

[image: image1]
Effects of Tai Chi Chuan on Inhibitory Control in Elderly Women: An fNIRS Study












	 
	CLINICAL TRIAL
published: 22 January 2020
doi: 10.3389/fnhum.2019.00476





[image: image]

Effects of Tai Chi Chuan on Inhibitory Control in Elderly Women: An fNIRS Study

Yuan Yang1,2, Tingting Chen4, Mingming Shao1,2, Shoufu Yan3, Guang H. Yue5,6 and Changhao Jiang1,2,3*

1Beijing Key Laboratory of Physical Fitness Evaluation and Technical Analysis, Capital University of Physical Education and Sports, Beijing, China

2The Center of Neuroscience and Sports, Capital University of Physical Education and Sports, Beijing, China

3School of Kinesiology and Health, Capital University of Physical Education and Sports, Beijing, China

4School of Education, Beijing Dance Academy, Beijing, China

5Center for Mobility and Rehabilitation Engineering, Kessler Foundation, West Orange, NJ, United States

6Rutgers New Jersey Medical School, Rutgers, The State University of New Jersey, Newark, NJ, United States

Edited by:
Xianchun Li, East China Normal University, China

Reviewed by:
Nazareth Castellanos, Complutense University of Madrid, Spain
Xu Cui, Stanford University, United States

*Correspondence: Changhao Jiang, jiangchanghao@cupes.edu.cn

Specialty section: This article was submitted to Health, a section of the journal Frontiers in Human Neuroscience

Received: 22 September 2019
Accepted: 31 December 2019
Published: 22 January 2020

Citation: Yang Y, Chen T, Shao M, Yan S, Yue GH and Jiang C (2020) Effects of Tai Chi Chuan on Inhibitory Control in Elderly Women: An fNIRS Study. Front. Hum. Neurosci. 13:476. doi: 10.3389/fnhum.2019.00476

Background: Inhibitory control is a sub-ability of executive function and plays an important role in the entire cognitive process. However, declines in inhibitory control during aging significantly impair the quality of life of elderly people. Investigating methods to delay the decline of inhibitory control has become a focal point in current research. Tai Chi Chuan (TCC) is one effective method used to delay cognitive declines in older adults. However, the specific effects of TCC on inhibitory control and the mechanisms through which TCC may improve cognition in older adults have not been comprehensively investigated.

Objective: The study explores possible neurological mechanisms related to the effects of TCC interventions on inhibitory control in older people using a functional near-infrared spectroscopy (fNIRS) technique and reaction times (RTs).

Methods: A total of 26 healthy, elderly people who had not received TCC training completed all study procedures. The subjects were randomized to either the TCC group or the control group. Subjects in the TCC group were taught TCC by a certified instructor and trained for 8 weeks. The control group continued to perform general daily activities. The Flanker task was administered to every participant to evaluate inhibitory control pre- and post-intervention. While participants were performing the Flanker task, fNIRS data were collected.

Results: Post-intervention, significant differences for incongruent flankers were found only for the TCC intervention group. Faster RTs were observed for the incongruent flankers in the TCC group than in the control group (p < 0.05). Analysis of the fNIRS data revealed an increase in oxy-Hb in the prefrontal cortex during the incongruent flankers after the TCC exercise intervention.

Conclusion: The TCC intervention significantly improved inhibitory control in older adults, suggesting that TCC is an effective, suitable exercise for improving executive function and neurological health in elderly people.

Clinical Trial Registration: Chinese Clinical Trial Register, ChiCTR1900028457.
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INTRODUCTION

The cognitive functioning of adults declines with advancing age. This decline increases the prevalence of cognitive impairment, and is currently a topic of focus in cognitive neuroscience research (Anderson and McConnell, 2007). Cognitive decline can reduce quality of life and social competence in the elderly population. Further, cognitive declines may result in adverse physiological and psychological consequences (Wu et al., 2013). Therefore, techniques to maintain the cognitive functioning of older people are of considerable significance and require further study. Maintenance strategies should focus on both physiological impact and psychological benefits.

