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Abstract 

Background Subthreshold depression is a highly prevalent mood disorder in young adults. Mind–body exercises, 
such as Tai Chi, have been adopted as interventions for clinical depressive symptoms. However, the possible effect 
and underlying mechanism of Tai Chi on subthreshold depression of young individuals remain unclear. This rand-
omized controlled study aimed to evaluate the effects of Tai Chi training and tested the combined stress and reward 
circuitry model for subthreshold depression.

Results A total of 103 participants completed this trial, with 49 in the 12-week 24-style Tai Chi group and 54 partici-
pants in control group. Our results showed significantly lower scores on depressive symptoms (P = 0.002) and anxi-
ety symptoms (P = 0.009) and higher scores on quality of life (P = 0.002) after Tai Chi training. There were significant 
reductions in salivary cortisol levels (P = 0.007) and putamen gray matter volume (P < 0.001) in the Tai Chi group. The 
changes in cortisol levels and putamen gray matter volume had direct (bootstrapping confidence interval [− 0.91, 
− 0.11]) and indirect effects (bootstrapping confidence interval [− 0.65, − 0.19]) on the changes induced by Tai Chi 
training on depressive symptoms, respectively.

Conclusion The stress–reward complex results indicated an interaction between lowering stress levels and increas-
ing reward circuitry activity associated with the alleviation of depressive symptoms among participants. The 12-week 
Tai Chi training was effective in improving the symptoms and quality of life of young adults with subthreshold 
depression.

Trial Registration Chinese Registry of Clinical Trials (Registration Number: ChiCTR1900028289, Registered December 12, 
2019).
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Background
Major depressive disorder (MDD) is a global public 
health issue of growing concern [1]. According to the 
Diagnostic and Statistical Manual of Mental Disorders 
(DSM-V), MDD is a progressive disorder [2]. Subthresh-
old depression is defined as having at least two depres-
sive symptoms, but not meeting the MDD criteria [3]. 
The prevalence of subthreshold depression among young 
adults aged 18–24 years (14.3%) was found to be higher 
than that in the general population (11.0%) [4, 5], with a 
10–20% risk of developing MDD in later life [3].

Stress and reward are two common constructs to 
understand the onset of depression. Three physiological 
mechanisms have been proposed to explain the stress 
construct. They are the low level of brain-derived neu-
rotrophic factor, glutamic acid-mediated toxicity, and 
hypothalamus–pituitary–adrenal (HPA) axis dysfunc-
tion [6, 7]. The neurobiological- and pathophysiologi-
cal-related mechanisms, however, do not articulate the 
processes related to individuals’ emotional processing 
and responses that are crucial elements in the diagnosis 
of MDD. In contrast, the dysfunction of the HPA axis has 
been associated with individuals’ failure in reward expec-
tation and regulation of the associated emotional behav-
iors [8]. The free cortisol levels were found to increase 
in patients with depression [9, 10]. The elevated cortisol 
level was reported to be associated with the impaired 
structural integrity of the reward circuit [11, 12], which, 
in turn, reduced the activity of reward expectation [13] 
and reward response [14]. These behavioral changes align 
closely with the criteria for diagnosing MDD in the DSM-
5. Henceforth, we adopted both the HPA axis activity and 
reward circuitry as the theoretical basis for the current 
study.

The reward processes such as motivation, reinforce-
ment learning, and hedonic ability [15] are closely related 
to the pleasure deficit and lack of motivation defined 
as depressive symptoms. The reward processes involve 
extensive brain regions including the prefrontal cortex 

[16], striatum [17], globus pallidus [18], amygdala [12], 
insula [14], and hippocampus and thalamus [19] which 
form the reward circuitry [20]. The striatum receives 
dopaminergic input from neurons in the ventral teg-
mental area and extends to the cerebral cortex [16]. The 
striatum plays a major role within the reward circuitry to 
subserve processing of the information [21, 22] and regu-
lates emotional responses associated with the reward [14, 
22]. High-risk individuals with depression showed low-
ered striatal activities in response to reward expectations 
[13]. Individuals with depression and anhedonia were 
found to have altered functional connectivity within the 
ventral striatum [23, 24].

The hypothalamic–pituitary–adrenal (HPA) axis sub-
serves stress adaptation, and its dysfunction is associated 
with chronic stress [25]. Chronic stress is a primary con-
tributing factor to depression. The previous studies sug-
gested that cortisol, a steroidal hormone, is the marker of 
the HPA axis activity [26, 27]. Cortisol binds to receptors 
located at the prefrontal cortex [28], striatum [29], and 
hippocampus [30] subserving an individual’s emotional 
recognition [31] and regulation [32]. Patients diagnosed 
with subthreshold depression or MDD showed an ele-
vated level of free cortisol [9, 10], while their remissions 
showed a lower level [33].

