mood
disorders and the TCC-induced alterations in brain. In addition, the resting-state functional
connectivity between medial prefrontal cortex and bilateral hippocampus has been shown to
be increased after TCC training (Tao, et al., 2017). As mentioned in the above section,
prefrontal cortex is involved in regulation in memory (Simons, et al., 2003), while
hippocampus is involved in regulation of both memory and emotion. The increase in functional
connectivity among these brain regions might improve the emotion processing by linking up
the current emotion with previous events. These alterations in the brain caused by TCC might
improve the ability of the practicers in dealing with negative emotion, and thus alleviate the
moods disorders. Further investigation is needed to confirm whether these TCC-mediated

alterations on brain are associated with the alleviation of mood disorders.

Limitation, Future Perspectives and Conclusion

Tai Chi Chuan is a traditional Chinese martial art that is comprised of meditation and physical
conditioning. The health favoring effects of TCC have been widely recognized. The exercise
intensity of TCC is moderate and this makes it very accessible to different populations
especially elderly individuals. There are numbers of studies demonstrating the beneficial
effects of TCC exercise on various health aspects in a wide range of different populations.
Altering brain morphologies and neural activities probably contribute to the underlying
mechanisms of the beneficial effects of TCC on health. With the advanced technology in

neuroimaging, the effects of TCC on the brain have been preliminarily investigated and
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revealed. In this review, we attempted to explore the possible mechanisms underlying the
beneficial effects of TCC by matching the effects of TCC with the neurological changes in the
brain as revealed by neuroimaging technology. However, it should be noticed that there are
several limitations in this review. Firstly, although the number of TCC studies related to
changes in brain morphology and neural activity has been increasing, the relatively small
amount of studies may limit our discussion. Secondly, all of the available studies demonstrating
the effects of TCC on brain are conducted in a relatively small scale (i.e. ~20 participants in
each intervention group). Large-scale randomized control trials are warranted to confirm the
effects of TCC on the brain morphology, connectivity and activity of particular regions and
macro-networks, and the association between the TCC-induced changes in brain and the
beneficial effects. It should also be noted that three of the eight available studies demonstrating
the effects of TCC on brain were using a TCC-consisted psychological-physical intervention
protocol rather than TCC-alone intervention. It is possible that the non-TCC element (i.e.,
cognitive training or group counseling) in TCC-consisted psychological-physical intervention

protocol may have contributed to the discussed morphological changes of the brain.

In the future, the effects of TCC on the prevention of neurodegeneration and the promotion of
neuroprotection and the cellular activities in different parts of the brain involved in these effects
should be comprehensively investigated. Data collected from multiple levels by using different
techniques including functional neuroimaging, molecular biology techniques,
neuropsychological tests and physiological measurements should be a promising strategy to

fully uncover the mechanisms and the effects of TCC on the human brain and health.

Acknowledgements

18



The authors apologized to the researchers whose scientific contributions were not included in
this article owing to the space constraint. During the writing process of the present article, the
related research works of PM Siu were supported by Health and Medical Research Funds
(11122361 and 12131841) of Food and Health Bureau, The Government of the Hong Kong
Special Administrative Region, The People’s Republic of China and The University of Hong
Kong Seed Fund for Basic Research. The authors have no potential conflicts of interest that

are directly relevant to the content of this article.

19



References

Alberti, K.G. and P.Z. Zimmet. Definition, diagnosis and classification of diabetes mellitus and
its complications. Part 1: diagnosis and classification of diabetes mellitus provisional
report of a WHO consultation. Diabet. Med. 15: 539-553, 1998.

Andrews-Hanna, J.R., J. Smallwood and R.N. Spreng. The default network and self-generated
thought: component processes, dynamic control, and clinical relevance. Ann. N. Y. Acad.
Sci. 1316: 29-52, 2014.

Barrow, D.E., A. Bedford, G. Ives, L. O'Toole and K.S. Channer. An evaluation of the effects
of Tai Chi Chuan and Chi Kung training in patients with symptomatic heart failure: a
randomised controlled pilot study. Postgrad. Med. J. 83: 717-721, 2007.

Burschka, J.M., PM. Keune, U.H. Oy, P. Oschmann and P. Kuhn. Mindfulness-based
interventions in multiple sclerosis: beneficial effects of Tai Chi on balance,
coordination, fatigue and depression. BMC Neurol. 14: 165, 2014.

Caminiti, G., M. Volterrani, G. Marazzi, A. Cerrito, R. Massaro, A. Arisi, A. Franchini, B.
Sposato and G. Rosano. Tai chi enhances the effects of endurance training in the
rehabilitation of elderly patients with chronic heart failure. Rehabil. Res. Pract. 2011:
761958, 2011.

Chang, J.Y., P.F. Tsai, C. Beck, J.L. Hagen, D.C. Huff, K.J. Anand, P.K. Roberson, K.S.
Rosengren and L. Beuscher. The effect of tai chi on cognition in elders with cognitive
impairment. Medsurg Nurs. 20: 63-69; quiz 70, 2011.

Chen, B.L., J.B. Guo, M.S. Liu, X. Li, J. Zou, X. Chen, L.L. Zhang, Y.S. Yue and X.Q. Wang.
Effect of Traditional Chinese Exercise on Gait and Balance for Stroke: A Systematic
Review and Meta-Analysis. PLoS One 10: €0135932, 2015.

