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Tai Chi versus conventional exercise 
for improving cognitive function 
in older adults: a pilot randomized 
controlled trial
Angus P. Yu1, Edwin C. Chin1, Danny J. Yu1, Daniel Y. Fong2, Calvin P. Cheng3, Xiaoqing Hu4, 
Gao X. Wei5 & Parco M. Siu1*

Studies have shown that Tai Chi and conventional exercise can modify the brain through distinct 
mechanisms, resulting in different brain adaptations. Therefore, it is conceivable to speculate that 
these two exercise modalities may have different effects on improving cognitive function. This study 
was a parallel group, assessor-blinded, pilot randomized controlled trial comparing the effects of Tai 
Chi and conventional exercise on improving cognitive function in older persons with mild cognitive 
impairment (MCI). A total of 34 adults aged ≥ 50 years with MCI were randomized (1:1:1) to the 
Tai Chi group (TC, n = 10, 3 sessions of 60-min Yang-style Tai Chi training per week for 24 weeks), 
conventional exercise group (EX: n = 12, 3 sessions of 60-min fitness training per week for 24 weeks), 
or control group (CON: n = 12, no intervention). Global cognitive function assessed by the Hong Kong 
version of the Montreal Cognitive Assessment (MoCA-HK) and performance in various cognitive 
domains were examined at baseline, and 12 and 24 weeks of the intervention. Both exercise groups 
showed improved global cognitive function as measured by MoCA-HK compared with the control 
group after 12 and 24 weeks of the intervention, (all P < 0.001). Only TC achieved clinically relevant 
improvement on global cognitive function at week 12. Both exercise groups achieved clinically 
relevant improvements at the end of the interventions at week 24. Compared with EX, TC exhibited 
greater improvements on global cognitive function indicated by MoCA-HK after 12 weeks of the 
intervention (P < 0.001) and cognitive flexibility indicated by part B/A ratio score of the Trail Making 
Test throughout the study (all P < 0.05). Both interventions were equally effective in improving the 
other examined cognitive domains. Further studies are needed to substantiate the superior long-term 
benefits of Tai Chi on global cognitive function compared with conventional exercise, and dissect the 
underlying mechanisms of the two exercises on improving cognitive domains and the corresponding 
brain adaptations.

 Trial registration: This study was registered at clinicaltrials.gov (Trial registration number: 
NCT04248400; first registration date: 30/01/2020).

Dementia is characterized by a substantial decline in cognitive functions that adversely affects daily  functioning1. 
Dementia most often affects older adults, with the risk of developing dementia increasing with age. The preva-
lence of dementia is expected to rise with an aging global  population2, leading to increasing burdens on health-
care systems and on society. As there are currently no effective treatments for dementia, developing preventive 
strategies may be the only way to tackle this burgeoning  disease3. Mild cognitive impairment (MCI) is a state 
that the cognitive function of an individual declines faster than normal aging but have not yet affected daily liv-
ing. As an intermediate state between normal cognitive function and dementia, presence of MCI increases the 
chance of developing dementia, with approximately two-thirds of Alzheimer’s disease patients having a previous 
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diagnosis of  MCI4. Moreover, the reported 2-year cumulative dementia incidence in individuals > 65 years with 
MCI was alarmingly high at 14.9%5. Previous studies demonstrated that prompt lifestyle interventions in MCI 
patients can delay cognitive declines and maintain normal cognitive  performance6,7. It is suggested that timely 
intervention within the period of MCI is critical to slow down or reverse the decline in cognitive function and 
ultimately delay or prevent the onset of  dementia4.

Accumulating evidence has shown that exercise, including aerobic  exercise8 and resistance  exercise9–11, has 
beneficial effects on cognitive function. Indeed, both the World Health Organization and the American Associa-
tion of Neurology suggest that physical exercise can reduce the risk of cognitive decline and the risk of developing 
 dementia5,12. The practical guidelines of the American Association of Neurology suggest physical exercise twice 
a week for 6 months can improve cognitive function in individuals presenting with MCI, although there is no 
recommendation on the exercise  modality5. An exercise modality that is low in cost, relatively safe with no side 
effects, and widely acceptable to the older population will be crucial to sustain regular exercise for preventing 
cognitive decline. Tai Chi is a popular mind–body exercise that incorporates meditation and aerobic exercise, 
which is in contrast to conventional exercises such as running, swimming, and resistance training that do not 
involve a meditation element. Moreover, Tai Chi is widely accepted to be a suitable exercise for older  adults13. 
Recent meta-analyses have suggested that Tai Chi can delay cognitive decline in older adults with  MCI14 and 
improve cognitive function in individuals with early stage  dementia15. Collectively, Tai Chi may present a promis-
ing intervention to prevent cognitive decline in older adults with MCI.

