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Functional constipation (FCon) is characterized by disrupted brain-gut communication, representing 
a core pathophysiological mechanism. Physical exercise, a safe and cost-effective intervention, has 
been proven efficacy in ameliorating constipation symptoms and is a vital self-management strategy. 
Tai Chi, a traditional Chinese exercise, has been demonstrated to benefit both the gastrointestinal 
tract and the brain. However, the potential mechanism underlying Tai Chi’s gastrointestinal regulatory 
effects through enhancement of brain-gut communication remains to be elucidated. This randomized 
controlled trial enrolled 80 FCon patients and 32 healthy subjects. Patients were randomized to 
either Tai Chi or aerobic exercise group. Both groups participated in four 60-min sessions per week for 
8 weeks. Outcome measures included symptom severity, quality of life, autonomic neural function 
(assessed via heart rate variability), and brain activity. Both groups exhibited significant improvements 
in clinical symptoms, mood states, and heart rate variability post intervention. Tai Chi showed a 
marginal superiority over aerobic exercise in alleviating clinical symptoms. Notably, the neuroimaging 
findings suggested that Tai Chi effectively modulated the abnormal functional connectivity of the 
anterior insula within the central autonomic network in FCon patients, which was not observed in 
the aerobic exercise group. These modulations correlated with clinical symptoms and heart rate 
variability indices. Our study suggests that Tai Chi may facilitate the coordination between central and 
autonomic nervous functions by modulating functional connectivity of the anterior insula within the 
central autonomic network, and promoting sympathetic/parasympathetic balance, thereby enhancing 
the brain-gut communication. This may represent the underlying mechanism by which Tai Chi exerts 
gastrointestinal modulation to improve FCon symptoms.

Trial registration: ChiCTR1800019781.
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Functional constipation (FCon) is a prevalent functional gastrointestinal disorder characterized by infrequent 
bowel movements and difficult defecation1.Globally, it affects 10.1–15.3% of the population2. FCon’s prolonged, 
recurring nature significantly impacts patients’ quality of life and poses a socio-economic burden3–5. Recent 
studies suggest that impaired brain-gut communication may be one of the core pathological mechanisms 
underlying FCon6,7. Specifically, an imbalance between the sympathetic and parasympathetic nervous systems 
in FCon patients significantly disrupts normal gut-brain communication8,9. Concurrently, significant structural 
and functional alterations have been observed in primary regions of the central autonomic network (CAN) in 
FCon patient, including insula (INS), anterior cingulate cortex (ACC), medial prefrontal cortex (mPFC) and 
amygdala10–12. Among these regions, the anterior insular cortex (aINS) stands out as a pivotal node12–14 due to 
its crucial roles in linking autonomic nervous activity15, processing visceral sensory signals16, and regulating 
visceral activities17. Our previous study also revealed disrupted patterns of dynamic functional connectivity 
in FCon patients compared with healthy subjects (HS), characterized by abnormal aINS-cortical coupling, the 
absence of connectivity from default network to cognitive control network, and atypical regional topological 
dynamics18.

Behavioral and emotional factors are intimately associated with the onset and progression of FCon. 
The interplay between a sedentary lifestyle and the psychological burden arising from chronic defecation 
disturbances constitutes a dual stressor affecting both physical and mental well-being. Exercise, a safe and 
cost-effective behavioral intervention, has demonstrated efficacy in addressing constipation and is a vital 
tool for patient self-management19–22. Tai Chi, a traditional health exercise integrating body relaxation, deep 
breathing, and meditation, originates from ancient China and demonstrates significant gut-brain regulatory 
effects23–26. It is reported that Tai Chi effectively alleviates constipation symptoms associated with irritable 
bowel syndrome27, modulates the gut microbiota of type 2 diabetes patients, thereby optimizing their metabolic 
status28. Furthermore, long-term practice of Tai Chi enhances functional coordination among brain regions in 
healthy elderly individuals, bolstering their self-regulatory bodily capabilities29, as well as significantly improves 
brain plasticity among university students30. These evidences confirm the benefits of Tai Chi from both intestinal 
and cerebral perspectives. However, whether Tai Chi can further enhance the communication along the brain-
gut axis remains to be elucidated.

The autonomic nervous system and brain regions associated with CAN, particularly the aINS, are notably 
modulated by exercise. Research demonstrates that physical activity can markedly improve autonomic nerves 
system function in individuals with type 2 diabetes31, chronic kidney disease32, and breast cancer survivors33. 
Furthermore, compared to general individuals, long-term exercise significantly enhances functional connectivity 
within the CAN, especially in regions such as the aINS and dACC 34,35.

Given the crucial role of the aINS in modulating the autonomic nervous system and their significant 
involvement in brain-gut communication in FCon patients. The hypothesis of this study is that Tai Chi, by 
modulating resting-state functional connectivity (rs-FC) within the CAN, particularly focusing on the aINS, 
enhances brain-gut communication and fosters balance in autonomic nerve function, ultimately alleviating 
symptoms in FCon patient.