Choi, J.H., J.S. Moon and R. Song. Effects of Sun-style Tai Chi exercise on physical fitness
and fall prevention in fall-prone older adults. J. Adv. Nurs. 51: 150-157, 2005.
Critchley, H.D., S. Wiens, P. Rotshtein, A. Ohman and R.J. Dolan. Neural systems supporting

interoceptive awareness. Nat. Neurosci. 7: 189-195, 2004.

de Araujo, LLE., P. Geha and D.M. Small. Orosensory and Homeostatic Functions of the Insular
Taste Cortex. Chemosens. Percept. 5: 64-79, 2012.

Etkin, A., T. Egner and R. Kalisch. Emotional processing in anterior cingulate and medial
prefrontal cortex. Trends Cogn. Sci. 15: 85-93, 2011.

Foley, D.J., A.A. Monjan, S.L. Brown, E.M. Simonsick, R.B. Wallace and D.G. Blazer. Sleep
complaints among elderly persons: an epidemiologic study of three communities. Sleep
18: 425-432, 1995.

Fong, D.Y., L.K. Chi, F. Li and Y.K. Chang. The benefits of endurance exercise and Tai Chi
Chuan for the task-switching aspect of executive function in older adults: an ERP study.
Front. Aging Neurosci. 6: 295, 2014.

Fong, S.S., LM. Chung, W.W. Tsang, J.C. Leung, C.Y. Charm, W.S. Luk, L.P. Chow and S.S.
Ng. Balance Performance in Irradiated Survivors of Nasopharyngeal Cancer with and
without Tai Chi Qigong Training. Evid. Based Complement. Alternat. Med. 2014:
719437, 2014.

Fong, S.S., S.S. Ng, W.S. Luk, J.W. Chung, J.C. Leung and R.S. Masters. Effects of a 6-month
Tai Chi Qigong program on arterial hemodynamics and functional aerobic capacity in
survivors of nasopharyngeal cancer. J. Cancer Surviv. 8: 618-626, 2014.

Gold, A.L., R.A. Morey and G. McCarthy. Amygdala-prefrontal cortex functional connectivity
during threat-induced anxiety and goal distraction. Biol. Psychiatry 77: 394-403,2015.

Gu, L., M.L. Uhelski, S. Anand, M. Romero-Ortega, Y.T. Kim, P.N. Fuchs and S.K. Mohanty.
Pain inhibition by optogenetic activation of specific anterior cingulate cortical neurons.
PLoS One 10: 0117746, 2015.

20



Hofmann, S.G., A.T. Sawyer, A.A. Witt and D. Oh. The effect of mindfulness-based therapy
on anxiety and depression: A meta-analytic review. J. Consult. Clin. Psychol. 78: 169-
183, 2010.

Holzel, B.K., J. Carmody, M. Vangel, C. Congleton, S.M. Yerramsetti, T. Gard and S.W. Lazar.
Mindfulness practice leads to increases in regional brain gray matter density. Psychiatry
Res. 191: 36-43, 2011.

Hosseini, H., M.F. Esfirizi, S.M. Marandi and A. Rezaei. The effect of Ti Chi exercise on the
sleep quality of the elderly residents in Isfahan, Sadeghieh elderly home. Iran. J. Nurs.
Midwifery Res. 16: 55-60, 2011.

Huang, Y. and X. Liu. Improvement of balance control ability and flexibility in the elderly Tai
Chi Chuan (TCC) practitioners: a systematic review and meta-analysis. Arch. Gerontol.
Geriatr. 60: 233-238, 2015.

Hui, S.S., Y.J. Xie, J. Woo and T.C. Kwok. Effects of Tai Chi and Walking Exercises on Weight
Loss, Metabolic Syndrome Parameters, and Bone Mineral Density: A Cluster
Randomized Controlled Trial. Evid. Based Complement. Alternat. Med. 2015: 976123,
2015.

Huston, P. and B. McFarlane. Health benefits of tai chi: What is the evidence? Can. Fam.
Physician. 62: 881-890, 2016.

Irwin, M.R., R. Olmstead and S.J. Motivala. Improving sleep quality in older adults with
moderate sleep complaints: A randomized controlled trial of Tai Chi Chih. Sleep 31:
1001-1008, 2008.

Jones, K.D., C.A. Sherman, S.D. Mist, J.W. Carson, R.M. Bennett and F. Li. A randomized
controlled trial of 8-form Tai chi improves symptoms and functional mobility in
fibromyalgia patients. Clin. Rheumatol. 31: 1205-1214, 2012.

Joo, E.Y., H.J. Noh, J.S. Kim, D.L. Koo, D. Kim, K.J. Hwang, J.Y. Kim, S.T. Kim, M.R. Kim
and S.B. Hong. Brain Gray Matter Deficits in Patients with Chronic Primary Insomnia.
Sleep 36: 999-1007, 2013.

Larkey, L.K., D.J. Roe, K.L. Weihs, R. Jahnke, A.M. Lopez, C.E. Rogers, B. Oh and J. Guillen-
Rodriguez. Randomized controlled trial of Qigong/Tai Chi Easy on cancer-related
fatigue in breast cancer survivors. Ann. Behav. Med. 49: 165-176, 2015.