It is conceivable that improvement in cognitive function is achieved by structural and functional changes 
in brain. Although ample evidence suggests both conventional exercise and Tai Chi have beneficial effects on 
cognitive function, these two exercise modalities are likely to improve cognitive function through distinct brain 
 mechanisms16. Conventional exercise is known to improve cognitive function by increasing cardiovascular fit-
ness, altering cerebral blood  flow17,18 and enhancing neuroplasticity in a global manner. In contrast, Tai Chi 
induces improvements in neuroplasticity through its motor complexity and multiple components combined 
with meditation training, relaxation practice, and aerobic  exercise16. Their distinct mechanisms of action result 
in different brain adaptions. Tai Chi has recently been shown to induce brain plasticity in a more robust manner 
than aerobic  exercise19. More importantly, these exercise modalities are found to provoke different structural and 
functional changes in brain regions associated with executive function, memory, and visuospatial processing in 
healthy  adults19,20. Common brain adaptation patterns are also found between individuals well-trained in Tai 
Chi and their counterparts practicing meditation or conventional exercise  alone21. Meditation alone is beneficial 
to memory and cognitive flexibility, which is a subdomain of executive  function22, hence it is conceivable that 
the meditation element of Tai Chi can augment the effects of the physical exercise element on various cognitive 
domains or subdomains. Revealed by a cross-sectional study, individuals with long-term practice of Tai Chi 
outperform their counterparts with regular conventional exercise in the neurocognitive tests associated with 
memory and executive  function23. Taken together, the two exercise modalities are likely to confer different effects 
on improving global cognitive function and cognitive domains in older adults with cognitive decline. However, 
published intervention studies that compare directly between the effects of Tai Chi and conventional exercise 
on global cognition and specific cognitive domains are scarce. To the best of our knowledge, the present work is 
the first to reveal how cognitive function is respectively modulated by these exercise modalities in older adults 
with MCI. We hypothesize that Tai Chi and conventional exercise induce differential improvements on global 
cognitive function and on specific cognitive domains including memory and executive function, especially in 
the cognitive flexibility subdomain. As poor sleep quality and mood are risk factors of cognitive  decline24 and 
impaired cognitive function negatively impacts quality of  life25, we also monitored sleep quality, mood, and 
quality of life of participants during the study period. Besides neurocognitive outcomes, physical performance 
was also measured to assess the exercise training effects.

Methods
Study design and participants. This single-center, assessor-blinded, three-arm, parallel group, pilot ran-
domized controlled trial was conducted at a single research site in Hong Kong. Participants were recruited 
through promotions in community centers, elderly day-care centers, housing estates, and local universities. 
Chinese adults ≥ 50 years of age with MCI defined by a score equal or below the 7th percentile of the norma-
tive data using the age- and education-corrected Hong Kong version of the Montreal Cognitive Assessment 
(MoCA-HK)26,27 and normal daily functioning score ≥ 2 marks (on a 4-point scale) in each item of the Chinese 
Lawton Instrumental Activities of Daily Living  Scale28 were recruited from the Hong Kong community. Written 
informed consent was obtained before the start of the study. Individuals were excluded from the study if they 
were incapable of performing exercise; practiced regular mind–body exercise (> 3 times 60-min sessions per 
week) or physical exercise (> 150 min of moderate intensity physical activity or > 75 min of vigorous intensity 
physical activity weekly) over the past 6 months; or had a history of major diseases such as cancer, stroke, car-
dio-/cerebrovascular, neurodegenerative, and renal disease.

Ethical approval. This study followed the principles of the Declaration of Helsinki. Ethical approval for the 
experimental procedures were obtained from the Institutional Review Board of the regional healthcare system 
in Hong Kong (IRB reference number: UW 18–454). This study was performed in accordance with the relevant 
guidelines and regulations of the Institutional Review Board.

Sample size estimation and randomization. Based on a medium effect size of interaction Cohen’s 
d = 0.6, 10 participants per group were required to achieve an 80% statistical power (α = 0.05) for changes 
between intervention groups and the control group. Eligible participants were randomly allocated to the con-
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trol (CON), conventional exercise (EX) and Tai Chi (TC) groups in a 1:1:1 ratio with a block size of 12. The 
computer-generated randomization sequence was prepared by an independent researcher. The randomization 
sequence was concealed from the researcher responsible for participant recruitment. The outcome assessors 
were blinded to the group allocation.