Therefore, this study designed a randomized controlled trial, using broadcast gymnastics, a common form of 
aerobic exercise, as the control group. The research objectives were: (a) to compare the impacts of Tai Chi and 
aerobic exercise on clinical symptoms and quality of life in FCon patients; (b) to assess their effects on autonomic 
nervous function in FCon patients; and (c) to examine their influence on resting-state functional connectivity 
(rs-FC) of the aINS within the CAN in FCon patients.

Methods
Study design
This is a randomized controlled trial recruited 80 FCon patients from December 2018 to January 2020 at the 
Affiliated Hospital of Chengdu University of Traditional Chinese Medicine and its campus. The study was 
registered with the Chinese Clinical Trial Registry in 28/11/2018 (registration number: ChiCTR1800019781).

Ethics approval and consent to participate
This study was approved by the Institutional Review Boards and Ethics Committees of the Affiliated Hospital 
of Chengdu University of Traditional Chinese Medicine, with ethical approval number 2018KL-047. Informed 
consent was obtained from all participants prior to their enrollment. The study adhered strictly to the relevant 
designated guidelines and regulations.

Participants
During the pilot phase, we employed the PAC-SYM scale to evaluate and compare the improvement in symptom 
severity between two groups of patients with FCon. Based on the analysis of pilot trial data and in accordance 
with the Minimal Clinically Important Difference (MCID) criteria of the PAC-SYM scale36, a conservative effect 
size of 0.7 was determined for the study. With the significance level (α) set at 0.05, statistical power (1-β) at 0.8, 
and standard deviation (SD) at 2.0, the required sample size was calculated to be 64 participants using the sample 
size calculation formula. Additionally, to account for potential bias, a 15% dropout rate was incorporated into 
the study design. Ultimately, a total of 80 FCon patients were recruited. Patients were randomly assigned in a 
1:1 ratio to either the Tai Chi group (n = 40) or the aerobic exercise group (n = 40) using a computer-generated 
random number table. Within each group, an additional 18 subjects were randomly selected for functional 
magnetic resonance imaging (fMRI) scanning. Additionally, to further validate whether there are significant 
differences in brain activity between FCon patients and healthy subjects (HS), 32 right-handed HS aged 18–40 
years were recruited through campus advertisements. These HS had no history of gastrointestinal, neurological, 
or psychiatric disorders and underwent comprehensive screenings, including medical histories, physical 
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examinations, and laboratory tests, to exclude any underlying diseases. In this study, JW.C. generated the 
randomization sequence, YK.T. enrolled the participants, and YY.G. assigned the participants to their respective 
interventions.

FCon diagnostic criteria
Participants were diagnosed with FCon based on the Rome IV1 diagnostic criteria by two gastroenterologists. 
They also went to through conducted comprehensive physical and laboratory examinations.

FCon inclusion criteria
All patients enrolled in the study with FCon met the following inclusion criteria: they were aged between 18 and 
40 years and right-handed; they had abstained from using any gastrointestinal prokinetics or laxatives for at least 
15 days prior to enrollment; they had not participated in any clinical trials in the past 3 months; and they had 
provided their signed informed consent.

FCon exclusion criteria
All patients enrolled in the study with FCon did not exhibit any of the following exclusion criteria: they did 
not have organic or metabolic diseases; they did not have organic rectal abnormalities, such as masses or rectal 
stenosis, upon digital rectal examination; they did not have acute or chronic pain disorders, major depression, 
or anxiety; they did not have a history of head trauma, gastrointestinal surgery, or psychiatric or neurologic 
disorders; they were not pregnant, lactating, or planning to become pregnant within 6 months; and they did not 
have any contraindications to MRI scanning, such as the implantation of ferromagnetic metals or claustrophobia.

Intervention
Before formal intervention, patients were taught a 2-week Tai Chi/aerobic exercise instruction course after 
the enrollment assessment by certified instructors with more than 5 years of training experience. Both groups 
practiced for 8 weeks, with four session a week, each session lasting 60 min (10 min warm-up, 40 min exercise, 
and 10 min relaxation). If constipation interfered with daily life or bowel movements were less than twice a week, 
glycerin enemas were administered as needed. Details were documented in the case report form.

Symptom measurement
All patients were required to complete a 2-week stool diary to record weekly complete spontaneous bowel 
movements (cSBM). The Patient Assessment of Constipation Symptoms (PAC-SYM) ‌was utilized‌ as the primary 
outcome measure, ‌with‌ the Patient Assessment of Constipation Quality of Life (PAC-QoL) ‌serving as‌ the 
secondary outcome measure. Psychological status in all participants ‌was assessed‌ using the Self-Rating Anxiety 
Scale (SAS) and Self-Rating Depression Scale (SDS). Patients ‌underwent evaluations‌ at both baseline and the 
8-week intervention endpoint.