Aerobic exercise is a type of endurance exercise that has aerobic metabolism as its primary component. Some researchers have utilized aerobic exercise as a method of preventing cognitive decline (Groot et al., 2016; Panza et al., 2018). However, existing studies have resulted in equivocal findings. A study investigating the effects of 30-min sessions of moderate-intensity, bicycle-based exercise found that the aerobic exercise improved cognitive function (Song and Yu, 2019). However, a 12-week intervention study, conducted by Kimura et al. (2010), did not reveal a significant change in the reaction times (RTs) or accuracy rate (AR) of older people in a switching task post-intervention. Furthermore, no evidence emerged from this study supporting the notion of exercise sessions improving cognitive functioning in older adults. These findings are, thus, inconsistent, potentially due to discrepant intervention methods. Therefore, it is important to investigate effective methods of maintaining cognitive function in older adults.

In recent years, researchers have utilized mind-body exercises to delay cognitive function declines in the elderly population (Lam et al., 2009, 2011; Fong et al., 2014; Zhang et al., 2014; Ikudome et al., 2016). Mind-body exercises are defined as aerobic exercises that improve balance and flexibility by concentrating on physical movements and controlling breathing. Such mind-body exercises include Tai Chi Chuan (TCC), Baduanjin, and Wuqinxi (Zheng et al., 2015). Mind-body exercises are known to improve the individual’s cardiopulmonary function as well as cognitive abilities (Miller and Taylor-Piliae, 2014). Nguyen and Kruse (2012) randomly assigned 102 healthy older participants to a TCC group or a control group. The TCC group trained for 6 months, whereas the control group maintained their normal daily activities. The cognitive functioning of the participants was tested using the Trail Making Test (TMT) at baseline and post-intervention. The results suggested that, after the TCC intervention, the older adults’ TMT scores were significantly improved. These findings support the hypothesis that long-term TCC exercise can improve cognitive functioning in older people.

Although mind-body exercises are beneficial to cognitive functioning in the elderly population, most current studies have focused on general cognitive functions. Few studies have examined the differential effects of mind-body exercise on specific cognitive functions. Research has demonstrated that the effect of exercise on executive functions is more significant than its effect on general cognitive functioning (Colcombe and Kramer, 2003). Executive function is an advanced cognitive function primarily characterized by inhibition, shifting, updating, and other cognitive subcomponents (Perner and Lang, 1999). Inhibitory control is a subclass of specific cognitive control functions and is defined as the ability to inhibit the activation of irrelevant information during cognitive processing, in this way, inhibitory control is important for all cognitive processes (Smith, 1999).

The Flanker task (Eriksen and Eriksen, 1974) is used to measure inhibitory control in older adults and requires the participant to identify a directional response to the central target stimulus presented between a series of lateral distractors (flankers). The flankers can be consistent with the central stimulus, representing the same directional response (< < < < <); alternatively, flankers can be inconsistent with the central stimulus, representing an incongruent, or opposite, directional response (> > < > >). Therefore, perception and responses must be allocated to the central target, for which processing of the flanking stimulus must be suppressed using inhibitory control. The suppression of response to the flanking stimuli is required to reduce the possibility of disturbance in the perceptually evoked response, while dominant perceptual cues activate the action schema (Amanda et al., 2019). In inconsistent arrays, where the target and flanking stimuli are mapped to opposite directional modes, there will be greater interference between the correct and incorrect responses. Thus, increased response inhibition is required to suppress the impact of interference. This is closely related to inhibitory control (Collette et al., 2009; Gothe et al., 2014; Chen K.C. et al., 2017; Guarino et al., 2019). Research has demonstrated that older people do not perform as well as younger people on inhibition tasks. This may be because older people are required to mobilize more cognitive resources to deal with conflicting information. This apparent decline implies that maintaining inhibitory control abilities with advancing age is critical (Zelazo et al., 2004; Kawai et al., 2012).