Intervention. Participants allocated to the EX group received 24  weeks of conventional exercise train-
ing  comprising three supervised 1-h group training sessions weekly. Each 1-h training session consisted of 
10 min of warm-up static stretching exercises targeting the major muscle groups (i.e., neck lateral flexion, ante-
rior cross-arm stretch, behind the neck triceps stretch, standing quadricep stretch with chair assist, seated toe 
touch stretch, and wall calf stretch), 20 min of muscle-strengthening exercises (standing lateral raise, standing 
arm curl, squat with chair assist, standing leg curl with chair assist, and calf raise with chair assist), 20 min of 
aerobic exercises (stepping with air shoulder press, stepping with arm swing, stepping with punching, stepping 
with arm abduction, stepping with arm curl, and stepping with shoulder rotation), followed by 10 min of cool-
down stretching exercises (similar to the warm-up exercises). In the first 12 weeks, participants in the EX group 
performed muscle-strengthening and aerobic exercises without a load (i.e., unloaded bodyweight), whereas in 
the latter 12 weeks, exercises were performed with light loading using elastic bands and a 0.5 kg dumbbell. The 
conventional exercise training sessions were conducted by a certified fitness instructor. Details of the training 
protocol of the conventional exercise intervention is provided in Supplementary Table 1. Participants allocated 
to the TC group received a 24-week Tai Chi intervention incorporating the 24-form Yang-style Tai Chi and 
comprising three supervised 1-h group training sessions weekly. Each 1-h training session began with 10 min of 
standing pose meditation (i.e., Zhan Zhuang) and Tai Chi relaxation exercises (i.e., stretching with a meditation 
element), followed by 40 min of the Yang-style Tai Chi program, and concluding with 10 min of standing pose 
meditation and Tai Chi relaxation exercises. The Tai Chi training sessions were delivered by a certified Tai Chi 
instructor. Details of the training protocol of the Tai Chi intervention is provided in Supplementary Table 2. Both 
interventions were administered indoors in a room at the research site. Research personnel occasionally visited 
the training sessions to ensure the interventions were delivered according to the protocol. The exercise intensity 
of both interventions was comparable and considered to be at a moderate level according to the WHO’s recom-
mendation for moderate-intensity physical activity (i.e., 3.0–5.9 metabolic equivalents [METs]; 1 MET refers to 
the resting metabolic rate during quiet sitting). The exercise intensity of the conventional exercise group was in 
the range of 4.3–5.5 METs according to the Compendium of Physical Activities (PA code 02035: conditioning 
exercise with moderate effort, 4.3 METs; PA code 03015: aerobic stepping, 5.5 METs)29. A previous study has 
used a direct measurement of metabolic expenditure to show that the exercise intensity of Yang-style Tai Chi was 
3.24  METs30. Although training intensity was not objectively measured, instructors of both intervention groups 
continuously assessed the perceived intensity during the training session using the Rated Perceived Exertion 
 Scale31. The training intensity in each intervention was regulated by the respective instructor by adjusting the 
pace, body movement, and body position of participants, such that the perceived exertion was maintained at 
approximately 13 on the Rate of Perceived Exertion scale from 6 to  2031. Participants allocated to the CON group 
received no intervention and were instructed to maintain their usual daily activities during the study period.

Outcomes and monitoring parameters. Outcome assessments were performed at baseline, after 12  weeks of 
the intervention (mid-assessment), and upon completion of the 24-week intervention (post-assessment). All 
assessments were conducted the same day in a quiet room. The assessors were blinded for group allocation. They 
had no roles in participant enrollment and randomization. Assessments for cognitive function were performed 
in the following order: (1) MoCA-HK (Verbal Fluency test from MoCA-HK), (2) 30-min Delay Recall Test, (3) 
Digit-Span Forward Test, (4) Digit-Span Backward Test, (5) Trail Making Test Part A, (6) Trail Making Test Part 
B, (7) Victoria Stroop Test (Dot condition), (8) Victoria Stroop Test (Word condition), (9) Victoria Stroop Test 
(Interference condition), and (10) N-back Task. Assessments for sleep, quality of life, and physical performance 
were performed after completion of the neurocognitive assessments in the following order: (1) Pittsburgh Sleep 
Quality Index, (2) 12-item Short Form Survey, (3) Five Times Chair Stand Test, and 4) Single Leg Stand Test. The 
whole assessment session lasted approximately 1 h and 15 min.

Considering that mild cognitive impairment and dementia are usually diagnosed by global cognitive perfor-
mance, we selected MoCA-HK to assess global cognitive function as the primary outcome due to its high clinical 
relevance. A higher MoCA-HK score indicates better global cognitive function. Participants were considered 
to have reached a clinically relevant improvement in their global cognitive function if they showed an increase 
in MoCA-HK that exceeds the minimal clinically important difference which is defined as the minimal change 
that significantly attenuates a given disease  condition32 (i.e., at least 4 marks compared with baseline)33–35. The 
secondary outcomes were changes in cognitive domains including executive function, memory, attention, and 
language. Long-term memory was assessed by the 30-min Delay Recall Test using the 10-word list from the 
Delay Recall Test section of the Chinese abbreviated mild cognitive impairment  test36. The 30-min Delay Recall 
Test started with three learning trials. In each trial, the assessor would read out a 10-word list and participants 
were immediately asked to recall the 10 words. After completion of the learning trials, participants were asked to 
recall the 10 words after 30 min. The number of words successfully recalled by participants was recorded. Short-
term memory and working memory were assessed using the forward and backward subsets of the Digit Span 
Test,  respectively37. The backward span test was performed followed by the completion of the forward span test. 
In each test, the assessor would read out a sequence of numbers at a speed of ~ 1 digit per second. Participants 
were asked to repeat the sequence in the forward span in the same order and repeat the backward span in the 
reverse order. There were two trials at each level and the difficulty was increased by adding an extra digit at each 
level. Participants were required to complete both trials even if they did not successfully recall the sequence in 
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the first trial. The forward span began with a 3-digit sequence whereas the backward span started with a 2-digit 
sequence. The test was terminated when participants failed both trials at the same difficulty level. The maximum 
number of digits in the sequence that participants successfully recalled and the total number of successful tri-
als were recorded as the length and span scores. While the N-back task usually considered as an assessment of 
working memory, a recent study demonstrated that the performance of the N-Back task in older population 
was associated with attention, verbal memory, updating, and executive  processes38. Therefore, the N-back task 
was used to assess attention, executive function in addition to a unitary working memory function. The N-back 
Task was administered by computer using the Psychology Experiment Building Language (PEBL) test  battery39. 
Participants were presented with a series of visual stimuli and asked to response whether a stimulus matched 
a stimulus 1 trial before in the 1-back condition and 2 trials before in the 2-back condition. The correctness of 
each response and the reaction time in each trial were recorded.