Lavretsky, H., L.L. Alstein, R.E. Olmstead, L.M. Ercoli, M. Riparetti-Brown, N.S. Cyr and
M.R. Irwin. Complementary use of tai chi chih augments escitalopram treatment of
geriatric depression: a randomized controlled trial. Am. J. Geriatr. Psychiatry 19: 839-
850, 2011.

Leroi, 1., K. McDonald, H. Pantula and V. Harbishettar. Cognitive impairment in Parkinson
disease: impact on quality of life, disability, and caregiver burden. J. Geriatr. Psychiatry
Neurol. 25:208-214, 2012.

Leuner, B. and E. Gould. Structural plasticity and hippocampal function. Annu. Rev. Psychol.
61: 111-140, C111-113, 2010.

Li, F,, K.J. Fisher, P. Harmer, D. Irbe, R.G. Tearse and C. Weimer. Tai chi and self-rated quality
of sleep and daytime sleepiness in older adults: a randomized controlled trial. J. Am.
Geriatr. Soc. 52: 892-900, 2004.

Li, L. and B. Manor. Long term Tai Chi exercise improves physical performance among people
with peripheral neuropathy. Am. J. Chin. Med. 38: 449-459, 2010.

Li, R., X. Zhu, S. Yin, Y. Niu, Z. Zheng, X. Huang, B. Wang and J. Li. Multimodal intervention
in older adults improves resting-state functional connectivity between the medial
prefrontal cortex and medial temporal lobe. Front. Aging Neurosci. 6: 39, 2014.

Liu, X., L. Vitetta, K. Kostner, D. Crompton, G. Williams, W.J. Brown, A. Lopez, C.C. Xue,
T.P. Oei, G. Byrne, J.H. Martin and H. Whiteford. The effects of tai chi in centrally
obese adults with depression symptoms. Evid. Based Complement. Alternat. Med. 2015:

21



879712, 2015.

Lu, C., T. Yang, H. Zhao, M. Zhang, F. Meng, H. Fu, Y. Xie and H. Xu. Insular Cortex is Critical
for the Perception, Modulation, and Chronification of Pain. Neurosci. Bull. 32: 191-
201, 2016.

Luders, E., A.W. Toga, N. Lepore and C. Gaser. The underlying anatomical correlates of long-
term meditation: larger hippocampal and frontal volumes of gray matter. Neuroimage.
45: 672-678, 2009.

Mortimer, J.A., D. Ding, A.R. Borenstein, C. DeCarli, Q. Guo, Y. Wu, Q. Zhao and S. Chu.
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. 30: 757-766, 2012.

Nguyen, M.H. and A. Kruse. A randomized controlled trial of Tai chi for balance, sleep quality
and cognitive performance in elderly Vietnamese. Clin. Interv. Aging. 7: 185-190, 2012.

Nie, X., Y. Shao, S.Y. Liu, H.J. Li, A.L. Wan, S. Nie, D.C. Peng and X.J. Dai. Functional
connectivity of paired default mode network subregions in primary insomnia.
Neuropsychiatr. Dis. Treat. 11: 3085-3093, 2015.

Niu, R., R. He, B.L. Luo and C. Hu. The effect of tai chi on chronic obstructive pulmonary
disease: a pilot randomised study of lung function, exercise capacity and diaphragm
strength. Heart Lung Circ. 23: 347-352, 2014.

Reid-Arndt, S.A., S. Matsuda and C.R. Cox. Tai Chi effects on neuropsychological, emotional,
and physical functioning following cancer treatment: a pilot study. Complement. Ther.
Clin. Pract. 18: 26-30, 2012.

Riemann, D., U. Voderholzer, K. Spiegelhalder, M. Hornyak, D.J. Buysse, C. Nissen, J. Hennig,
M.L. Perlis, L.T. van Elst and B. Feige. Chronic insomnia and MRI-measured
hippocampal volumes: a pilot study. Sleep 30: 955-958, 2007.

Schubert, C.R., K.J. Cruickshanks, D.S. Dalton, B.E. Klein, R. Klein and D.M. Nondahl.
Prevalence of sleep problems and quality of life in an older population. Sleep 25: 889-
893, 2002.

Scolari, M., K.N. Seidl-Rathkopf and S. Kastner. Functions of the human frontoparietal
attention network: Evidence from neuroimaging. Curr. Opin. Behav. Sci. 1: 32-39, 2015.

Simons, J.S. and H.J. Spiers. Prefrontal and medial temporal lobe interactions in long-term
memory. Nat. Rev. Neurosci. 4: 637-648, 2003.

Song, Q.H., Q.H. Zhang, R.M. Xu, M. Ma, X.P. Zhao, G.Q. Shen, Y.H. Guo and Y. Wang.
Effect of Tai-chi exercise on lower limb muscle strength, bone mineral density and
balance function of elderly women. Int. J. Clin. Exp. Med. 7: 1569-1576, 2014.

Song, R., E.O. Lee, P. Lam and S.C. Bae. Effects of tai chi exercise on pain, balance, muscle
strength, and perceived difficulties in physical functioning in older women with
osteoarthritis: a randomized clinical trial. J. Rheumatol. 30: 2039-2044, 2003.

Starr, C.J., L. Sawaki, G.F. Wittenberg, J.H. Burdette, Y. Oshiro, A.S. Quevedo and R.C.
Coghill. Roles of the insular cortex in the modulation of pain: insights from brain
lesions. J. Neurosci. 29: 2684-2694, 2009.