Assessment of autonomic function
Heart rate variability (HRV) was employed to evaluate autonomic function in this study, as it provides a more 
accurate reflection of sympathetic and parasympathetic activity changes associated with colonic events37,38. 
Heart rate variability (HRV) data were collected using a dynamic electrocardiogram (ECG) recorder (CT-086 S 
device, BENE WARE, Hangzhou, China) with a sampling rate of 250 Hz.

All participants underwent ECG monitoring on campus, with data collection conducted within 1 week before 
and 1 week after the intervention. Participants were instructed to wear the device at 5:00 PM on the testing day 
and remove it at 5:30 PM the following day, ensuring continuous 24-h HRV recording. Throughout the testing 
period, participants were instructed to maintain their routine daily activities and refrain from consuming coffee, 
tea, alcohol, or other stimulants.

fMRI data acquisition
fMRI data were acquired at the Magnetic Resonance Image Research Center of the University of Electronic 
Science and Technology of China using a 3.0 T MRI scanner with an eight-channel phased-array head coil (GE 
Discovery MR750, GE HealthCare, Milwaukee, USA.). During the scan, participants were instructed to remain 
with their heads still and awake, keep their eyes closed, and have their ears plugged. Parameters of the high-
resolution three‐dimensional T1‐weighted imaging were as follows: repetition time (TR)/echo time (TE) = 6.008 
ms/1.7 ms, slice thickness = 1 mm, slice number = 156, matrix size = 256 × 256, and field of view = 256 × 256 mm2. 
The BOLD MRI data were acquired with the echo‐planar imaging: TR/TE = 2000 ms/30 ms, flip angle = 90°, 
slice number = 31, matrix size = 64 × 64, field of view = 240 × 240 mm2, slice thickness = 5 mm, total volume = 180.

Data analysis
Symptoms and HRV

	(1)	 HRV preprocessing: The raw ECG signals were processed using the Baihui Dynamic ECG Analysis Soft-
ware V3.2 GUI (BENE WARE, Hangzhou, China), which integrates all preprocessing steps and algorithms. 
R-wave peaks were detected via the Pan-Tompkins algorithm to calculate RR intervals, forming a time 
series. Artifacts and ectopic beats were identified (deviations > 20% from the local mean) and corrected 
by linear interpolation. The RR intervals were detrended using a third-order polynomial fit, resampled at 
4 Hz with cubic spline interpolation, and segmented into 5-min epochs. Stationarity was assessed via the 
Augmented Dickey-Fuller (ADF) test (p < 0.05), excluding non-stationary segments. Power spectral density 
(PSD) was estimated using FFT with a Hanning window, calculating power in VLF (0.003–0.04 Hz), LF 
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(0.04–0.15 Hz), and HF (0.15–0.40 Hz) bands. The LF/HF ratio was derived, and data quality was ensured 
by excluding segments with > 10% abnormal RR intervals or non-stationarity (ADF p ≥ 0.05). For compre-
hensive analysis, 24-h average values for LF and HF were calculated by summing the hourly means of 5-min 
segment averages and dividing by 24 h.

	(2)	 Statistical analysis: Statistical analyses were conducted using SPSS version 25.0 (SPSS Inc., Chicago, IL, 
USA). For normally distributed data, intergroup comparisons were performed using independent t-tests, 
intragroup comparisons were conducted using paired t-tests, and correlation analyses were assessed using 
Pearson correlation coefficients. For non-normally distributed data, intergroup comparisons were analyzed 
using Mann-Whitney U tests, intragroup comparisons were evaluated using Wilcoxon signed-rank tests, 
and correlation analyses were examined using Spearman’s rank correlation coefficients. A two-tailed test 
was used for all statistical analyses, with a significance level set at 5%. Quantitative data are presented as 
median (IQR). p-values less than 0.05 were considered statistically significant.

Functional connectivity analysis based on aINS seed to CAN
fMRI data was processed using DPARSF4.1 (http://rfmri.org/DPARSF), SPM12 ​(​​​h​t​t​p​:​/​/​w​w​w​.​f​i​l​.​i​o​n​.​u​c​l​.​a​c​.​u​k​
/​s​p​m​​​​​)​, and MATLAB R2017b (Math Works, Inc., Natick, MA, USA). Initially, the first 10 time points were 
discarded to stabilize the signal. Subsequent steps included slice timing correction, adjustment for six head 
motion directions, and regression of white matter and cerebrospinal fluid signals. Following these corrections, 
the images were normalized to the Montreal Neurological Institute (MNI) space after correction. To ensure the 
reliability of rs-FC analysis and mitigate the impact of excessive head motion39,40, stringent inclusion criteria were 
applied: exclusion of participants with mean frame displacement41 > 0.2 mm, > 30% FD > 0.2 mm, or maximum 
displacement > one voxel size. Further preprocessing steps involved detrending, band-pass filtering (0.01 Hz to 
0.08 Hz), and smoothing with a 4 mm Gaussian kernel. Based on previous research42,43, core brain regions of the 
CAN were masked using WFU_PickAtlas. Specifically, INS, amygdala, ACC, and ventromedial prefrontal cortex 
were identified (vMPFC), with left (BAN246 No. 167, MNI: x=-34, y=-18, z = 1) and right aINS (BAN246 No. 
168, MNI: x = 36, y = 18, z = 1) serving as regions of interest (ROIs). The mean time courses between these ROIs 
and CAN mask voxels were calculated for each participant. Correlation coefficients between the ROIs and CAN 
mask voxels were computed, converted to z-scores for normality, and visualized in comparison images. The 
statistical analysis was a two-sample t-test to compare rs-FC between FCon patients and HS. Paired t-tests were 
employed for intra-group comparisons, while inter-group comparisons of changes were conducted using a two-
sample t-test (using post-intervention minus pre-intervention). Significance thresholds were set at voxel-wise 
p < 0.005 and cluster-wise p < 0.05, corrected using Gaussian Random Field theory. To assess the role of aINS in 
FCon, correlation analyses were performed between the Fisher’s z-transformed values of ROI rs-FC differences 
within and between groups and clinical outcomes.