Studies have found that levels of chronic cortisol 
release have been associated with rewarding behavior 
[34] and activation of reward-related brain regions [21, 
35]. Increased cortisol concentrations are associated with 
structural alterations in the reward circuitry [36]. The 
prefrontal cortex and limbic regions in the reward cir-
cuit are also important regulators of the HPA axis activ-
ity [37], and elevated cortisol levels in depressed patients 
may compromise the structural integrity of the reward 
circuit [11, 12]. Depressive patients were found to be stri-
atal hypersensitized during stress, which manifested by 
the enhanced activation of the caudate nucleus, nucleus 
accumbens, and putamen, and were closely related to 
cortisol secretion [38]. Given the close relationship 

Key points 

• Tai Chi training improves depressive and anxiety symptoms and quality of life in young people with subthreshold 
depression.

• Improvements in depressive symptoms are associated with reduction in putamen volume and salivary cortisol 
levels.

• Involvement of the stress and reward circuit suggests Tai Chi would improve stress regulation and reward prefer-
ence.
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revealed among depressive patients, combining the HPA 
axis with the reward circuitry would help character-
ize the development of depressive symptoms [29]. No 
study has adopted this combined model to explore the 
changes among individuals with subthreshold depression 
in response to mind–body interventions such as Tai Chi 
training.

Mind–body exercises, such as yoga [39], mindfulness 
[40], and Tai Chi [41], have been adopted as interven-
tions for individuals with MDD. Among these interven-
tions, Tai Chi training has been extensively tested for its 
effects on alleviating anxiety and depressive symptoms 
in young college students [42] and middle-aged people 
[43]. The mechanism of Tai Chi training was suggested 
to strengthen the functional connectivity of the fronto-
striatal network, particularly between the orbitofron-
tal gyrus and caudate nucleus [44]. Besides, a 12-week 
Tai Chi training was found to improve the depressive 
symptoms of older adults which was associated with 
increased functional connectivity of the default mode 
network (DMN) [45]. A recent study expanded the DMN 
to include the caudate [46]. Our research team’s work on 
Tai Chi training among a group of healthy older adults 
revealed both increases in the functional connectivity 
between the medial frontal cortex and right putamen/
caudate [47] and increases in the gray matter volume 
(GMV) in the insular, medial temporal lobe, and puta-
men [47, 48]. The above evidence prompted us to, among 
the extensive neural substrates related to the HPA axis 
activity and reward circuitry, place emphasis on the cau-
date and the striatum as the main neural markers for test-
ing the effects of the Tai Chi training.

Based on the above, we hypothesized that 12-week Tai 
Chi training would induce positive changes in depressive 
symptoms in participants with subthreshold depression. 
Positive behavioral changes may be associated with a 
reduction in the salivary cortisol levels, indicating a low-
ering of the HPA axis activity. At the same time, positive 
behavioral changes would be associated with changes 
in the GMV in neural substrates within the reward cir-
cuitry. Finally, we also hypothesized that the HPA axis 
activity and reward circuit may play different roles in the 
development of subthreshold depression.

Methods
Participants
Young adults were recruited from local communities 
in a city in China. The inclusion criteria were as fol-
lows: (1) young adults between 18 and 25 years [49, 50]; 
(2) score ≥ 16 on the Centre for Epidemiological Studies 
Depression Scale (CES-D) [51]; (3) no clinical interven-
tion for depressive symptoms in the past 6 months; (4) 
did not practice regular mind–body exercise in the past 

6 months; and (5) no contraindication to MRI examina-
tion. An exclusion criterion was the presence of suicide 
tendency as measured by the suicidality scale (cutoff 
score ≥ 6) [52] of the Mini International Neuropsychiat-
ric Interview (MINI version 5.0). The withdrawal criteria 
for the participants were: (1) volunteering to withdraw; 
(2) developing serious diseases that would not allow con-
tinuation of the intervention; (3) suffering from serious 
adverse events related to the intervention; and (4) receiv-
ing Tai Chi training during the waitlist period. All par-
ticipants received detailed information on the study, and 
their written informed consent was obtained.