Executive function was assessed by the Trail Making Test (TMT) using the paper version of a modified 
 protocol40,41. The modified TMT consisted of two parts: Part A reflects visual perception  performance42 and 
included nine circled Arabic numbers randomly arranged on the test sheet, whereas Part B reflects working 
memory and task-switching  performance42 and included nine circled Arabic numbers and nine Chinese numbers 
randomly arranged on the test sheet. Participants were required to connect all the numbers in ascending order 
in Part A (i.e., 1 → 2 → 3 → 4 → 5…) and alternate Arabic and Chinese numbers in ascending order in Part B 
(i.e.. 1 → 一 → 2 → 二 → 3 → 三 → 4 → 四 → 5 → 五…) as quickly as possible without lifting the pen from the 
paper. The time required for participants to finish connecting all dots in each part was recorded. Participants 
were given a trial run to familiarize them with each part of the test before actual testing. The Part B-A difference 
score is indicative of executive control, which is the ability to execute goal-directed behaviors by orchestrating 
complex mental processes and cognitive  abilities43. The Part B-A difference score was calculated by subtracting 
the time required to complete Part A from that of Part  B42. To calculate the Part B/A ratio score, a surrogate of 
cognitive flexibility, which is the ability to selectively switch between mental processes to generate appropriate 
behavioral responses and achieve efficient adaptation in task-changing  challenges44,45, the time to complete Part 
B was divided by that of Part  A46,47. Executive function consists of executive control and cognitive flexibility but 
regulation of these subdomains do not necessarily share the same neural patterns or inter-regions  connectivity45. 
it has been proposed that the specific computations (i.e., activity and connectivity) among brain regions deter-
mine which kind of executive function (i.e., executive control and cognitive flexibility) is behaviorally observed.

Attention and language ability were assessed using the Chinese version of the Victoria Stroop  Test48 and Verbal 
Fluency Test, respectively. The Victoria Stroop Test consists of three subtasks with different conditions: the dot 
condition, the word condition, and the interference condition. The stimuli in each condition were printed on 
A4 paper in blue, green, red, or yellow. The stimuli of the dot condition consisted of dots, the stimuli of the word 
condition consisted of common words unrelated to the concept of colors, and the stimuli of the interference 
condition consisted of the actual names of the colors (i.e., blue, green, red, and yellow). Each card contained 
six rows of four items in the four colors arranged in a pseudo-random order within the array. Each of the four 
colors was used six times, with each color appearing once per row. Participants were asked to name the color 
of the ink that the stimulus was printed in, while also disregarding the word content. The completion time and 
number of errors in each condition were recorded. In the Verbal Fluency Test, participants were asked to name 
as many animals as possible in 1 min. The number of non-repeated animals was recorded.

Muscle strength, balance, health-related quality of life, and sleep quality were monitored during the study 
period. Lower limb muscle strength was examined by the Five Times Chair Stand  Test49. Balance was assessed by 
the Single Leg Stand Test with the eyes  open50. The health-related quality of life, mood, and subjective sleep qual-
ity were assessed by the 12-item Short Form Survey (SF-12)51, Hospital Anxiety and Depression Scale (HADS)52, 
and Pittsburgh Sleep Quality Index (PSQI)53, respectively.

Adverse events. At the end of each training session, instructors asked the participants if there were any 
adverse events. The research personnel responsible for making the assessment appointments also asked the par-
ticipants if there were any adverse events during the phone call for making assessment appointment and after 
each assessment session.

Statistical analysis. Data were expressed as mean (SD) and analyzed using generalized estimating equa-
tions with baseline, group, time, and the group-by-time interaction as covariates using the R package ”geeM”. 
A significant group-by-time interaction indicated a difference in the intervention-mediated changes among 
interventions by time. Pairwise comparisons with baseline adjustment were then performed with R package 
“multcomp” using a closed test procedure with Bonferroni-Holm  correction54,55. Statistical significance was con-
sidered at P < 0.05. All statistical analyses were performed using R (Version 4.0.1).

The effect size is expressed as Cohen’s d. The between group effect size, refers to the difference in within group 
effect size between the two groups at a given time point, are presented. To calculate the within group effect size 
of a group, the mean at baseline was subtracted from its counterpart at a time point of interest, and then divided 
by the pooled standard deviation of the two time points. The formula for calculating Cohen’s d and pooling two 
standard deviation are presented below:

Formula for pooling two standard deviations: SDpooled =

√

(SD2
1
+SD2

2
)

2
.