Tao, J., X. Chen, N. Egorova, J. Liu, X. Xue, Q. Wang, G. Zheng, M. Li, W. Hong, S. Sun, L.
Chen and J. Kong. Tai Chi Chuan and Baduanjin practice modulates functional
connectivity of the cognitive control network in older adults. Sci. Rep. 7: 41581, 2017.

Tsai, J.C., W.H. Wang, P. Chan, L.J. Lin, C.H. Wang, B. Tomlinson, M.H. Hsieh, H.Y. Yang
and J.C. Liu. The beneficial effects of Tai Chi Chuan on blood pressure and lipid profile
and anxiety status in a randomized controlled trial. J. Altern. Complement. Med. 9: 7477-
754,2003.

Tsai, P.F., J.Y. Chang, C. Beck, Y.F. Kuo, F.J. Keefe and K. Rosengren. A supplemental report
to a randomized cluster trial of a 20-week Sun-style Tai Chi for osteoarthritic knee pain

22



in elders with cognitive impairment. Complement. Ther. Med. 23: 570-576, 2015.

Vallabhajosula, S., B.L. Roberts and C.J. Hass. Tai chi intervention improves dynamic postural
control during gait initiation in older adults: a pilot study. J. Appl. Biomech. 30: 697-
706, 2014.

Wang, C. Tai Chi improves pain and functional status in adults with rheumatoid arthritis: results
of a pilot single-blinded randomized controlled trial. Med. Sport Sci. 52:218-229, 2008.

Wang, C., C.H. Schmid, R. Rones, R. Kalish, J. Yinh, D.L. Goldenberg, Y. Lee and T.
McAlindon. A randomized trial of tai chi for fibromyalgia. N. Engl. J. Med. 363: 743-
754, 2010.

Wang, J.S., C. Lan and M.K. Wong. Tai Chi Chuan training to enhance microcirculatory
function in healthy elderly men. Arch. Phys. Med. Rehabil. 82: 1176-1180, 2001.

Wang, W., M. Sawada, Y. Noriyama, K. Arita, T. Ota, M. Sadamatsu, R. Kiyotou, M. Hirai and
T. Kishimoto. Tai Chi exercise versus rehabilitation for the elderly with cerebral
vascular disorder: a single-blinded randomized controlled trial. Psychogeriatrics 10:
160-166, 2010.

Wei, G.X., HM. Dong, Z. Yang, J. Luo and X.N. Zuo. Tai Chi Chuan optimizes the functional
organization of the intrinsic human brain architecture in older adults. Front. Aging
Neurosci. 6: 74, 2014.

Wei, G.X., Z.Q. Gong, Z. Yang and X.N. Zuo. Mind-Body Practice Changes Fractional
Amplitude of Low Frequency Fluctuations in Intrinsic Control Networks. Front.
Psychol. 8: 1049, 2017.

Wei, G.X., T. Xu, FM. Fan, HM. Dong, L.L. Jiang, H.J. Li, Z. Yang, J. Luo and X.N. Zuo.
Can Taichi reshape the brain? A brain morphometry study. PLoS One 8: €61038, 2013.

Weible, A.P., D.M. Piscopo, M.K. Rothbart, M.I. Posner and C.M. Niell. Rhythmic brain
stimulation reduces anxiety-related behavior in a mouse model based on meditation
training. Proc. Natl. Acad. Sci. U. S. A. 114: 2532-2537, 2017.

Winkelman, J.W., D.T. Plante, L. Schoerning, K. Benson, O.M. Buxton, S.P. O'Connor, J.E.
Jensen, P.F. Renshaw and A. Gonenc. Increased Rostral Anterior Cingulate Cortex
Volume in Chronic Primary Insomnia. Sleep 36: 991-998, 2013.

Wolf, S.L., C. Coogler and T. Xu. Exploring the basis for Tai Chi Chuan as a therapeutic
exercise approach. Arch. Phys. Med. Rehabil. 78: 886-892, 1997.

Woollacott, M.H., A. Shumway-Cook and L.M. Nashner. Aging and posture control: changes
in sensory organization and muscular coordination. Int. J. Aging Hum. Dev. 23: 97-114,
1986.

Wu, W., X. Liu, L. Wang, Z. Wang, J. Hu and J. Yan. Effects of Tai Chi on exercise capacity
and health-related quality of life in patients with chronic obstructive pulmonary disease:
a systematic review and meta-analysis. /nt. J. Chron. Obstruct. Pulmon. Dis. 9: 1253-
1263, 2014.

Yan, J.H., Y.Z. Guo, HM. Yao and L. Pan. Effects of Tai Chi in patients with chronic
obstructive pulmonary disease: preliminary evidence. PLoS One 8: €61806, 2013.

Yang, C.C., A. Barros-Loscertales, D. Pinazo, N. Ventura-Campos, V. Borchardt, J.C.
Bustamante, A. Rodriguez-Pujadas, P. Fuentes-Claramonte, R. Balaguer, C. Avila and
M. Walter. State and Training Effects of Mindfulness Meditation on Brain Networks
Reflect Neuronal Mechanisms of Its Antidepressant Effect. Neural. Plast. 2016:
9504642, 2016.

Yang, Y., X.Y. Li, L. Gong, Y.L. Zhu and Y.L. Hao. Tai Chi for improvement of motor function,
balance and gait in Parkinson's disease: a systematic review and meta-analysis. PLoS
One 9: €102942, 2014.