Study Design and Procedure
The single-blind randomized controlled trial was con-
ducted from December 2019 to December 2021. Eligible 
participants were randomly assigned in a 1:1 ratio to the 
Tai Chi or waitlist control group using a simple allocation 
sequence generated using IBM Statistical Product Ser-
vice Solutions (SPSS) v24.0 software. The group alloca-
tion was conducted by a project assistant working on the 
study. Two experienced clinicians who were not involved 
in the group assignment and delivery of the interven-
tions administered the outcome measures. This study 
was registered in the Chinese Registry of Clinical Trials 
(Registration Number: ChiCTR1900028289, Registered  
December 12, 2019). The trial study protocol was pub-
lished elsewhere [53].

Interventions
The Tai Chi training required the participants to prac-
tice the 24 simplified styles that were recommended by 
the General Administration of Sports of China [54]. The 
training program was 12 weeks in duration; and its con-
tent is described in detail in Additional file  1: Table  S1. 
The training was led by a Tai Chi master who had more 
than 5 years of conducting Tai Chi training classes. There 
were 36 sessions in total (each 60  min; three times a 
week), and all sessions were conducted in a gymnasium. 
Each session followed the same sequence of a 10-min 
warm-up, a 45-min Tai Chi practice, and a 5-min cool-
down. The Tai Chi master instructed the participants 
on the postures and movements specific to the 24 styles 
in three sessions during the 1st week. From weeks 2 to 
12, the participants practiced three to four cycles of the 
24 styles depending on the mastery levels of the partici-
pants in each session. The same Tai Chi master covered 
all the sessions and monitored the performance of the 
participants.

The control condition was a waitlist for 12 weeks. Par-
ticipants were asked to maintain their lifestyle and daily 
activities as usual. However, they were instructed and 
reminded to refrain from participating in regular physical 
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activity particularly mind–body activity including Tai 
Chi. By the end of the 12-week waitlist, participants in 
the control group were given the option to join the Tai 
Chi training.

Both the Tai Chi and waitlist groups were required 
to maintain a daily activity log to record daily physical 
activities and submit it to the researchers by the end of 
the 12th week. The information on the participants’ daily 
activities was collated for comparison (Supplementary 
Material—Table 2).

Primary Outcome
The PHQ-9 measures the severity of the participants’ 
depressive symptoms [55]. It has nine items, scored from 
0 to 3, for participants to recall and rate the frequency of 
the symptoms experienced in their daily lives. The total 
score of PHQ-9 ranges from 0 to 27, with higher scores 
suggesting more frequent depressive symptoms. The 
Chinese version PHQ-9 was validated and showed satis-
factory validity and reliability (Cronbach’s α = 0.86) [56]. 
The baseline and post-intervention PHQ-9 were admin-
istered 1 week before commencement and 1 week after 
completion of the Tai Chi training or waitlist control, 
respectively.

Secondary Outcomes
All the tests and measurements were completed at the 
baseline and post-intervention which were administered 
within 1 week before commencement and 1 week after 
completion of the Tai Chi training or waitlist control, 
respectively.

Neuropsychological Tests
The Generalized Anxiety Disorder Scale (GAD-7) meas-
ures the level of anxiety of the participants [57]. It con-
sists of seven self-report items with each scored between 
0 and 3. The total GAD-7 score ranges from 0 to 21, with 
higher scores reflecting a higher level of anxiety. The Chi-
nese version of GAD-7 showed satisfactory validity and 
reliability (Cronbach’s α = 0.89) [58].

The medical outcomes study 36-item short-form health 
survey (SF-36) measures the health-related quality of life 
of the participants. It consists of 36 self-reported items 
rated on different scales of scores ranging from 0 to 100. 
The items are grouped under the physical function, role 
limitation physical, bodily pain, general health, vitality, 
social function, role limitation emotional, and mental 
health subscales. Higher scores on each subscale reflect 
better subjective quality of life [59]. The Chinese version 
SF-36 was validated, and its Cronbach’s α values for its 
subscales ranged from 0.72 to 0.88 [60].

Salivary Cortisol Concentration
We adopted the 2015 cortisol arousal response guidelines 
[61] to collect the participants’ saliva samples. On each 
occasion, a saliva sample was collected three times within 
45 min. The first collection was at time zero (time point 
1), which was immediately after the participant got up 
from bed. The second and third time collections were at 
time 30 min after time zero (+ 30 min; time point (2)) and 
then 45  min (+ 45  min, time point (3)). The participant 
received three Salvette saliva tubes (Sarstedt, Italy) 1 day 
before the sample collection from the researcher assigned 
to conduct the outcome assessments. The instructions 
for the participant included not eating, drinking, brush-
ing their teeth, smoking, or exercising until the sam-
ple collection was completed. The same procedure was 
repeated for the post-intervention test occasion. The 
cortisol concentration contained in the salivary samples 
was obtained using the salivary cortisol enzyme-linked 
immunosorbent assay kit (DRG Diagnostics, Germany).