Prior studies on the cognitive benefits of mind-body exercises have not generally focused on neurological mechanisms, but those which did have primarily utilized electroencephalography (EEG) and functional magnetic resonance imaging (fMRI) (Chang et al., 2017; Tao et al., 2017b). Functional near-infrared spectroscopy (fNIRS) is a neuroimaging technique for investigating cortical hemodynamic responses (Chen T.T. et al., 2017). Since oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) have different absorption spectra in the infrared range, fNIRS imaging quantifies the levels of oxy-Hb and deoxy-Hb by evaluating changes in near-infrared light intensity migrating from the source to a detector. Signals reflecting changes in oxy-Hb and deoxy-Hb concentrations are calculated based on the modified Beer-Lambert’s law to infer local brain activation (Obrig and Villringer, 2003; Renata et al., 2019). The advantage of fNIRS is that the equipment is relatively stable, avoiding motion artifacts and making it suitable for the study of cortical responses during complex motor stimulation. Thus, fNIRS imaging can be used in sports and motion studies with high ecological validity. For example, the prefrontal cortex supports the cognitive control needed for complex motor learning and motor control, and data regarding activation of this area can be readily obtained using fNIRS (Leff et al., 2011). Due to these factors, fNIRS is more suitable than other imaging methods for the study of the cognitive benefits of sports (Tsujii and Watanabe, 2009).

To address the aforementioned knowledge gaps and equivocal research findings, we conducted a randomized controlled trial to investigate the effects of mind-body exercise (a TCC intervention) on specific cognitive functions in healthy older people and examined the relevant neurological mechanisms. Eight weeks of TCC exercises were performed and we employed the Flanker task as a cognitive experiment concomitant with fNIRS monitoring to evaluate whether the TCC exercises would significantly improve the inhibitory control of older adults. We hypothesized that 8 weeks of TCC practice could significantly modulate inhibitory control and improve neurological functioning in older adults.



METHODS


Study Design and Participants

Participants were recruited from the local community in the Haidian District, Beijing, China. The eligibility criteria were being over the age of 60–75 and having a Mini-Mental State Examination score ≥24. The exclusion criteria were the presence of neurological conditions, depressive symptoms, or vision problems.

The participants were randomly assigned to either the TCC group or the control group. Participants in the experimental group learned TCC from a certified instructor and trained for 8 weeks (45 min per session for 3 days per week). Participants in the control group were instructed to maintain their original physical activity habits during the 8-week period. Each participant was administered the Flanker task (Eriksen and Eriksen, 1974) to evaluate their inhibitory control at baseline and post-intervention. The Flanker task was inspired by the classical paradigm of Eriksen and Eriksen (see section “Instruments”) (Eriksen and Eriksen, 1974). While performing the Flanker task, fNIRS data were collected from each participant. The primary outcome variable was changes in the oxy-Hb levels. The secondary outcome was the RTs for the incongruent flankers indicative of inhibitory control.

The Institutional Ethics Committee of Capital University of Physical Education and Sports approved the study. All participants signed an informed consent document prior to the intervention. A researcher who was not involved in the study used a serial number generator software program to randomly allocate the participants to the two groups.