Yeh, G.Y., E.P. McCarthy, P.M. Wayne, L.W. Stevenson, M.J. Wood, D. Forman, R.B. Davis
and R.S. Phillips. Tai chi exercise in patients with chronic heart failure: a randomized

23



clinical trial. Arch. Intern. Med. 171: 750-757, 2011.

Yin, S., X. Zhu, R. Li, Y. Niu, B. Wang, Z. Zheng, X. Huang, L. Huo and J. Li. Intervention-
induced enhancement in intrinsic brain activity in healthy older adults. Sci. Rep. 4: 7309,
2014.

Zheng, G., X. Lan, M. Li, K. Ling, H. Lin, L. Chen, J. Tao, J. Li, X. Zheng, B. Chen and Q.
Fang. Effectiveness of Tai Chi on Physical and Psychological Health of College
Students: Results of a Randomized Controlled Trial. PLoS One 10: ¢0132605, 2015.

Zheng, Z., X. Zhu, S. Yin, B. Wang, Y. Niu, X. Huang, R. Li and J. Li. Combined cognitive-
psychological-physical intervention induces reorganization of intrinsic functional brain
architecture in older adults. Neural. Plast. 2015: 713104, 2015.

24



Table 1. Summary of the Beneficial Effects of Tai Chi

Beneficial Effect

Studied Population

Outcome Indicator

Intervention/ Experience

Reference

Flexibility

Fall-pone older adults

College students

Sit and reach test

Sit and reach test

60 min per section, 3 sections per week, 12 weeks

60 min per section, 3 sections per week, 12 weeks

(Choi, et al., 2005)

(Zheng, et al., 2015)

Balance and Gait

Fall-pone older adults

Older adults with mobility disability

College students

Elderly women

Female older adults with knee osteoarthritis

Patients with stroke

Patients with Parkinson’s disease

Patients with MS

Patients with fibromyalgia

Irradiated nasopharyngeal cancer survivors

Female cancer survivors

Elderly

Single leg stand test

CoP mediolateral displacement and
velocity in locomotion phase

CoP mediolateral excursions and
resultant CoP center of mass distance in
medial and forward conditions

Open eye perimeter and close eye
perimeter in Pro-Kin system

Comprehensive shake index
Front and back shake index

Single leg stand test with eyes closed

Berg balance score

Berg balance score
Timed up and go test

Multiple balance and coordination tests
includes single leg stand test and walk
test in different situations

Single leg stand test
Maximum reach test

Single leg stand test with eye closed
Single leg stand test
Multidirectional reach test

Habitual gait speed

Single leg stand test

35 min per section, 3 sections per week, 12 weeks

60 min per section, 3 sections per week, 16 weeks

60 min per section, 3 sections per week, 12 weeks

40 min per section, 6 sections per week, 12 months

20 min per section, 3 sections per week, 12 weeks,
12 forms of Sun style

Meta-analysis summary: A total of 8 studies on 704 subjects
Mean difference (95%Cl) = 11.85 [5.41, 18.3], P <0.00001

Meta-analysis summary: A total of 8 studies
Berg balance score mean difference (95%Cl) = 1.22 [0.8,1.65], P < 0.00001
Timed up and go test mean difference (95%CIl) = 1.06 [0.68,1.44], P < 0.0001

90 min per section, 2 sections per week, 6 months

90 min per section, 2 sections per week, 12 weeks, 8 forms of Yang style

Trained with 18 forms of Tai Chi Qigong for more than 6 months

60 min per section, 2 sections per week, 10 weeks

60 min per section, 3 sections per week, 24 weeks

(Choi, et al., 2005)

(Vallabhajosula, et al.,
2014)

(Zheng, et al., 2015)

(Song, et al., 2014)

(Song, et al., 2003)

(Chen, et al., 2015)

(Yang, et al., 2014)

(Burschka, et al., 2014)

(Jones, et al., 2012)

(Fong, et al., 2014)

(Reid-Arndt, et al., 2012)

(Li, et al., 2004)

Motor Function
and Exercise
Capacity

Patients with COPD

Patients with COPD

Patients with chronic systolic heart failure

Patients with chronic systolic heart failure
Patients with MS

Patients with fibromyalgia

Patients with fibromyalgia

Patients with peripheral neuropathy
Fem_ale postmenopausal breast cancer
survivors

Nasopharyngeal cancer survivors

Female cancer survivors

Elderly

6-minute walk test

6-minute walk test

Cardiac Exercise Self-efficacy
Instrument

6-minute walk test

FSMC

6-minute walk test

Timed up and go test

Timed up and go test
6-minute walk test

Fatigue symptom inventory

6-minute walk test

Timed up and go test
Five times sit to stand test

Timed chair rise test
50-foot speed walk

40 min per section, 3 sections per week, 6 months
Meta-analysis summary: A total of 11 studies on 824 subjects
Mean difference (95%Cl) = 35.99 [15.63-56.35], P < 0.0005

60 min per section, 2 sections per week, 12 weeks

50 min per section, 4 sections per week, 12 weeks, 10 forms of Yang style
90 min per section, 2 sections per week, 6 months

60 min per section, 2 sections per week, 12 weeks, 10 forms of Yang style
90 min per section, 2 sections per week, 12 weeks, 8 forms of Yang style