Structural Magnetic Resonance Imaging
Each participant completed the baseline and post-
intervention MRI scans 1 week before commencement 
and 1 week after completion of the Tai Chi training or 
waitlist control, respectively. The scanning procedures 
were explained, and informed consent was obtained 
from the participants. MRI data acquisition covered 
T1-weighted high-resolution anatomical images using 
a Siemens Prisma 3.0  T. T1-weighted structural images 
were acquired with a three-dimensional magnetization-
prepared rapid acquisition gradient-echo sequence, sag-
ittal scanning (TR/TE/FOV = 2000  ms/1.73  ms/240  m
m × 240  mm, flip angle = 15 degrees, layers = 160, layer 
thickness = 1  mm, and imaging matrix = 256 × 256). 
Data processing included preprocessing of the MRI data 
using the Statistical Parametric Mapping 12 (SPM 12) 
and the Computational Anatomy Toolbox  12 (CAT12) 
(http:// dbm. neuro. uni- jena. de/ cat12/) programs. High-
dimensional Diffeomorphic Anatomical-Registration-
Through-Exponentiated Lie-Algebra image registration 
was performed for nonlinear registration with the gray 
matter template of the standard Montreal Neurological 
Institute 152 space [62]. The normalized and segmented 
gray matter image was modulated and smoothed using 
isotropic Gaussian smoothing with a 10-mm full width at 
half maximum.

Statistical Analyses
All data were analyzed by a statistician, who had not 
been involved in the delivery of the trial and collection 
of the data, using IBM Statistical Product Service Solu-
tions (SPSS) v24.0 software. Independent sample t-test, 

http://dbm.neuro.uni-jena.de/cat12/
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nonparametric Mann–Whitney U-test, or Chi-square 
test were used to test possible between-group differences 
for the baseline measures. Linear mixed models (LMM) 
were performed to test the intervention effects with the 
Group × Time interaction, with P = 0.05 adjusted using 
the Holm–Bonferroni correction. The dependent vari-
ables were the primary and secondary outcome measure 
parameters.

For the salivary cortisol levels, we referred to the 
method proposed by Pruessner et al. to compute the area 
under the curve relative to the ground (AUCg), and the 
area under the curve with respect to increase (AUCi) 
to represent the cortisol dynamics changes across three 
time points within the first 45  min after waking from 
bed [63]. The AUCg is the total quantity of salivary cor-
tisol measured at time zero, + 30 min, and + 45 min (see 
above). The AUCi is the “reactive” increase (or decrease) 
in the cortisol dynamics measured at the same three time 
points within 7 days after the participants completed the 
Tai Chi training. For the control group, the timelines of 
the cortisol dynamics measure matched with those of 
the Tai Chi training group. The Tai Chi training effects 
were tested with the Group × Time interaction effect 
using LMM. The ΔAUCg (post-minus-pre) of each par-
ticipant was computed. The “pre” data were the baseline 
AUCg captured before commencing the Tai Chi training, 
while the “post” data were the post-intervention AUCg 
captured within 7 days after completing the training. The 
ΔAUCg of the participants was computed for the media-
tion analysis (see below).

For structural MRI, the ROIs selected to enter the 
analyses were the orbitofrontal cortex, insula, amyg-
dala, caudate, putamen, globus pallidus, hippocampus, 
and thalamus. The selected ROIs were defined using the 
WFU_Pickatlas program and the Automated Anatomical 
Labeling template [64]. Individual and group ROI group 
differences were first examined by t-contrast with the 
participants’ age, sex, years of education, and total intrac-
ranial volume (TIV) entered as the covariates (SPM12 
software). The mean values of the ΔGMV (post-minus-
pre) and GMV (pre) and GMV (post) of the ROIs were 
extracted with Marsbar software (https:// marsb artoo 
lbox. github. io/). The statistical significance level of the 
analyses was set as the family-wise error (FWE) cor-
rected at P < 0.05.

For the mediation analysis, Pearson’s or Spearman’s 
correlation was performed to explore the relationships 
between variables that showed significant Group × Time 
effects. We used the PROCESS macro in SPSS v24.0 to 
estimate the possible mediating effects of ΔAUCg and/
or ΔGMV on the Tai Chi training effect after control-
ling for the participants’ age, sex, years of education, and 
TIV. The general model set the group as the independent 

variable (experimental = 1 and control = 0), ΔPHQ-9 
as the dependent variable, and ΔAUCg and/or ΔGMV 
as the mediators. All mediation analyses were based on 
ordinary least-squares regression and adopted a non-
parametric bootstrapping procedure (5000 times), which 
gave rise to a bias-corrected confidence interval (CI) for 
the effect size inference. A P < 0.050 was considered sta-
tistically significant. In other words, significant effects 
were indicated if the 95% CI did not cover a zero value.