Intervention

Before starting the 8-week TCC intervention (45 min per session for 3 days per week), the participants in the TCC group learned 24-form simplified TCC over six sessions (3 times per week for 2 weeks). Based on a compilation document from the General Administration of Sports of China, a number of studies on healthy elderly people have utilized 24-form simplified TCC (Chang et al., 2014). The TCC class was taught at a stadium in the Capital University of Physical Education and Sports by one instructor and two inspectors. After six classes, participants in the TCC group took part in the formal TCC intervention for 8 weeks. The formal TCC intervention comprised sessions of 45 min each, 3 days per week. Each 45-min session included a 5-min warm-up (muscle stretching), a 35-min TCC session, and a 5-min relaxation activity (breathing exercise). Participants were instructed to complete the Ratings of Perceived Exertion Scale after the TCC session to control the exercise intensity at a medium aerobic level. Participants in the control group did not undergo the TCC intervention and only performed their normal, general daily activities. The flow of the TCC exercise intervention program is shown in Figure 1.
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FIGURE 1. The TCC intervention lasted for 45 min per session. Each 45-min session included a 5-min warm-up, a 35-min TCC session, and a 5-min relaxation activity.


To minimize confounding factors affecting cognitive function, the two groups were asked to maintain their normal daily lifestyle throughout the study and to inform the researchers of any lifestyle changes or emerging health-related events. In addition, all participants received weekly calls from a researcher involved in the study to monitor their health and any daily lifestyle changes, as well as to monitor their participation in other sports.



Instruments


Neuroimaging

The results were assessed by experienced researchers at baseline and after the 8-week intervention. The researchers were blind to the participants’ group allocation. The primary outcome investigated was the fNIRS data, which included changes in oxy-Hb. The ETG-4000 system (Hitachi Ltd., Tokyo, Japan) was used for monitoring oxy-Hb levels. Participants’ oxy-Hb was monitored while performing the behavioral task. During monitoring, the light in the room was dimmed and the indoor environment was quiet. During the assessment, participants were asked to keep their posture stable and remain as still as possible. The fNIRS equipment was placed symmetrically over the frontal region of the participant’s head. The optical cap used consists of two measuring panels, each of which contains 22 channels. The arrangement of the optical poles is a 3 × 5 array and covers an area of 12 cm × 6 cm. The lowest detection point on the EEG 10–20 system was located at Fp1–Fp2. The absorption of near-infrared light was calculated using a time resolution of 0.1 s. In total, 44 channels of fNIRS data were obtained.



Cognitive Task

The second outcome studied was performance on the Flanker task. The classic arrow Flanker task paradigm was used to test inhibitory control. Before the assessment began, the participants were instructed to complete the training segment. The formal assessment began at the end of the training segment. The entire Flanker task consists of four blocks, which included two congruent flanker tasks and two incongruent flanker tasks. Each block comprised 30 trials. The stimulus was randomly presented in the center of the computer screen. The stimuli included congruent flanker conditions (e.g., > > > > > and < < < < <) and incongruent flanker conditions (e.g., > > < > > and < < > < <). In each block, the target marker (+) was first presented in the center of the screen, followed by the stimulus. Next, a blank screen was shown for up to 1,000 ms during the participant’s response window. The participants were required to react to the stimulus during the black screen time, after which the target marker appeared again and the next trial commenced. During the task, the background of the screen was black, and the stimuli were white. Blocks had a 30 s rest period between them. The participants were required to remain silent and to maintain a stable posture. The total time for the formal testing was approximately 5-min. During the test, the participants were required to judge the direction of the middle target arrow among the five arrows as quickly and accurately as possible. This required the participant to avoid false interference stimuli. Responses were recorded by choosing the correct key on the keypad (F key or J key representing left or right). After pressing the key, the computer recorded the participant’s AR and RTs. The Flanker task was conducted using E-Prime (version 2.0.10.182; Psychology Software Tools, Sharpsburg, PA, United States) on a 14-inch notebook computer with a 1,024 × 768 resolution screen. The E-Prime software was used to compile the Flanker task performance data. The Flanker task procedure is shown in Figure 2.
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FIGURE 2. The full Flanker task consists of four blocks of 30 trials each, which include two congruent flanker tasks and two incongruent flanker tasks. The stimuli are randomly presented in the center of the computer screen. The stimuli include congruent flanker conditions (e.g., > > > > > and < < < < <) and incongruent flanker conditions (e.g., > > < > > and < < > < <) conditions. Each block has a 30 s rest period.