60 min per section, 3 sections per week, 24 weeks, 8 forms of Yang style

Two 60 min section and five 30 min sections per week for first 2 weeks,

followed by one 60 min section and five 30 min sections per week for 10 weeks

90 min per section, 1 sections per week, 6 months, 18 forms Tai Chi Qigong

60 min per section, 2 sections per week, 10 weeks

60 min per section, 3 sections per week, 24 weeks

(Niu, et al., 2014)

(Wu, et al., 2014)

(Yeh, etal., 2011)

(Caminiti, et al., 2011)
(Burschka, et al., 2014)
(Wang, et al., 2010)
(Jones, et al., 2012)

(Li, etal., 2010)

(Larkey, et al., 2015)

(Fong, et al., 2014)

(Reid-Arndt, et al., 2012)

(Li, et al., 2004)

Lung Function

Patients with COPD

Patients with COPD

Forced expiratory volume

Twitch oesophageal pressure
Twitch gastric pressure

Twitch transdiaphragmatic pressure

Dyspnea
Forced expiratory volume in 1s
Forced vital capacity

40 min per section, 3 sections per week, 6 months

Meta-analysis summary: A total of 8 studies on 544 subjects
Dyspnea Mean difference (95%Cl) = -0.86 [-1.44, -0.28], P = 0.004
FEV1 mean difference (95%Cl) = 0.07 [0.02,0.13], P=0.01

FVC mean difference (95%Cl) = 0.12 [0.00,0.23], P=0.04

(Niu, et al., 2014)

(Yan, et al., 2013)

Muscle Strength

Elderly women

Female older adults with knee osteoarthritis

Patients with chronic systolic heart failure
Patients with peripheral neuropathy

Central obese adults with depression

Extension strength of hip and knee

Abdominal strength by number of sit-
ups performed in 30s

Peak torque of the quadriceps muscles
Knee extensor and flexor peak torque

Number of stands in 30s

40 min per section, 6 sections per week, 12 months

20 min per section, 3 sections per week, 12 weeks, 12 forms of Sun style

50 min per section, 4 sections per week, 12 weeks, 10 forms of Yang style
60 min per section, 3 sections per week, 24 weeks, 8 forms of Yang style

60-90 min per section, 3 sections per week, 12 weeks, Kaimai style

(Song, et al., 2014)

(Song, et al., 2003)

(Caminiti, et al., 2011)
(Li, et al., 2010)

(Liu, et al., 2015)

Pain Relieve

Elderly with knee osteoarthritis

Female older adults with knee osteoarthritis

Patients with fibromyalgia

Verbal Descriptor Scale
Pain behaviors

K-WOMAC

Visual-analogue scale
Chronic plain self-efficacy scale
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20-40 min per section, 3 sections per week, 20 weeks, Sun style

20 min per section, 3 sections per week, 12 weeks, 12 forms of Sun style

60 min per section, 2 sections per week, 12 weeks, 10 forms of Yang style

(Tsai, et al., 2015)

(Song, et al., 2003)

(Wang, et al., 2010)



Patients with fibromyalgia

FIQ pain
Brief pain inventory
ASEQ for pain

90 min per section, 2 sections per week, 12 weeks, 8 forms of Yang style

(Jones, et al., 2012)

Metabolic
Abnormality

Inactive adults

Adults with borderline hypertension

Patients with chronic systolic heart failure

Waist circumference
Fasting blood glucose

Systolic blood pressure
Diastolic blood pressure
Blood HDL

Systolic blood pressure

30 min per section, 5 sections per week, 12 weeks, 32 forms of Sun style

50 min per section, 3 sections per week, 12 weeks, 108 forms of Yang style

50 min per section, 4 sections per week, 12 weeks, 10 forms of Yang style

(Hui, et al., 2015)

(Tsai, et al., 2003)

(Caminiti, et al., 2011)

Microcirculatory
Function

Inactive elderly men

Skin blood flow

Cutaneous vascular conductance
Skin temperature

VO, Max

54 min per section, 5.1+1.8 sections per week, 11.2+3.4 years, Yang style

(Wang, et al., 2001)

Cognitive
Function

Female cancer survivors

Elderly with cognitive impairments

Older adults

Elderly

MASQ
Rey Auditory Verbal Learning Test
Trail Making Test A

Trail Making Test B

Stroop Test

Controlled Oral Word Association Test

MMSE
Digit Symbol-Coding Scores

Reaction time of Task switching
P3 amplitude in brain

Trail Making Test A
Trail Making Test B

60 min per section, 2 sections per week, 10 weeks

20-40 min per section, 2 sections per week, 15 weeks, 12 forms of Sun style

78.8+15min per section, 6.1+1.2 sections per week, 13.6+8.6 years, Yang style

60 min per section, 2 sections per week, 6 months, 24 forms of Yang style

(Reid-Arndt, et al., 2012)

(Chang, et al., 2011)

(Fong, et al., 2014)

(Nguyen, et al., 2012)

Quality of Life

Patients with COPD

Patients with chronic systolic heart failure
Patients with MS
Patients with fibromyalgia