Results
Baseline Demographics and Outcome Measures
One hundred and twelve young adults met the inclu-
sion criteria: 56 in each of the Tai Chi training and 
waitlist control groups (Additional file  1: Fig. S1). Nine 
participants dropped out during the study, resulting in 
103 participants entering the final analyses. There were 
49 participants in the Tai Chi training group and 54 par-
ticipants in the waitlist control group. No significant 
between-group differences were revealed at the baseline 
in demographic characteristics such as age, sex, body 
mass index (BMI), TIV, and years of education (Table 1). 
There were no significant between-group differences in 
neuropsychological tests, daily activity time, and GMV 
of related regions in the reward circuit, but significant in 
AUCg and AUCi levels between groups at baseline com-
parison (Table 2 and Additional file 1: Tables S2–S3).

Effects of Tai Chi Training on Primary and Secondary 
Outcome Measures
There were significant group, time, and Group × Time 
effects on the scores on the PHQ-9 score (P < 0.050) and 
SF-36 (P < 0.050). After 12  weeks, in the Tai Chi train-
ing group, there were significant decreases in the mean 
scores on the PHQ-9 (P = 0.001) and increases in the 
mean scores on the SF-36 (P = 0.001), while changes 
in the mean scores on the PHQ-9 and SF-36 were not 
statistically significant in the control group partici-
pants. Conversely, the GAD-7 scores showed significant 
Group × Time effects (P = 0.009), with both groups show-
ing significant decreases in the post-intervention mean 
scores (P < 0.050) (Table  2 and Fig.  1). The AUCg and 
AUCi reflecting the cortisol dynamics showed significant 
Group × Time effects (Table 2 and Fig. 1). Within-group 
comparisons of the Tai Chi group participants showed 
that the post-intervention AUCg values were significantly 
lower than those at the baseline (see Table 2 and Fig. 1).

Among the eight ROIs, only the putamen showed 
significant changes in the GMV at the post-interven-
tion measures (Additional file  1: Table  S4). After con-
trolling for age, sex, years of education, and TIV, there 
remained significant Group × Time effects (P < 0.001) 
on the left putamen’s gray matter volume (voxel 

https://marsbartoolbox.github.io/
https://marsbartoolbox.github.io/
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number = 166, peak MNI: x = − 26, y = − 15, z = 9; 
t = 4.44, P = 0.020 after FWE correction) (Fig.  2; Addi-
tional file  1: Tables S2 and S4). Participants in the Tai 
Chi training group showed significant post-interven-
tion decreases in the putamen GMV (P = 0.001), which 
compared to no significant differences in the waitlist 
control group (P = 0.232) (Table 2 and Fig. 2).

Mediation Model for Tai Chi Training
Mediation models 1 and 2 were constructed, with 
group as the independent variable to test the relation-
ship between the Tai Chi training effects and changes 
in the participants’ depressive symptoms, with the 
ΔPHQ scores as the dependent variable. Models 1 and 2 
included ΔAUCg for the cortisol dynamics and ΔGMV 

Table 1 Demographic and basic information of the participants

BMI body mass index; CES-D Centre for Epidemiological Studies Depression Scale; GAD-7 Generalized Anxiety Disorder Scale; GMV gray matter volume; PHQ-9 Patient 
Health Questionnaire; SF-36 the medical outcomes study 36-item short-form health survey; and TIV total intracranial volume
# Data are presented as median (P25, P75) due to an abnormal distribution and were examined using the Mann–Whitney U-test

Total (n = 103) Experimental group (n = 49) Control group
(n = 54)

χ2/t /Z P

Gender

Female [n (%)] 70 (67.96%) 34 (69.39%) 36 (66.67%) 0.087 0.768

Male [n (%)] 33 (32.04) 15 (30.61) 18 (33.33)

Age (years)# 19.00 (18.00, 20.00) 19.00 (19.00, 20.00) 19.00 (18.00, 20.00) − 1.744 0.081

BMI# (kg/m2) 20.90 (18.62, 23.24) 20.75 (18.95, 22.55) 20.81 (18.05, 23.99) − 0.426 0.673

TIV (ml) 1451.39 (166.79) 1432.92 (118.78) 1455.30 (109.15) − 1.539 0.127

Education (years)# 14.00 (13.00, 14.00) 13.00 (13.00,14.00) 14.00 (13.00, 14.00) − 0.725 0.479