Results
This study was conducted from December 2018 to January 2020. A total of 293 questionnaires were administered 
at Chengdu University of Traditional Chinese Medicine and its affiliated hospital, with 80 patients wit FCon 
meeting the inclusion criteria being enrolled in the study (Fig. 1). Seven patients were excluded due to incomplete 
study participation or excessive head movement. Additionally, 32 age- and sex-matched HS were recruited. 

Fig. 1.  Flow chart of study participant selection and group allocation.
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One subject withdrew from the study during the observation period without reporting. Consequently, the final 
analysis involved 73 FCon patients and 31 HS.

Baseline characteristics
The demographic and clinical characteristics of the participants are shown in Table 1. No statistically significant 
differences were observed between the Tai Chi group (n = 37/17) and the aerobic exercise group (n = 36/17) in 
terms of gender, age, disease duration, cSBM, PAC-SYM, PAC-QOL, SAS, SDS, LF, HF, and LF/HF (p > 0.05). 
Also, there were no significant differences in age and gender between FCon patients and HS (p > 0.05). Although 
the SAS and SDS scores were higher in FCon patients than in HS (p < 0.05) yet failed meet the criteria for a 
diagnosis of anxiety or depression.

Clinical outcomes
Table  2 presents the clinical symptoms and emotional outcome indicators. Both Tai Chi group and aerobic 
exercise group demonstrated significant improvements in PAC-SYM, PAC-QoL, SAS and SDS compared to pre-
intervention (p < 0.05). Except for a slight advantage demonstrated by the PAC-SYM in Tai Chi group compared 
to the aerobic exercise group (p = 0.02), no statistically significant differences were found between the two groups 
in the remaining outcome measures.

Automatic nervous evaluation
Table 3 presents the HRV indicators. Both Tai Chi group and aerobic exercise group demonstrated significant 
improvements in HF and LF/HF compared to pre-intervention (p < 0.05). There were no statistically significant 
differences between the two groups when compared.

aINS rs-FC results
FCon vs. HS
Figure 1; Table 4 illustrate the rs-FC of the aINS in FCon patients compared to HS, as well as the correlation 
between rs-FC and clinical symptoms in FCon patients. Despite controlling for the effects of the SAS and 
SDS by regression, FCon patients showed a significant reduction in rs-FC between the pINS and the left/right 
aINS, compared to HS (Table 4). As depicted in Fig. 2, Spearman correlation analysis revealed a moderate and 
statistically significant negative correlation between rs-FC levels of bilateral pINS with left aINS and PAC-SYM 

Category Characteristics
TC
n=37

AE
n=36 p

TC scans
n=17

AE scans
n=17 p

HS
n=31

FCon
n=34 p

Demographic 
information

Female n (%) 26 (70%) 24 (66%) 0.74 10 (58%) 11 (64%) 0.78 16 (51%) 21 (62%) 0.41

Age (years)
M (P25, P75) 18 (18, 19) 18 (18, 19) 0.31 18 (18, 19) 18 (18, 18) 0.30 18 (18, 

19)
18 (18, 
18.75) 0.10

Symptom 
evaluation

Duration(months)
M (P25, P75) 36 (24, 60) 36 (16.5, 72) 0.92 36 (24, 84) 36 (18, 72) 0.91 / /

cSBM
M (P25, P75) 2 (1, 2) 2 (1, 2) 0.58 2 (1, 2) 2 (1, 2) 0.97 /

PAC-SYM
M (P25, P75) 18 (13, 22) 16.5 (13.75, 20) 0.30 20 (17, 22) 17 (14, 20) 0.33 / /

PAC-QOL
M (P25, P75) 33 (26, 52) 35 (29.75, 44) 0.97 33 (32, 52) 35 (25, 44) 0.58 / /

Emotional 
evaluation

SAS Mean (SD) 40.67 (6.85) 42.46 (6.50) 0.25 37.94 (6.65) 39.77 (6.90) 0.43 32.90 
(6.74)