Elderly with MDD under escitalopram
treatment

Patients with stable symptomatic chronic
heart failure

Adults with functional class | or 11
rheumatoid arthritis

SGRQ
CRQ

MLHFQ
Questionnaire of life satisfaction
SF-36

SF-36

MLHFQ

Vitality subscale of SF-36

Meta-analysis summary: A total of 11 studies on 824 subjects
SGRQ mean difference (95%Cl) = -10.02 [-17.59, -2.45], P = 0.009
CRQ mean difference (95%Cl) = 0.95 [0.22,1.67], P=0.01

60 min per section, 2 sections per week, 12 weeks

90 min per section, 2 sections per week, 6 months

60 min per section, 2 sections per week, 12 weeks, 10 forms of Yang style

120 min per section, 1 sections per week, 10 weeks

55 min per section, 2 sections per week, 16 weeks

60 min per section, 2 sections per week, 12 weeks, Yang style

(Wu, etal.,, 2014)

(Yeh, etal., 2011)
(Burschka, et al., 2014)
(Wang, et al., 2010)

(Lavretsky, et al., 2011)

(Barrow, et al., 2007)

(Wang, 2008)

Elderly e SF-12 Physical score 60 min per section, 3 sections per week, 24 weeks (Li, et al., 2004)
Anxiety Adults with borderline hypertension o State-Trait Anxiety Inventory 50 min per section, 3 sections per week, 12 weeks, 108 forms of Yang style (Tsai, et al., 2003)
Central obese adults with depression * DASS anxiety score 60-90 min per section, 3 sections per week, 12 weeks, Kaimai style (Liu, et al., 2015)
Patients with stable symptomatic chronic e SCL-90-R Anxiety 55 min per section, 2 sections per week, 16 weeks (Barrow, et al., 2007)
heart failure
Older adults with cerebral vascular disorder e GHQ Anxiety/Insomnia 50 min per section, 1 sections per week, 12 weeks, Yang style (Wang, et al., 2010)
Depression Patients with MS e CES-D 90 min per section, 2 sections per week, 6 months (Burschka, et al., 2014)
Patients with fibromyalgia e CES-D 60 min per section, 2 sections per week, 12 weeks, 10 forms of Yang style (Wang, et al., 2010)
Female cancer survivors « Impact of Event Scale-Revised 60 min per section, 2 sections per week, 10 weeks (Reid-Arndt, et al., 2012)
Central obese adults with depression o DASS depression score 60-90 min per section, 3 sections per week, 12 weeks, Kaimai style (Liu, et al., 2015)
e CES-D
Elderly with MDD under escitalopram « Hamilton Depression Rating Score 120 min per section, 1 sections per week, 10 weeks (Lavretsky, et al., 2011)
treatment
Patients with stable symptomatic chronic e SCL-90-R Depression 55 min per section, 2 sections per week, 16 weeks (Barrow, et al., 2007)
heart failure
Adults with functional class I or Il e CES-D 60 min per section, 2 sections per week, 12 weeks, Yang style (Wang, 2008)
rheumatoid arthritis
Older adults with cerebral vascular disorder e GHQ severe depression 50 min per section, 1 sections per week, 12 weeks, Yang style (Wang, et al., 2010)
Insomnia Patients with fibromyalgia * PSQI 60 min per section, 2 sections per week, 12 weeks, 10 forms of Yang style (Wang, et al., 2010)
Patients with fibromyalgia * PSQI 90 min per section, 2 sections per week, 12 weeks, 8 forms of Yang style (Jones, et al., 2012)
Older adults with cerebral vascular disorder * PSQI 50 min per section, 1 sections per week, 12 weeks, Yang style (Wang, et al., 2010)
* GHQ Anxiety/Insomnia
Elderly * PSQI 60 min per section, 3 sections per week, 24 weeks (Li, et al., 2004)
e ESS
Elderly * PSQI 40 min per section, 3 sections per week, 16 weeks (Irwin, et al., 2008)
Elderly * PSQI 60 min per section, 2 sections per week, 6 months, 24 forms of Yang style (Nguyen, et al., 2012)
Elderly * PSQI 5 min per section in the first week, 5 min were added to each section per week (Hosseini, et al., 2011)

until the fourth week, 25 min per section,
3 sections per week for the rest 8 weeks,
10 forms of Yang style

COPD-= chronic obstructive pulmonary disease; MS= multiple sclerosis; K-WOMAC= Korean version of the Western Ontario-McMaster Universities OA index; FSMC= Fatigue Scale of Motor and Cognitive Functions;
CES-D= Center for Epidemiological Studies Depression Scale; DASS= Depression Anxiety Stress Scale 21; HDL=high-density lipoprotein cholesterol; SGRQ= St George’s Respiratory Questionnaire; CRQ= Chronic
Respiratory Disease Questionnaire; MASQ= Multiple Abilities Self-Report Questionnaire; MLHFQ= Minnesota with Heart Failure Questionnaire; FIQ= Fibromyalgia Impact Questionnaire; ASEQ= Arthritis Self-
Efficacy Questionnaire; SF-36= Medical Outcome Study 36-item Short Form Health Survey; SF-12= 12-item Short Form Health Survey MMSE= Mini Mental State Exam; MDD= unipolar major depressive disorder;
SCL-90-R= Symptom CheckL ist-90-Revised; GHQ= General Health Questionnaire; PSQI= Pittsburgh Sleep Quality Index; ESS= Epworth Sleepiness Scale
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Table 2. Summary of Brain Regions Affected by Tai Chi and the Possible Beneficial Effects