Cohen
′
s d =

Mean(assessment time point) −Mean(baseline)

SDpooled
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Results
Participant recruitment was conducted from October 2018 to August 2019. The baseline characteristics of par-
ticipants are summarized in Table 1. After screening 526 recruits, 37 out of 53 eligible participants agreed to 
participate in our study (Fig. 1). They were randomly assigned to CON (n = 12), EX (n = 13), and TC (n = 12) 
groups. The interventions were started within 1 month after the baseline assessment. All participants in the 
CON group also participated in the mid- and post-assessments. One participant in the EX group dropped out 
due to personal reasons and did not participate in any further assessments. Two participants in the TC group 
did not attend the Tai Chi training or subsequent assessments because of personal reasons or time conflicts. 
Data collection was completed by February 2020 and no adverse events were recorded in the study. The baseline 
characteristics of the three groups are similar. Given that clinical relevant difference, by definition, requires a 
minimum difference of 4 points in MoCA-HK33–35, there were no clinically relevant difference observed in the 
baseline global cognitive function among the studied groups. The attendance rate (i.e., percentage of training 
session participated) in the two intervention groups were similar (TC: 80.6% vs. EX: 77.5%).

Primary outcome. Both TC and EX groups showed significant improvements in MoCA-HK scores com-
pared with CON at both mid- and post-assessments (both P < 0.001). At mid-assessment, TC showed greater 
improvements in MoCA-HK than EX (P < 0.001). At post-assessment, TC tended to show greater improvements 
in MoCA-HK than EX, but this did not reach statistical significance (P = 0.061) (Table 2).

Secondary outcomes. The cognitive performances are summarized in Table  2. Overall, there were no 
significant differences in TMT Part A scores. At mid-assessment, there were no significant differences in TMT 
Part B and Part B-A difference scores. At post-assessment, both interventions elicited robust improvements in 
TMT Part B scores (TC vs. CON: P = 0.005; EX vs. CON: P = 0.005) and Part B-A difference scores (TC vs. CON: 
P = 0.001; EX vs. CON: P = 0.003) compared with CON. However, there were no significant differences in the 
improvements in Part B and Part B-A difference scores between interventions groups. At mid-assessment, there 
was no significant difference in the Part B/A ratio score between EX and CON, whereas the decrease in the Part 
B/A ratio score in TC was more pronounced than in EX and CON (TC vs. EX: P < 0.001; TC vs. CON: P = 0.032). 
At post-assessment, the improvements in the Part B/A ratio scores in both intervention groups were more robust 
than in CON (TC vs. CON: P < 0.001; EX vs. CON: P = 0.030), with the improvements in TC more evident than 
in EX (P = 0.005).

Both interventions were associated with significant improvements in the 30-min Delay Recall Test compared 
with CON at mid-assessment (TC vs. CON: P = 0.008; EX vs. CON: P = 0.036) and at post-assessment (TC vs. 
CON: P < 0.001; EX vs. CON: P < 0.001), but there was no significant difference between intervention groups. 
There was no significant difference in the length of the Digit Span Forward at mid-assessment. However, both 
EX and TC demonstrated profound improvements in the length of the Digit Span Forward compared to CON at 
post-assessment (TC vs. CON: P < 0.001; EX vs. CON: P < 0.001). There were increases in the score of the Digit 
Span Forward in both EX and TC compared with CON at mid-assessment (TC vs. CON: P = 0.015; EX vs. CON: 

Table 1.  Baseline characteristics of participants. All values are expressed as mean (SD). CON Control group, 
EX Conventional exercise group, TC Tai Chi group. A clinically relevant difference in global cognitive function 
between groups was considered if the MoCA-HK score was differed by the minimal clinical important 
difference (i.e. the MoCA-HK score differs by at least 4  points33–35). The habitual physical activity of the 
participants was assessed by the International Physical Activity  Questionnaire70. The baseline characteristics 
of the three groups were similar and there was no clinically relevant difference in global cognitive function at 
baseline.

CON EX TC

Number of participants, n 12 12 10

Gender, F:M 10:2 8:4 7:3

Age, year 67.6 (8.1) 67.2 (6.8) 67.3 (4.2)

Height, cm 156.2 (6.0) 157.7 (9.0) 155.2 (9.0)

Weight, kg 59.9 (8.7) 55.9 (8.7) 58.1 (11.0)

Years of education, year 10.9 (3.7) 11.4 (3.8) 11.8 (2.4)

International physical activity questionnaire

Activity, metabolic equivalent-min/week 773.4 (111.3) 749.8 (137.7) 806.3 (84.0)

Sitting, metabolic equivalent-min/week 2940.0 (877.4) 2660.0 (944.8) 2415.0 (544.5)

Marriage status, n

Never married 0 0 1

Married 8 11 6

Widowed 3 0 2

Divorced 1 1 1

Smoker, n 0 0 0

Family history of dementia, n 1 1 2



6

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8868  | https://doi.org/10.1038/s41598-022-12526-5

www.nature.com/scientificreports/

P = 0.002) and post-assessment (TC vs. CON: P < 0.001; EX vs. CON: P < 0.001), but there was no significant 
difference between intervention groups. There were also no significant differences in the length and score of the 
Digit Span Backward. There were no significant differences in the reaction time and correction rate of either the 
1-back or 2-back test of the N-back Tasks.