38.86 
(6.74) 0.001**

SDS Mean (SD) 41.79 (7.04) 42.11 (6.44) 0.83 42.42 (5.31) 40.88 (6.15) 0.43 34.71 
(7.76)

41.65 
(5.71) 0.000***

HRV

LF M (P25, P75) ms2
1136.93 
(849.93, 
1640.27)

1108.88
(973.58, 1519.15) 0.26

1383.94
(910.41, 
1844.53)

1102.05
(962.69, 
1537.47)

0.58 / /

HF M (P25, P75) ms2
855.67
(574.38, 
1474.58)

848.43 (685.30, 
1216.80) 0.91 822.46

(601.41, 960.65)
779.17
(692.36, 860.16) 0.94 / /

LF/HF
M (P25, P75)

1.25
(1.00, 1.90)

1.24
(0.84, 1.66) 0.58 1.89

(1.20, 2.03)
1.33
(0.93, 2.03) 0.27 / /

Table 1.  Baseline demographics and characteristics of study participants. Except for SAS and SDS, which 
met the criteria for normal distribution and homogeneity of variances and were expressed as mean ± SD, the 
remaining data did not conform to these criteria and were presented as median and interquartile ranges. The 
reported LF and HF values represent 24-h averages. AE , aerobic exercise group; cSMB, complete spontaneous 
bowel movements; FCon, functional constipation; HF, high frequency; HRV, heart rate variability; HS, healthy 
subjects; LF, low frequency; LF/HF, low frequency to high frequency ratio; PAC-SYM, patient assessment 
of constipation symptom questionnaire; PAC-QoL, patient assessment of constipation quality of life 
questionnaire; SAS, self-rating anxiety scale; SDS, self-rating depression scale; TC, Tai Chi group. **p < 0.001. 
***p < 0.001.
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scores (left pINS: r = -0.46, p = 0.00; right pINS: r = -0.56, p = 0.00). Furthermore, a weak negative correlation was 
found between rs-FC levels of right pINS with right aINS and PAC-SYM scores (r = -0.35, p = 0.04).

Tai Chi group vs. aerobic exercise group.
After Tai Chi intervention, FCon patients exhibited increased rs-FC in the left aINS and left ACC, as well as 
bilateral pINS (Fig. 3; Table 5). Figure 3 illustrates that rs-FC between the left aINS and left ACC/bilateral pINS 
was negatively correlated with PAC-SYM (left ACC r = -0.41, p = 0.02; left pINS: r = -0.41, p = 0.01; right pINS: 
r = -0.41, p = 0.01), while rs-FC between the left aINS and left pINS was positively correlated with HF (r = 0.40, 
p = 0.02). No significant correlations were observed with LF or LF/HF.

Inter-group comparisons revealed that, compared to the aerobic exercise group, the Tai Chi group exhibited 
a greater increase in left aINS rs-FC after 8 weeks, primarily manifesting as an increase in rs-FC between the 
left aINS and the left ACC/left pINS /right aINS (Fig. 4). Furthermore, Fig. 4 demonstrates the increased rs-
FC between the left aINS and left ACC/left pINS is negatively correlated with PAC-SYM (left ACC r = -0.51, 
p = 0.03; left pINS: r = -0.49, p = 0.04) ,while rs-FC between the left aINS and left pINS /right aINS was positively 
correlated with HF(r = 0.51, p = 0.03), and the left aINS and right aINS was negatively correlated with LF/HF (r 
= -0.66, p = 0.00). No significant correlations were observed with LF.

Discussion
To our knowledge, this is the first study to provide preliminary evidence suggesting that Tai Chi may improve 
gastrointestinal function. The findings further indicate that modulating the rs-FC of the aINS within the CAN 
to promote autonomic homeostasis could be a potential mechanism through which Tai Chi alleviates functional 
gastrointestinal symptoms.

Both Tai Chi and aerobic exercise can alleviate clinical symptoms in FCon patients.
After an 8-week exercise intervention, both Tai Chi and aerobic exercise significantly improved clinical 

symptoms and emotional states in FCon patients compared to baseline, with no adverse events reported. This 
further confirms the efficacy and safety of exercise in managing FCon. Lifestyle changes such as increased 
physical activity and dietary modifications are preferred self-management strategies for FCon patients22. 
Engaging in 30–60  min of moderate-intensity physical activity daily can improve stool consistency44. 
Additionally, regular exercise enhances intestinal motility patterns and rectal-sigmoid or overall colonic transit 
time in middle-aged patients with chronic constipation45,46. Notably, inter-group comparisons revealed that Tai 

Category Outcome measures TC n=37 AE n=36 Between group p
TC scans
n=17

AE scans
n=17 Between group p

Symptom evaluation

PAC-SYM M (P25, P75)

Pre 18 (13, 22) 16.5 (13.75, 20)

0.02*

20 (17, 22) 17 (14, 20)