Statistical Analysis

A mixed-model experiment was conducted with a 2 (group: TCC group vs. control group) × 2 (time: pre-test vs. post-test) × 2 (task: congruent vs. incongruent) design. The IBM SPSS software (version 23.0; IBM Corp., Armonk, NY, United States) was used for the statistical analysis. The RTs of the behavioral data were analyzed using repeated-measures analysis of variance (ANOVA) with a 2 (group: TCC group vs. control group) × 2 (time: pre-test vs. post-test) × 2 (task: congruent vs. incongruent) design. If there was a statistically significant interaction, a simple-effects analysis was used for further statistical analysis. The p-value was corrected with the Greenhouse-Geisser method, and the α significance level was set at 0.05.

We selected the frontal and temporal points of the brain because the fNIRS (ETG-4000 system) can only cover these two regions. Previous studies have shown that, as a key region of the cognitive control network, the dorsolateral prefrontal cortex (DLPFC) plays an important role in cognitive control processes (Miller and Cohen, 2001; Tao et al., 2017a). Thus, this choice of points was suitable. Four regions of interest (ROIs) were identified (Kameyama et al., 2004; Suto et al., 2004): the frontal superior left area (Frontal_Sup_L, which contained channels 9, 13, and 18), the frontal inferior left area (Frontal_Inf_L, which contained channels 3, 7, and 12), the frontal superior right area (Frontal_Sup_R, which contained channels 5, 10, and 14), and the frontal inferior area right (Frontal_Inf_R, which contained channels 2, 7, and 11). The ROIs were classified according to the existing anatomical calibration system, the Automated Anatomical Labeling software (Tzourio-Mazoyer et al., 2002), and related research results (Figure 3).
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FIGURE 3. Four regions of interest (ROIs): the frontal superior left area (Frontal_Sup_L, which contains channels 9, 13, and 18), the frontal inferior left area (Frontal_Inf_L, which contains channels 3, 7, and 12), the frontal superior right area (Frontal_Sup_R, which contains channels 5, 10, and 14), and the frontal inferior area right (Frontal_Inf_R, which contains channels 2, 7, and 11) were classified according to the existing anatomical calibration system, and related research results. L: left. R: right.


The data from the fNIRS were pre-processed by the xTopo software (version 2.08; Hitachi Ltd., Tokyo, Japan and Xu Cui, Stanford, CA, United States). The components with frequencies of less than 0.04 Hertz and more than 0.50 Hertz were filtered out. This decision was based on previous studies (Yanagisawa et al., 2010; Byun et al., 2014). Baseline correction was performed using a linear fitting function (Zhang et al., 2000). To this end, a linear fit was performed in the 10 s baseline before all of the active task segments and during the post-task baseline. The post-task baseline was determined as the average over the last 10 s of the resting period between active blocks (Ehlis et al., 2016). The mean values of the oxy-Hb signals of the four ROIs were calculated by averaging the same-condition blocks for each participant under each channel and then averaging the channels of the ROIs. The mean values of the oxy-Hb signals were analyzed using a repeated-measures ANOVA as a 2 (time: pre-test vs. post-test) × 2 (group: TCC group vs. control group) × 2 (task: congruent vs. incongruent) × 4 (ROI: Frontal_Sup_L vs. Frontal_Inf_L vs. Frontal_Sup_R vs. Frontal_Inf_R) design.



RESULTS

A total of 30 healthy older people who had not previously received TCC training participated in this study (mean age = 66.12 ± 3.81 years). Of the 30 participants, 26 (13 in the TCC group, 13 in the control group) completed all study procedures. Two participants dropped out of the TCC group owing to scheduling conflicts and two participants dropped out of the control group, one owing to an inability to perform to the Flanker task and one owing to scheduling conflicts.