There were no significant differences in the number of errors and the completion time of the Victoria Stroop 
Test under the dot and word conditions. There was also no significant difference in the number of errors in the 
Victoria Stroop Test under the interference condition. At mid-assessment, EX but not TC showed a significant 
improvement in the completion time of the Victoria Stroop Test under the interference condition compared with 
CON (P = 0.015), but this improvement did not reach statistical significance relative to TC. At post-assessment, 
EX exhibited a significant reduction in the completion time of the Victoria Stroop Test under the interference 
condition compared with CON (P = 0.012), with TC also showing a similar trend (P = 0.055), but there was no 
significant difference between intervention groups. Overall, there were no significant differences in the Verbal 
Fluency Test.

The results of the physical performance, mood, quality of life, and sleep assessments are summarized in 
Table 3. The improvements in the Five Times Chair Stand Test in EX and TC were more pronounced than in 
CON at both mid- and post-assessments (all P < 0.001), but there was no significant difference between the 
two intervention groups. There was no significant difference in left Single Leg Stand Test. At mid-assessment, 
there was a greater improvement in the right Single Leg Stand Test in TC but not in EX compared with CON 
(P = 0.034), although there was no statistical difference between the two intervention groups. At post-assessment, 
both TC and EX showed more improvements in the right Single Leg Stand Test compared with CON (TC vs. 
CON: P = 0.006; EX vs. CON: P = 0.019), but there was no significant difference between the two intervention 
groups. At mid-assessment, there was no significant difference in the anxiety score of HADS. At post-assessment, 
both intervention groups exhibited significant improvements compared with CON (TC vs. CON: P = 0.004; EX 
vs. CON: P = 0.010), but there was no significant difference between the intervention groups. Both interventions 
led to significant reductions in the depression score of HADS relative to CON at mid-assessment (TC vs. CON: 

Completed post-assessment: 
n=12

Discontinued intervention:
n=0

Assessed for eligibility: n=526

Excluded:
Without mild cognitive impairment: n=471

Completed mid-assessment: 
n=12

Discontinued intervention:
n=0

Allocated to Control group: n=12
Received allocated intervention: n=12

Did not join the intervention study due to time commitment: n=16

Allocated to Conventional exercise group: n=13
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Received allocated intervention: n=12

Completed mid-assessment: 
n=10
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Time conflict, n=1

Completed mid-assessment: 
n=12
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Personal reason, n=1

Completed post-assessment: 
n=12
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Personal reason, n=1
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Figure 1.  Schematic Presentation of Participant Screening, Randomization, and Interventions.
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Baseline 
(0-week)

Mid (12-
week)

Post (24-
week)

Group-
by-time 
Interaction 
effect

Group 
effect Time effect

Mid Post

ΔMeanadj 
[95%CI] P-value Cohen’s d

ΔMeanadj 
[95%CI] P-value Cohen’s d

Primary outcome

Hong Kong version of montreal cognitive assessment

CON 18.2 (3.8) 18.5 (4.7) 18.9 (5.2)  < 0.001  < 0.001 0.029 EX vs. 
CON:

2.2 [1.0 to 
3.4]  < 0.001 1.23 4.7 [3.5 to 

5.9]  < 0.001 2.36

EX 19.3 (2.0) 22.1 (2.3) 25.0 (2.5) TC vs. 
CON:

4.4 [3.2 to 
5.7]  < 0.001 2.61 6.0 [4.8 to 

7.3]  < 0.001 3.88

TC 19.7 (1.5) 24.6 (2.1) 26.6 (1.9) TC vs. EX: 2.2 [1.0 to 
3.5]  < 0.001 1.39 1.3 [0.04 to 

2.5] 0.061 1.51

Secondary outcomes

Trail making test

Part A, s

CON 18.4 (9.5) 16.7 (10.3) 16.0 (9.8) 0.724 0.164 0.035 EX vs. 
CON:

 − 3.8 [ − 7.5 
to  − 0.1] 0.214  − 0.37  − 3.6 [ − 7.3 

to 0.1] 0.214  − 0.38

EX 15.9 (11.1) 11.2 (5.4) 10.7 (3.8) TC vs. 
CON:

 − 1.3 [ − 5.2 
to 2.6] 0.701  − 0.09  − 0.7 [ − 4.6 

to 3.2] 0.800  − 0.04

TC 13.4 (6.4) 12.0 (4.0) 11.9 (3.4) TC vs. EX: 2.5 [ − 1.4 to 
6.3] 0.475 0.28 2.9 [ − 1.0 

to 6.8] 0.366 0.33

Part B, s

CON 64.8 (34.4) 63.1 (31.1) 73.3 (47.6) 0.011 0.101 0.174 EX vs. 
CON:

 − 12.7 
[ − 29.7 to 
4.3]

0.289  − 0.33
 − 31.5 
[ − 48.5 
to  − 14.5]

0.005  − 0.91

EX 57.1 (38.3) 45.9 (17.0) 37.2 (11.0) TC vs. 
CON:

 − 17.5 
[ − 35.3 to 
0.3]

0.139  − 0.67
 − 33.8 
[ − 51.6 
to  − 16.0]

0.005  − 1.22

TC 60.0 (30.1) 42.8 (15.1) 36.7 (12.5) TC vs. EX:
 − 4.8 
[ − 22.7 to 
13.0]

0.764  − 0.34
 − 2.3 
[ − 20.1 to 
15.5]

0.919  − 0.30

Part B-A difference score

CON 46.4 (30.7) 46.4 (22.5) 57.3 (38.0) 0.005 0.058 0.094 EX vs. 
CON:

 − 8.9 
[ − 23.2 to 
5.5]

0.354  − 0.29
 − 27.9 
[ − 42.2 
to  − 13.5]

0.003  − 1.02

EX 41.2 (28.0) 34.6 (16.2) 26.5 (9.1) TC vs. 
CON:

 − 15.8 
[ − 30.8 
to  − 0.7]

0.111  − 0.78
 − 32.6 
[ − 47.7 
to  − 17.6]

0.001  − 1.43

TC 46.7 (25.5) 30.8 (13.2) 24.8 (10.9) TC vs. EX:
 − 6.9 
[ − 22.0 to 
8.2]

0.493  − 0.49
 − 4.8 
[ − 19.8 to 
10.3]

0.663  − 0.41

Part B/A ratio score

CON 3.8 (1.7) 4.0 (1.0) 4.5 (0.6)  < 0.001 0.007 0.003 EX vs. 
CON:

0.4 [ − 0.2 to 
1.1] 0.223 0.45  − 0.8 [ − 1.4 

to  − 0.2] 0.030  − 0.66

EX 3.7 (0.9) 4.4 (1.4) 3.6 (0.9) TC vs. 
CON:

 − 0.8 [ − 1.5 
to  − 0.2] 0.032  − 0.84  − 1.9 [ − 2.5 

to  − 1.2]  < 0.001  − 1.62

TC 4.7 (1.7) 3.7 (1.1) 3.2 (1.0) TC vs. EX:  − 1.3 [ − 1.9 
to  − 0.6]  < 0.001  − 1.29  − 1.1 [ − 1.7 

to  − 0.4] 0.005  − 0.96

30-min Delay Recall Test, number of words recalled

CON 4.2 (2.7) 5.0 (3.1) 4.6 (3.3)  < 0.001 0.060 0.594 EX vs. 
CON:

1.4 [0.2 to 
2.5] 0.036 0.43 2.9 [1.7 to 

4.0]  < 0.001 1.10

EX 4.8 (3.0) 6.8 (2.7) 7.9 (1.9) TC vs. 
CON:

1.8 [0.6 to 
3.0] 0.008 0.79 2.8 [1.6 to 

4.0]  < 0.001 1.46

TC 5.2 (2.2) 7.6 (2.3) 8.2 (1.5) TC vs. EX: 0.4 [ − 0.8 to 
1.6] 0.618 0.37  − 0.1 [ − 1.3 

to 1.1] 0.895 0.36

Digit span forward

Length, number of digits

CON 7.3 (0.9) 7.4 (1.0) 6.6 (1.0) 0.003 0.025 0.006 EX vs. 
CON:

0.6 [0.02 to 
1.1] 0.102 0.59 1.5 [0.9 to 

2.0]  < 0.001 1.55

EX 7.5 (1.0) 8.1 (0.7) 8.2 (0.7) TC vs. 
CON:

0.4 [ − 0.1 to 
1.0] 0.254 0.36 1.2 [0.6 to 

1.7]  < 0.001 1.06

TC 7.7 (0.7) 8.1 (1.0) 8.0 (1.1) TC vs. EX:  − 0.1 [ − 0.7 
to 0.4] 0.854  − 0.23  − 0.3 [ − 0.9 

to 0.3] 0.425  − 0.49

Mark, number of correct trials

CON 9.7 (1.4) 9.4 (1.6) 8.4 (1.4) 0.001 0.047 0.012 EX vs. 
CON:

1.6 [0.7 to 
2.5] 0.002 1.06 3.0 [2.1 to 

3.9]  < 0.001 1.95

EX 9.8 (1.9) 11.1 (1.0) 11.5 (1.4) TC vs. 
CON:

1.3 [0.4 to 
2.3] 0.015 0.62 2.3 [1.4 to 

3.3]  < 0.001 1.34

Continued
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Baseline 
(0-week)

Mid (12-
week)

Post (24-
week)