0.86
Post 11 (7, 13) 9 (7.75, 13) 12 (8, 13) 9 (8, 12)

Post-pre -8 (-13, -4) -4 (-8.25, -1.75) -6 (-9, -5) -7 (-11, -3)

Intra-group p 0.00*** 0.00*** 0.002** 0.00***

PAC-QOL M (P25, P75)

Pre 38 (33, 47) 39 (35, 46.25)

0.65

38 (33, 52) 37 (35, 44)

0.81
Post 32 (29, 40) 32 (29, 40.25) 32 (29, 40) 32 (30, 40)

Post-pre -6 (-10, -2) -4 (-10, -2) -6 (-10, -4) -5 (-10, -4)

Intra-group p 0.00*** 0.00*** 0.001** 0.001**

Emotional evaluation

SAS Mean (SD)

Pre 40.67 (6.85) 42.46 (7.31)

0.85

37.94 (6.65) 39.77 (6.90)

0.62
Post 35.64 (9.26) 37.70 (8.65) 34.19 (7.89) 35.22 (7.18)

Post-pre -5.03 (7.20) -4.75 (6.01) -3.75 (5.72) -4.55 (3.72)

Intra-group p 0.00*** 0.00*** 0.01* 0.00***

SDS Mean (SD)

Pre 41.79 (7.04) 41.00 (6.51)

0.20

42.42 (5.31) 40.88 (6.15)

0.64
Post 35.77 (8.37) 36.84 (6.77) 35.29 (8.19) 34.85 (6.13)

Post-pre -6.01 (7.89) -4.16 (3.63) -7.13 (8.4) -6.02 (4.68)

Intra-group p 0.00*** 0.00*** 0.006** 0.001**

Table 2.  Clinical variables at the study baseline and endpoint in Tai Chi group and aerobic exercise group. 
Except for SAS and SDS, which met the criteria for normal distribution and homogeneity of variances and 
were expressed as mean ± SD, the remaining data did not conform to these criteria and were presented 
as median and interquartile ranges. Post-pre represents the change value between pre-intervention and 
post-intervention measurements. Abbreviations: AE, aerobic exercise; cSMB, complete spontaneous bowel 
movements; FCon, functional constipation; HS, healthy subjects; PAC-SYM, patient assessment of constipation 
symptom questionnaire; PAC-QoL, patient assessment of constipation quality of life questionnaire; SAS, self-
rating anxiety scale; SDS, self-rating depression scale; TC, Tai Chi group. *** p < 0.001. ** p < 0.01. *p < 0.05.
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Chi marginally outperformed aerobic exercise in improving clinical symptoms among FCon patients. Given 
previous studies demonstrating the effectiveness of pelvic floor exercise therapy in improving clinical symptoms 
of both obstructive and slow transit constipation47,48, we speculated that the continuous squatting movements in 
Tai Chi could exercise the pelvic floor and abdominal muscles more effectively them other aerobic exercise, thus 
enhancing their synergistic effects and yielding superior outcomes.

The regulation of the autonomic nervous system constitutes the common ground in improving functional 
constipation through Tai Chi and aerobic exercise.

The sympathetic and parasympathetic nervous systems, serving as the hubs of the autonomic nervous 
system, convey signals from the CAN and interact with the endogenous enteric nervous system to regulate 

Region of interest Voxels Response region MNI (x, y, z) Z

aINS L (FCon-HS)
126 pINS L -39, -18, 3 -5.42

146 pINS R 36, -18, 3 -5.35

After regressing SAS and SDS scores

74 pINS L -42, -15, 3 -4.70

83 pINS R 39, -15, -3 -4.59

aINS R 151 pINS L -39, -18, 3 -5.34

157 pINS R 33, -18, 3 -4.98

After regressing SAS and SDS scores

aINS R
82 pINS L -39, -18, 3 -4.56

106 pINS R 39, -15, -3 -4.06

Table 4.  The left aINS/right aINS rs-FC difference between FCon and HS. aINS, anterior insula; FCon-HS, 
functional constipation minus healthy subjects; L, left; pINS, left posterior insula; R, right; SAS, self-rating 
anxiety scale; SDS, self-rating depression scale.

 

Outcome measures TC n=37 AE n=36 Between group p
TC scans
n=17

AE scans
n=17 Between group p

LF M (P25, P75) ms2

Pre
1136.93
(849.93, 
1640.27)

1108.88
(973.58, 1519.15)

1383.94
(910.41, 1844.53)

1102.05
(962.69, 1537.47)

Post
1037.07
(761.97, 
1364.34)

1020.34
(772.36, 1420.55)

1045.13
(810.59, 1580.1)

1025.02
(780.46, 1570.59)

Post-pre
-33.44
(-255.55, 
184.81)

-116.56
(-285.34, 179.75) 0.90 -29.62

(-457.56, 96.72)
-142.15
(-279.65, 122.23) 0.78

Intra-group p 0.33 0.24 0.24 0.24

HF M (P25, P75) ms2

Pre
855.67
(574.38, 
1474.58)

848.43
(685.30, 1216.80)