CES-D  score# 20.00 (17.00, 27.00) 20.00 (18.00,27.00) 22.00 (16.50, 27.50) − 0.589 0.558

PHQ-9  score# 9.00 (7.00, 12.00) 9.57 (4.11) 9.00 (6.00, 12.00) − 0.799 0.427

GAD-7  score# 7.00 (4.00,10.00) 7.73 (4.65) 7.00 (4.00, 10.00) − 0.670 0.506

SF-36 score 557.40 (96.98) 551.49 (91.18) 554.17 (503.34, 639.38) − 0.587 0.558

AUCg# 4.72 (0.26, 8.08) 5.72 (3.73) 3.75 (0.22,7.70) − 2.602 0.009

AUCi# − 0.01 (− 0.15, 2.09) 0.46 (− 0.10, 2.82) − 0.08 (− 0.19, 1.17) − 2.239 0.025

Putamen GMV 0.30 (0.03) 0.30 (0.04) 0.29 (0.03) 0.971 0.335

Table 2 Summary of median scores and quartiles (in parentheses) and results of comparisons among groups and within group for the 
pre- and post-training assessments

The data are presented as ‾x ± sd or median (P25, P75) according to the data distribution; #Data were examined using the Mann–Whitney U-test due to the abnormal 
data distribution; *Indicates statistically significant differences

AUCg area under the curve relative to the ground; AUCi area under the curve with respect to increase; GAD-7 Generalized Anxiety Disorder Scale; GMV gray matter 
volume; PHQ-9 Patient Health Questionnaire; and SF-36 the medical outcomes study 36-item short-form health survey

Outcomes Experimental group (n = 49) Control group (n = 54) Linear mixed model 
comparisons

Within-group 
comparisons
(Post–Pre)

Pre Post Pre Post Group Time Group × Time Experimental Control

P P P P P

PHQ-9# 9.57 (4.11) 5.00 (3.00,7.00) 9.00 (6.00,12.00) 8.00 (6.00,10.00) 0.001* 0.050* 0.002* 0.001* 0.012*

GAD-7# 7.73 (4.65) 3.00 (2.00,6.00) 7.00 (4.00,10.00) 6.00 (4.00,8.00) 0.017* 0.070 0.009* 0.001* 0.018*

SF-36# 551.49 (91.18) 648.75 
(577.08,670.62)

554.17 
(503.34,639.38)

575.66 (80.05) 0.025* 0.049* 0.002* 0.001* 0.053

AUCg# 5.72 (3.73) 4.05 (2.16,6.10) 3.75 (0.22,7.70) 3.39 (0.22,7.46) 0.398 0.956 0.010* 0.005* 0.785

AUCi# 0.46 (− 0.10,2.82) 1.01 (− 0.17,2.76) − 0.08 
(− 0.19,1.17)

− 0.08 
(− 0.23,2.75)

0.732 0.084 0.343 0.737 0.739

Putamen GMV 0.30 (0.04) 0.29 (0.04) 0.29 (0.03) 0.30 (0.03) 0.581 0.233  < 0.001* 0.001* 0.234
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of the putamen, respectively. Both models were found to 
be statistically significant, and the cortisol ΔAUCg (indi-
rect CI [− 0.46, − 0.09]) and putamen ΔGMV (indirect 
CI [− 0.51, − 0.09]) were the mediators for the two-group 
ΔPHQ models (Fig. 3A and B).

Mediation model 3 was constructed to explore the 
differential roles of the cortisol ΔAUCg and puta-
men ΔGMV as the secondary treatment outcomes in 

modulating the participants’ ΔPHQ. Model 3 showed 
that cortisol ΔAUCg exerted direct effects on the ΔPHQ 
(direct CI [0.12, 0.48]), of which the effects were medi-
ated by the putamen ΔGMV (indirect CI [0.04, 0.22]). 
Specifically, the cortisol ΔAUCg exerted positive effects 
on the putamen ΔGMV (bootstrap CI [0.21, 0.55]), and 
its effects were also positive on the ΔPHQ (bootstrap CI 
[0.13, 0.51]) (Fig. 3C).