Demographic Data

Before the intervention, the demographic variables of the two groups were analyzed (Table 1). There were no significant differences (p > 0.05) between the groups in terms of age, height, weight, years of education, Mini-Mental State Examination score, average exercise levels (days per week), or body mass index. These findings indicated that the demographic characteristics of the two groups were sufficiently homogeneous.


TABLE 1. Demographic variables and MMSE scores (M ± SD, n = 26).
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Homogeneity Test on the Baseline Flanker Task Scores

A homogeneity test was conducted on the baseline (pre-intervention) Flanker task scores for the TCC and control groups. The selected significance level was 0.05 (Table 2). The baseline flanker task scores did not differ significantly between the control group and the TCC group for the congruent flankers (F(1,24) = 0.001, p = 0.98 > 0.05) or incongruent flankers (F(1,24) = 0.78, p = 0.39 > 0.05).


TABLE 2. Significance analysis of the Flanker task pre-intervention.
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Flanker Task RTs

The Flanker task RTs were analyzed using a repeated-measures ANOVA (Table 3 and Figure 4) with a 2 (group: TCC group vs. control group) × 2 (time: pre-test vs. post-test) × 2 (task: congruent vs. incongruent) design. The interaction of time by group was not statistically significant for congruent flankers (F(1,24) = 0.01, p = 0.92 > 0.05). The main effect of time was statistically significant for incongruent flankers (F(1,24) = 91.03, p < 0.05). The main effect of group was statistically significant (F(1,24) = 4.91, p = 0.04 < 0.05) and the interaction of time by group was statistically significant (F(1,24) = 38.25, p < 0.05).


TABLE 3. RTs (ms) on the Flanker test (M ± SD).
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FIGURE 4. In the incongruent flanker task for the TCC group, the RTs at post-test was faster than those at pre-test. The difference was statistically significant. The incongruent flanker task RTs for the TCC group post-intervention were significantly faster than for the control group. There was no statistically significant change in the control group. ∗p < 0.05, significant difference; Bars indicate standard errors.


Further, the simple-effects analysis showed that under incongruent task conditions, the TCC group was significantly different. The RTs at the post-test was faster than that at the pre-test, and the difference was significant (p < 0.05). There was no significant change in the control group (p > 0.05). The RTs in the TCC group when performing the incongruent task before the intervention was higher than that in the control group, but the difference was not significant (p > 0.05). The incongruent task RTs in the TCC group after the intervention was faster than that in the control group, and the difference was significant (p < 0.05) (Figure 5). Therefore, the TCC intervention had a positive impact on the inhibitory control ability of the elderly participants.
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FIGURE 5. The RTs of the TCC and control groups in the incongruent task were lower than those before the intervention, whereas the reduction in the TCC group was significantly different. ∗p < 0.05, significant difference; Bars indicate standard errors.


Figure 5 shows that, after the intervention, the RTs of the TCC and control groups in the incongruent flanker task were faster than those recorded before the intervention. The reduction in RTs in the TCC group was statistically significant.



fNIRS Results

The oxy-Hb signal was analyzed using repeated-measures ANOVA with a 2 (time: pre-test vs. post-test) × 2 (group: TCC group vs. control group) × 2 (task: congruent vs. incongruent) × 4 (ROIs: Frontal_Sup_L vs. Frontal_Inf_L vs. Frontal_Sup_R vs. Frontal_Inf_R) design. The results showed that, in the incongruent flanker task, the main effect of time was statistically significant (F(1,24) = 4.683, p = 0.041 < 0.05). The interaction of time by group by ROI was also statistically significant (F(3,22) = 4.492, p = 0.012 < 0.05), which indicates that there were significant differences in the ROIs between the different groups pre- and post-intervention. The oxy-Hb signals in ROIs under different task conditions pre- and post-intervention are presented in Tables 4, 5.


TABLE 4. Oxy-Hb signal in ROIs under different task conditions pre-intervention (M ± SD).
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TABLE 5. Oxy-Hb signal in ROIs under different task conditions post-intervention (M ± SD).