822
(601.41, 960.65)

779.17
(692.36, 860.16)

Post
1109.42
(720.76, 
1726.88)

1102.21
(880.25, 1758.10)

1106.7
(743.72, 1361.05)

1088.02
(904.57, 1664.87)

Post-pre 242.33
(-6.31, 410.04)

240.25
(77.37, 590.58) 0.70 335.75

(104, 400.4)
364.74
(146.08, 733.39) 0.51

Intra-group p 0.004** 0.001** 0.001** 0.004**

LF/HF M (P25, P75)

Pre 1.25
(1.00, 1.90)

1.24
(0.85, 1.67)

1.89
(1.20, 2.03)

1.33
(0.93, 2.04)

Post 0.72
(0.96, 1.52)

0.84
(0.64, 1.41)

1.19
(0.73, 1.63)

0.82
(0.56, 1.62)

Post-pre -0.24
(-0.50, -0.03)

-0.34
(-0.61, 0.12) 0.79 -0.40

(-0.88, -0.32)
-0.41
(-0.63, -0.19) 0.73

Intra-group p 0.003** 0.003** 0.000*** 0.03*

Table 3.  HRV at the study baseline and endpoint in Tai Chi group and aerobic exercise group. Post-pre 
represents the change value between pre-intervention and post-intervention measurements. The reported LF 
and HF values represent 24-h averages. AE, aerobic exercise; HF, high frequency; LF, low frequency; LF/HF, 
low frequency to high frequency ratio; pre, before intervention; post, after intervention; TC, Tai Chi group. ** 
p < 0.01. * p < 0.05.
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gastrointestinal functions. Consequently, the homeostasis of the autonomic nervous system constitutes the 
foundation for maintaining normal visceral functional activities, such as body temperature, respiration, heart 
rate, digestion, excretion, and immune function49. A growing body of research suggests that role sympathetic/
parasympathetic imbalance plays a pivotal role underlying the disruption of gut-brain communication in patients 
with functional gastrointestinal disorders including FCon8,9,50,51. Modulating this imbalance, particularly by 
augmenting parasympathetic tone, has been shown to effectively alleviate FCon symptoms52−54. A systematic 

Fig. 2.  Comparisons of left aINS/right aINS rs-FC between FCon and HS. (A) Resting-state functional 
connectivity based on the left anterior insula was compared between FCon patients and healthy subjects. (B): 
Resting-state functional connectivity based on the right anterior insula was compared between FCon patients 
and healthy subjects. Mask: 1= left insula; 2= right insula; 3 = left amygdala; 4 = right amygdala; 5 = anterior 
cingulate cortex; 6 = ventromedial prefrontal cortex. ** p <0.01. *p <0.05. aINS = anterior insula; L = left; pINS 
= posterior insula; PAC-SYM = patient assessment of constipation symptom questionnaire; R = right; rs-FC = 
resting-state functional connectivity.
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review reveals that endurance, coordination, and multimodal training exert positive effects on autonomic 
nervous activity in healthy elderly individuals55. Concurrently, exercise has been demonstrated to regulate 
parasympathetic activity in patients with type 2 diabetes by modifying the diversity of intestinal metabolites56. 
Furthermore, clinical studies have shown that a 3-month Qigong practice significantly improves HRV in anxious 
college students57. Our findings align with previous evidence, suggesting that both Tai Chi and aerobic exercise 
effectively regulate autonomic nervous activity, primarily by enhancing parasympathetic (HF) tone to promote 
balance between the sympathetic and parasympathetic (LF/HF) nervous systems.

The regulation of the local functional connectivity in the anterior insula by Tai Chi stands as a potential central 
mechanism for its gastrointestinal modulating effects.

As core regions of the CAN, the INS, ACC, amygdala, and prefrontal cortex collectively participate in 
regulating the balance between sympathetic and parasympathetic activity and the higher-order processing of 
visceral sensory information58,59. The aINS functions as a crucial node, primarily tasked with gathering and 
receiving afferent signals from the viscera, including the gastrointestinal tract60, and is recognized as a key 

Voxels Brain region MNI (x, y, z) Z

TC post vs. pre 70 ACC L 39, -9, 12 5.05

36 pINS L -36, -15, 18 4.16

41 pINS R 33, -9, 25 5.04

AE post vs. pre N/A

N/A

TC vs. AE (post-pre vs. post-pre)

52 ACC L -3, 48, 21 3.94

98 pINS L -39, 15, -12 5.85

47 aINS R 30, 24, -21 4.54

Table 5.  Comparison of post-intervention changes in aINS rs-FC within and between two groups. ACC, 
anterior cingulate cortex; AE, aerobic exercise; aINS, left anterior insula; L, left; post, after intervention; pre, 
before intervention; R, right; TC, Tai Chi.