Brain Region and Network Function of this Region Changes Induced by Tai Chi Tai Chi Intervention/ Possible Related Neuroimaging References
Intervention Experience Beneficial Effects Technology
Total brain volume General brain function tIntracranial volume of brain 50 min per section, Cognitive functions MRI (Mortimer, et
(~47%) 3 sections per week, al., 2012)
40 weeks
Right precentral gyrus Coordinate and plan for the voluntary movements 1CT 14+8 years of Tai Chi Gait and balance MRI (Wei, et al.,
experience, 11+3 hours per 2013)

Right middle frontal sulcus Short-term memory, theory of mind, 1CT week, with styles included Cognitive functions
evaluatierecency, plan, override automatics responses, Yang, Wu, Sun and
calculation, analyze auditory information, infer modified Chan
intention and emotions of others, deducting
information from spatial imagery

Left medial occipitotemporal sulcus Process color and word information, face and body 1CT Cognitive functions
recognition

Left lingual sulcus Visual memory, maintain visuo-limbo connection 1CT Cognitive functions

Right inferior segment of the circular Sensory of emotions, sensory of inner body, generate 1CT Pain management,

sulcus of insula appropriate body response to maintain homeostasis, Moods, Cognitive
pain sensation functions

Left superior temporal gyrus Social cognition, analyze face and auditory 1CT Cognitive functions
information, percept verbal and non-verbal
information from others 1BOLD (~16%) Multiple interventions (Zheng, et al.,

consist of 18 sections of 1 2015)
hour cognitive training, 18
sections of 1 hour Yang
style 24-form Tai Chi
training, 6 sections of 90
min group counseling
Right postcentral gyrus General body sensation tFH(Improved functional 14.6%8.6 years of Tai Chi Gait and balance fMRI (Wei, etal.,
integration) experience, 11.9+5.1 hours 2014)
per week,

Left anterior cingulate cortex Cognitive regulation, pain management, emotional |FH(Improved functional Cognitive functions,
processing specialization) Moods, Pain

management

Right superior frontal cortex Self-awareness, working memory, executive function, LFH Cognitive functions

(Improved functional
specialization)

Medial prefrontal cortex Self-knowledge, familiar other-knowledge, social TResting state-FC with 60 min per section, Moods, Cognitive fMRI (Tao, et al.,
information processing, emotional processing, bilateral hippocampus 5 sections per week, functions 2017)
sadness suppression, morality 12 weeks

TResting state-FC with medial Multiple interventions fMRI (Li, etal.,
temporal lobe consist of 18 sections of 2014)
60MIN cognitive training,
18 sections of 1 hour Yang
style 24-form Tai Chi
training, 6 sections of 90
min group counseling
Bilateral hippocampus Learning, regulation of emotion, stress and memory TResting state-FC with medial 60 min per section, Moods, Cognitive fMRI (Tao, et al.,
prefrontal cortex 5 sections per week, functions 2017)
12 weeks

Medial temporal lobe Information processing, emotion processing, TResting state-FC with medial Cognitive functions (Li, etal.,
recollection and familiarity, recognition memory prefrontal cortex 2014)

Middle temporal gyri Face recognition, word processing IHGBOLD (~7% for left side Multiple interventions Cognitive functions fMRI (Zheng, et al.,

~10% for right side) consist of 18 sections of 1 2015)
hour cognitive training, 18
Posterior cerebellum lobe Coordination, precision and timing of motor functions THGBOLD (~10%) sections of 1 hour Yang Gait and balance
style 24-form Tai Chi
training, 6 sections of 90
min group counseling

Superior temporal gyri Language comprehension THGBOLD (~15%) Cognitive functions

Middle frontal gyrus Executive function, Short-term memory, theory of TResting state ALFF (~13%) Multiple interventions Cognitive functions fMRI (Yin, etal.,
mind, evaluate recency, plan, override automatics consist of 18 sections of 1 2014)
responses, calculation, analyze auditory information, hour cognitive training, 18
infer intention and emotions of others, deducting sections of 1 hour Yang
information from spatial imagery style 24-form Tai Chi

training, 6 sections of 90

Superior frontal gyrus Self-awareness, working memory, executive function TResting state ALFF (~21%) min group counseling Cognitive functions

Anterior cerebellum lobe Coordination, precision and timing of motor function TResting state ALFF (~13%) Gait and balance

Default mode network Self-generated cognition, social cognition, metalizing, |Resting state TALFF (~10%) 14.6+8.6 years of Tai Chi Cognitive functions, fMRI (Wei, etal.,
memory retrieval. experience, 11.9+5.1 hours Moods 2017)

Right lateralized frontoparietal network

Left lateralized frontoparietal network

Visual attention, visual capacity, attention control via
the selection between spatial and non-spatial
information, integration and control of cognitive
representation

Visual attention, visual capacity, attention control via
the selection between spatial and non-spatial
information, integration and control of cognitive
representation

|Resting state fALFF (~10%)

|Resting state fALFF (~12%)

per week,

Cognitive functions

Cognitive functions

CT= Cortex thickness; FH= functional homogeneity; FC= functional connectivity; HGBOLD= regional homogeneity of spontaneous fluctuations in the blood oxygen level-dependent signals; ALFF= amplitude of low

frequency fluctuations; fALFF= fractional amplitude of low frequency fluctuations; findicates increased; |indicates decreased
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