[image: Table 5]A simple-effects analysis was conducted on the three-way interaction of time by group by ROIs to explore the effects of the TCC intervention on the different ROIs in the two groups of participants. The results showed that the Frontal_Sup_L oxy-Hb signal in the TCC group was higher at post-test than at pre-test for the incongruent flanker task, and that there was a statistically significant difference (p < 0.05). However, there was no significant difference in the control group (p > 0.05). There was no significant difference in the oxy-Hb signal between the two groups pre-intervention (p > 0.05). Post-intervention, the oxy-Hb signal in the TCC group was higher than that in the control group (p < 0.05). The Frontal_Inf_L oxy-Hb signal in the TCC group was higher than that at pre-test when performing the incongruent flanker task post-intervention (p < 0.05). However, there was no statistically significant change in the control group (p > 0.05). There were no significant difference in the oxy-Hb signal between the two groups pre-intervention (p > 0.05). Post-intervention, the oxy-Hb signal in the TCC group was higher than that in the control group and the difference was borderline significant (p = 0.057). The changes in the other ROIs were not statistically significant (Figure 6).
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FIGURE 6. The oxy-Hb concentration change in ROIs during the incongruent flanker task. (A) The Frontal_Sup_L oxy-Hb signals for the TCC group performing the incongruent flanker task post-intervention were significantly higher than at pre-test. There was no statistically significant change for the control group. Post-intervention, the oxy-Hb signals for the TCC group were higher than for the control group. (B) The Frontal_Inf_L oxy-Hb signals for the TCC group were higher than that at pre-test when performing the incongruent flanker task post-intervention. There was no significant change for the control group. Post-intervention, the oxy-Hb signals for the TCC group were higher than for the control group and the difference was marginally significant. (C) The changes in the Frontal_Sup_R were not statistically significant. (D) The changes in the Frontal_Inf_R were not statistically significant. Bars indicate standard errors.




DISCUSSION

Eight weeks of a TCC intervention can improve older people’s performance on the Flanker task and enhance brain activation in the left frontal lobe during an inhibition task (incongruent flankers). This indicates that TCC can improve the inhibitory control of older adults and enhance the activation of the brain regions related to inhibition. The results from the Flanker task showed that, in the incongruent flanker task, the RTs of the TCC group post-intervention were significantly faster than those pre-intervention, while the changes for the control group were not statistically significant. Post-intervention, the RTs for the TCC group were faster than those of the control group, and there were statistically significant differences. This finding suggests that the TCC exercise program improved Flanker task performance in older people. This result is consistent with those of previous studies. Ji et al. (2017) used a conflict control task to investigate the effects of different exercises on the executive function of older adults. Eighty-four, healthy, older participants were randomly divided into a TCC group, a fast walking group, and a control group. The participants were tested pre- and post-intervention, and the results showed that the test scores of the exercise group participants were significantly higher than those in the control group. In addition, the scores for the TCC group were significantly higher than those for the control group, and the ARs and RTs of the TCC group were higher than those of the fast walking group. Ji et al.’s (2017) findings indicate that their TCC intervention had a stronger positive effect on inhibition control in older people.

The Flanker task involves a cognitive component used in suppressing conflicting information (Kopp et al., 1996). The results of this study showed that, pre-intervention, the RTs on the incongruent flanker task were higher than in the congruent flanker task. With the increase in task difficulty, the RTs became slower. This finding indicates that participants were required to mobilize more cognitive resources to deal with more complex conflicting information. The results of this study confirm that these cognitive functions can be improved through using TCC exercises.