 

Fig. 3.  Comparisons of left aINS rs-FC between after Tai Chi intervention and baseline. *p < 0.05. ACC, 
anterior cingulate cortex; aINS, anterior insula; HF, high frequency; L, left; pINS, posterior insula; PAC-
SYM, patient assessment of constipation symptom questionnaire; R, right; rs-FC, resting-state functional 
connectivity.
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visceral sensory cortex in processing interoceptive sensations61. This study focused on the bilateral aINS as 
ROIs to observe their functional activity patterns within the CAN. Our findings revealed abnormal functional 
connectivity of the aINS within the CAN in FCon patients compared with HS, as evidenced by reduced rs-FC 
of bilateral aINS and pINS. Correlation analysis further showed that the rs-FC between left aINS and bilateral 
pINS and was significantly negatively correlated with clinical symptoms, suggesting that the left aINS may play 
a crucial role in FCon. Therefore, we selected the left aINS as an ROI to further explore the central mechanism 
underlying the gastrointestinal regulatory effects of Tai Chi.

After intervention, the Tai Chi group demonstrated significant enhancement in rs-FC between the left aINS 
and the left ACC/left pINS and right aINS compared with the aerobic exercise group. Meanwhile, a significant 
negative correlation between increased rs-FC among the left aINS, left ACC/left pINS, and the severity of 
symptoms in FCon patients. Furthermore, rs-FC between the left aINS and left pINS/right aINS was positively 
correlated with parasympathetic tone, while rs-FC between the left and right aINS was negatively correlated with 
the sympatho-parasympathetic ratio. The aINS plays a pivotal role in integrating visceral and somatosensory 
information with autonomic nervous activity62–64, while the pINS, serving as a primary sensory cortex, is 
responsible for providing representations of the body’s physiological states65. The ACC, serving as a center for 
multisensory information integration, collaborates with the aINS and pINS in internal perception and visceral 
motor functions9,62. They participate in intestinal sensory perception, the maintenance of gastrointestinal 
homeostasis, and the coordination of multisensory integration16,66.

The regulatory effects of Tai Chi on them may be attributed to its integration of meditation, body relaxation, 
and deep breathing. Firstly, a mindfulness state directed at the present moment significantly activates regions 
such as the ACC and INS67, aiding the body in better processing stimuli. For instance, compared to non-
meditators, long-term meditators exhibit lower unpleasantness ratings and increased activation in the aINS 
during pain stimulation68. Secondly, body relaxation during movement may generate a “self-touch” effect 
among limbs. Interestingly, the pINS display a somatotopic organization mediated by C-tactile afferents for 
the processing of gentle touch69. Lastly, deep breathing may also play a significant role. Recent research has 
elucidated a novel pathway extending from dACC neurons to GABAergic inhibitory neurons in the pontine 
reticular nucleus (PnCGABA), which subsequently innervates the ventrolateral medulla (VLM), playing a 
crucial role in coordinating slow breathing70. Furthermore, meditation, deep breathing, and body relaxation 
have been shown to regulate the balance between the sympathetic and parasympathetic nervous systems71–73.

These findings unveil the complexity and multifaceted nature of Tai Chi’s regulatory effects on gastrointestinal 
function. Externally, Tai Chi’s sustained and slow movement patterns stimulate spinal nerves, enhancing 
sensory information transmission and precise muscle control, while also promoting synergistic work among 
core muscle groups through exercise of the legs, hips, and abdomen. Internally, Tai Chi effectively modulates 
central and autonomic nervous system functions through deep breathing exercises and a focus on self-control 

Fig. 4.  Comparison of aINS rs-FC between Tai Chi and aerobic exercise groups.
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and perception, fostering synergism between the two and enabling effective communication between the brain 
and gut.

This study has several limitations that should be acknowledged. First, the 8-week intervention period may 
not be sufficient to capture longer-term adaptations, and the durability of the observed effects remains uncertain. 
Second, the study design was not fully blinded, as participants were aware of their assigned interventions, 
which may introduce potential bias. Third, the sample size for fMRI analysis was relatively small (fewer than 
20 participants), which may limit the generalizability and statistical power of the findings. These limitations 
highlight the need for future studies with longer follow-up durations, double-blind designs, and larger sample 
sizes to further validate and extend our results.

To further delve into the comprehensive impact of Tai Chi on gastrointestinal function, future studies could 
consider employing multimodal neuroimaging techniques to observe specific subpopulations (patients of 
different age groups, genders, and disease stages). Additionally, incorporating longitudinal follow-up studies 
is necessary to more comprehensively evaluate the long-term benefits of Tai Chi as an active health self-
management approach for patients with functional gastrointestinal disorders.

Conclusion
In conclusion, the study findings indicate that Tai Chi may enhance the coordination between central and 
autonomic nervous functions by modulating functional connectivity of the aINS within the CAN and promoting 
the sympathetic/parasympathetic balance. This process enhances improved brain-gut communication, 
potentially representing the underlying mechanism through which Tai Chi exerts its gastrointestinal modulatory 
effects to alleviate symptoms associated with FCon.

Data availability
All relevant original data are as presented in this study. Further inquiries can be directed to the corresponding 
author.
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