Fig. 1 Top left: The PHQ-9 scores in the experimental group (P = 0.001 < 0.01) and in the control group (P = 0.012 < 0.05) were also significant. Upper 
right: The GAD-7 score decreased significantly after training in both the Tai Chi (P = 0.001 < 0.01) and the control group (P = 0.018 < 0.05). Bottom left: 
SF-36 in the experimental group increased significantly after training (P = 0.001 < 0.01) but was not significant in the control group (P = 0.053 > 0.05). 
Bottom right: The AUCg of the experimental group decreased significantly after training (P = 0.005 < 0.01) but it was not significant in the control 
group (P = 0.785 > 0.05). Each data point represents the value of a participant. Next to each arrow is the confidence interval (CI) for each effect. 
*P < 0.05. Notes: AUCg: area under the curve relative to the ground; GAD-7: Generalized Anxiety Disorder Scale; PHQ-9: Patient Health Questionnaire; 
and SF-36: the medical outcomes study 36-item short-form health survey
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The serial mediation model shown in Fig. 4 was further 
constructed to explore the differential roles of the cortisol 
ΔAUCg and putamen ΔGMV on the group ΔPHQ. The 
model showed that the effects of Tai Chi training were 
significantly mediated by both the ΔAUCg  (a1: β = -0.78, 
CI [− 1.21, − 0.35];  b2: β = 0.25, CI [0.07, 0.43]) and puta-
men ΔGMV  (a2: β = -0.59, CI [− 0.99, − 0.19], c: β = 0.25, 
CI [0.06, 0.45]). More importantly, this model showed 
that the partial mediation effect of the cortisol ΔAUCg on 
the ΔPHQ was through the putamen ΔGMV  (b1: β = 0.29, 
CI[0.12, 0.47]) (Fig. 4; Additional file 1: Table S5).

Discussion
This study revealed the 12-week Tai Chi training 
improved the depressive symptoms of a group of young 
participants with subthreshold depression. In addition to 
the symptoms, Tai Chi training was found to reduce the 
participants’ cortisol dynamics and decrease their puta-
men’s GMV. We further illustrated changes in the cor-
tisol dynamics and putamen structure mediated the Tai 
Chi training effects on alleviating the depressive symp-
toms of the participants. Our findings suggested that the 
combined HPA axis activity and the reward circuitry add 

further evidence of the positive effects of Tai Chi training 
for young adult individuals with subthreshold depression.

The previous studies have reported the beneficial 
effects of Tai Chi as an intervention for alleviating the 
symptoms among adolescents with subthreshold depres-
sion [65] and older adults with depression [66]. The pre-
vious meta-analytic studies on mind–body exercises 
showed Tai Chi modulated HPA axis activity and low-
ered cortisol levels [67]. Higher levels of cortisol were 
found associated with neurotoxic effects [68, 69], while 
lower levels reduced damage to neurons and thus allevi-
ated depressive symptoms [70]. The results of the present 
study are consistent with these findings. Tai Chi practice 
integrates slow and gentle movements and breathing 
techniques into psychocognitive functions (i.e., attention 
and imagination) [71], which relaxes the mind and body.

The previous studies have shown that Tai Chi train-
ing altered putamen volume in older adults [48]. The 
present study also found the participants in the Tai Chi 
training group showed decreases in the putamen’s vol-
ume which mediated the reduction in their depressive 
symptoms. The putamen is a component of the dorsal 
striatum in the reward circuitry and has been revealed 
to play a major role in the processing of reward 

Fig. 2 Left: Effects of Tai Chi training on putamen gray matter volume (GMV). There were significant differences within the group in the left 
putamen clusters after training (peak coordinates = − 26, − 15, 9, voxel number = 166, P = 0.020 < 0.05 after FWE correction). Right: The results 
of the linear mixed models (LMM) analysis in the region showed a significant group effect by the time interaction on the putamen GMV (P < 0.001). 
The putamen GMV in the experimental group decreased significantly after training (P = 0.001), but the change was not significant in the control 
group. Each data point represents the value of one participant. Next to each arrow is the confidence interval (CI) for each effect. *P < 0.05. Notes: 
GMV: gray matter volume
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information and reinforcement [72]. The putamen also 
mediates body movements, such as regulating motor 
planning and execution [73]. Tai Chi training requires 
planning, learning, and repetition of specific move-
ments of the limbs and body, and their coordination 
is the essential ingredient to perform the Tai Chi style 
series [74]. One possible proposition is that the prac-
tice of the Tai Chi style could have been regarded as a 
reward to the participants, which activated the reward 
circuit. Such a proposition is challenged by the notion 
that Tai Chi training increased the putamen’s volume 
in older adults [48], which is opposite to our findings 
for the young adult participants. We further explore 
the pruning hypothesis [75] which may explain our 

findings. Different from brains in older adults studies 
revealed brains of adolescents and young adults under-
going rapid neurogenesis resulted in increased volumes 
[76, 77]. Synaptic pruning is a common development 
process among young brains [78, 79]. The putamen is 
a common site for synaptic pruning, and depression 
was reported to disrupt such a process [80, 81]. We 
speculate that the reduced putamen volume found in 
the Tai Chi training group could have been due to the 
post-intervention effect on restoring the pruning pro-
cess [82]. Future study is to gather additional evidence 
to support our speculation.