TCC is a mind-body exercise that integrates flexibility and coordination. Its spatial orientation changes greatly. The mental state of the participant undertaking TCC is concentrated, but relaxed, and the technique itself is closely related to restraint and control. The practice of TCC requires the integration of mental concentration and breathing control into physical motions to achieve a harmonious balance between body and mind (Lan et al., 2004, 2013). This combination produces psychological benefits, including improvements in attentiveness and reductions in stress and anxiety (Zhou et al., 2018). Moreover, TCC involves visual information processing that occurs simultaneously with the physical movements. This visual processing may improve the information processing abilities related to tasks involving cognitive processing and activities. The spatial orientation and action of TCC practice changes greatly. Elderly people frequently deal with the conflicting information as their spatial orientations and action directions are inconsistent when they perform the different exercises during TCC, and they are required to select the correct action. This physical process requires the individual to perform cognitive activities, including motor recall and task switching. Further, TCC involves the integration of the motor system and cognitive nervous system through two components: aerobic exercise and cognitive training. Previous studies have shown that both aerobic exercise and cognitive training can improve cognitive performance (Chang et al., 2010). Therefore, TCC can improve older people’s ability to deal with conflicting information as this study demonstrated.

The fNIRS results demonstrated that, compared with the control group, the participants who received 8 weeks of the TCC intervention had higher oxy-Hb concentrations in the Frontal_Inf_L and Frontal_Sup_L when they completed the Flanker task. The increase in oxy-Hb concentration reflects an increase in regional cerebral blood flow caused by the activation of cortical neurons. This finding suggests that the cortical activation was stronger in these areas (Byun et al., 2014). Therefore, TCC exercise evidently enhanced the activation of the left frontal lobe during the Flanker task. This finding is consistent with the conclusions of previous research. For example, Wei et al. (2013) used fMRI to compare the brain structures of 40 older people who had long-term experience practicing TCC in comparison to participants who did not practice TCC. The researchers found that the middle frontal sulcus and other brain regions were significantly thicker in the participants who practiced TCC long-term. Their results demonstrate that the practice of TCC long-term can result in changes to the local structures of the brain, and these changes are reflected in better executive control ability.

The frontal lobe is an important brain region for controlling executive function. Research has found that mind-body exercises can enhance activation in the frontal lobe when completing control tasks. Chen T.T. et al. (2017) used the Flanker task to examine the effect of a mind-body exercise intervention on executive control. The researchers found that 8 weeks of mind-body exercises enhanced activation in the prefrontal lobe and as well as executive functions. The frontal lobe is also associated with inhibitory control, which is strongly susceptible to brain aging. Compared with younger people, the activation of the frontal lobe differs in older people when they undergo the Flanker task (Zhu et al., 2010). Since frontal lobe dysfunction is associated with multiple diseases, strengthening activation through training can enhance self-regulation and used as a tool for treating, or preventing, related diseases. The results of this study are helpful in understanding how mind-body exercises influence brain activation and behavioral performance. The findings of this, and other, research suggest that mind-body exercises may induce these effects over time and are a useful tool for disease prevention and treatment.

After 8 weeks of TCC intervention, we found that activation in the left frontal lobe was significantly altered, but no changes were found in other brain regions. One possible explanation is that the spatial resolution of the fNIRS was limited. The spectral probe used in this study covered only the prefrontal and temporal lobes. Important subcortical areas, such as the hippocampus, are difficult to detect. In addition, different TCC exercise programs may lead to the activation of different brain regions. Therefore, these differences should be examined in future studies. There were also specific methodological limitations in this study. First, since all our participants were older women, the conclusions of this study may not reflect the changes experienced by older men. Second, the sample size was limited, thus affecting the statistical analyses. Sample sizes should be increased in future research.



CONCLUSION

Tai Chi Chuan has a positive impact on the inhibitory control and regional brain activation of older adults. This was indicated by improved Flanker task performance and enhanced activation of the left frontal lobe-related brain areas in participants undergoing an 8-week TCC intervention. Tai Chi Chuan is easy to learn and a safe exercise, even for older adults. The results of this study are instructive for designing exercise programs for older adults.
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