The combined HPA axis activity and rewards mediat-
ing the Tai Chi training effects on depressive symptoms 
are a new finding. The association of the HPA axis and 
the reward circuitry has been found to link cortisol levels 
with motivation for rewards and performance [29]. The 
combined mechanism was proposed to involve inhibition 
of the adrenocorticotropin-releasing hormone receptors 
in the nucleus accumbens [83]. Elevated cortisol levels 
were reported to negatively regulate reward-related brain 
activity [84]. Conversely, lowered stress levels modulated 
the inhibitory striatal bed nucleus in the reward circuit 
[85]. The present study revealed a plausible combined 
HPA axis activity and reward circuitry effect associated 
with Tai Chi training, which is associated with improving 
depressive symptoms of the participants. Taken together, 
Tai Chi training might have downregulated the corti-
sol dynamics and upregulated the reward circuit activi-
ties. These effects could have elevated the motivation of 
the participants to engage in activities and, therefore, 
reduced depressive symptoms. Future studies should 

Fig. 3 Diagram of the mediation model. A (Model 1): Group 
was the independent variable (experimental = 1 and control = 0). 
ΔAUCg was the mediator variable, and ΔPHQ was the dependent 
variable. B (Model 2): Group was the independent variable 
(experimental = 1 and control = 0). ΔGMV was the mediator 
variable, and ΔPHQ was the dependent variable. C (Model 3): 
ΔAUCg was the independent variable, ΔGMV was the mediator 
variable, and ΔPHQ was the dependent variable. Notes: AUCg: area 
under the curve relative to the ground; GMV: gray matter volume; 
and PHQ-9: Patient Health Questionnaire

Fig. 4 The serial mediation model showed that Tai Chi training 
affected ΔPHQ scores by modulating ΔAUCg and putamen 
ΔGMV after controlling age, sex, TIV, and years of education. 
This model demonstrated statistically significant total indirect 
effects, as well as indirect effects, through serial mediation. Group 
was the independent variable (experimental = 1 and control = 0); 
ΔGMV and ΔAUCg were the mediator variables; and ΔPHQ 
was the dependent variable. Age, sex, years of education, and TIV 
were covariates. *P < 0.05. Notes: AUCg: area under the curve relative 
to the ground; GMV: gray matter volume; and PHQ-9: Patient Health 
Questionnaire
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employ experimental designs to exert better controls on 
the activity engaged by the participants and closely moni-
tor the changes in the HPA axis activity and the reward 
circuitry.

The current study has several limitations. Firstly, the 
single-blind design adopted in this study had a wait-
list control group instead of an active control group. 
The active control group could have been participants 
involved in aerobic or stretching exercises. When com-
pared with the waitlist group, participants in the Tai Chi 
training group could have developed a placebo effect 
because of the known intervention. The potential pla-
cebo effects such as increases in the level of motivation 
could have inflated the scores of the primary and data of 
the secondary outcomes and hence the treatment effects. 
Readers should be cautious when interpreting the find-
ings revealed in the paper. Secondly, we did not include 
psychological traits such as interpersonal sensitivity 
and paranoia as controls that could have confounded 
the treatment effects. Future studies should validate our 
study findings by controlling the psychological traits 
and testing the effects of treatment in groups, includ-
ing different age groups and types of depression. Thirdly, 
despite the use of the AUCg and AUCi as an attempt to 
normalize the participants’ cortisol levels, the varying 
cortisol levels across the participants and time of the day 
could have confounded the between- and within-group 
differences. The potential differences particularly those 
at the baseline are a limitation of the study informing 
the Tai Chi training effect. Future studies may consider 
capturing the changes in the cortisol dynamics a few days 
before and after the intervention to allow testing of the 
trends of changes.

Conclusion
Twelve-week Tai Chi training was found to be effective 
in alleviating the symptoms of young participants with 
subthreshold depression. The symptom relief effect is 
likely to involve the downregulation of stress levels and 
the upregulation of reward circuit activity. These neural 
activities may improve the motivation of participants to 
engage in activities to combat depressive symptoms. We 
propose that the combined HPA axis and reward cir-
cuitry model are useful for explaining the positive Tai 
Chi training effect on depressive symptoms. Future study 
is to gather further evidence on the positive effects of 
mind–body exercises including Tai Chi with the com-
bined HPA + RC model.
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