Group-
by-time 
Interaction 
effect

Group 
effect Time effect

Mid Post

ΔMeanadj 
[95%CI] P-value Cohen’s d

ΔMeanadj 
[95%CI] P-value Cohen’s d

TC 10.6 (1.8) 11.4 (2.0) 11.4 (2.1) TC vs. EX:  − 0.3 [ − 1.2 
to 0.7] 0.627  − 0.44  − 0.7 [ − 1.6 

to 0.3] 0.218  − 0.61

Digit span backward

Length, number of digits

CON 4.0 (1.1) 3.9 (1.7) 4.3 (1.9) 0.216 0.389 0.875 EX vs. 
CON:

0.7 [ − 0.1 to 
1.5] 0.308 0.67 0.9 [0.1 to 

1.7] 0.112 0.95

EX 4.0 (1.0) 4.6 (1.0) 5.2 (1.1) TC vs. 
CON:

0.3 [ − 0.5 to 
1.2] 0.718 0.30 0.7 [ − 0.1 

to 1.6] 0.308 0.72

TC 4.3 (0.7) 4.5 (1.0) 5.2 (1.2) TC vs. EX:  − 0.3 [ − 1.2 
to 0.5] 0.749  − 0.37  − 0.2 [ − 1.0 

to 0.6] 0.826  − 0.23

Mark, number of correct trials

CON 4.8 (2.1) 5.3 (3.1) 5.7 (3.2) 0.095 0.130 0.556 EX vs. 
CON:

0.4 [ − 0.8 to 
1.6] 0.637 0.24 1.0 [ − 0.2 

to 2.2] 0.269 0.59

EX 5.5 (1.8) 6.3 (1.9) 7.3 (2.1) TC vs. 
CON:

0.5 [ − 0.7 to 
1.8] 0.581 0.63 1.1 [ − 0.1 

to 2.4] 0.269 1.24

TC 5.2 (1.0) 6.2 (1.4) 7.2 (1.5) TC vs. EX: 0.1 [ − 1.1 to 
1.4] 0.953 0.39 0.1 [ − 1.1 

to 1.4] 0.953 0.65

N-back tasks

1-back correction rate, %

CON 73.5 (8.2) 72.7 (10.3) 70.5 (9.6) 0.003 0.001 0.008 EX vs. 
CON:

2.4 [ − 3.8 to 
8.5] 0.748 0.55 6.1 [ − 0.03 

to 12.3] 0.332 1.05

EX 70.5 (5.7) 73.5 (7.2) 75.0 (6.9) TC vs. 
CON:

 − 2.2 [ − 8.8 
to 4.4] 0.748 0.09 8.3 [1.7 to 

14.8] 0.206 1.18

TC 67.3 (8.8) 67.3 (9.8) 75.5 (10.5) TC vs. EX:
 − 4.5 
[ − 11.0 to 
1.9]

0.469  − 0.46 2.1 [ − 4.3 
to 8.6] 0.748 0.14

1-back reaction time, ms

CON 755.4 
(255.7)

712.6 
(172.0)

702.9 
(245.6) 0.771 0.985 0.542 EX vs. 

CON:
32.4 
[ − 142.0 to 
206.8]

0.969 0.06
46.3 
[ − 131.9 to 
224.5]

0.969 0.08

EX 822.3 
(410.4)

776.1 
(247.8)

774.7 
(326.9)

TC vs. 
CON:

18.3 
[ − 164.4 to 
201.0]

0.969  − 0.08
60.7 
[ − 125.7 to 
247.1]

0.969 0.10

TC 803.6 
(221.9)

753.4 
(136.1)

780.4 
(183.2) TC vs. EX:

 − 14.1 
[ − 196.7 to 
168.5]

0.969  − 0.14
14.4 
[ − 168.2 to 
197.0]

0.969 0.01

2-back correction rate, %

CON 68.1 (7.0) 67.4 (9.7) 64.6 (6.3) 0.014 0.035 0.086 EX vs. 
CON:

0.3 [ − 4.9 to 
5.5] 0.942 0.08 8.5 [3.3 to 

13.7] 0.053 1.19

EX 67.4 (7.5) 67.4 (7.5) 72.8 (8.6) TC vs. 
CON:

 − 1.5 [ − 7.0 
to 4.0] 0.885  − 0.08 5.5 [ − 0.01 

to 11.0] 0.260 1.18

TC 65.8 (6.1) 65.0 (3.5) 69.2 (4.0) TC vs. EX:  − 1.7 [ − 7.2 
to 3.7] 0.836  − 0.16  − 3.0 [ − 8.5 

to 2.5] 0.714  − 0.01

2-back reaction time, ms

CON 934.8 
(189.3)

1012.3 
(410.0)

851.4 
(214.3) 0.493 0.423 0.427 EX vs. 

CON:
 − 93.9 
[ − 338.6 to 
150.9]

0.961  − 0.12
52.4 
[ − 186.0 to 
290.9]

0.961 0.49

EX 843.8 
(368.1)

882.2 
(251.6)

877.3 
(467.7)

TC vs. 
CON:

 − 166.0 
[ − 428.6 to 
96.6]

0.961  − 0.81
147.9 
[ − 98.1 to 
394.0]

0.961 0.52

TC 1035.5 
(300.6)

882.8 
(229.4)

1077.9 
(467.5) TC vs. EX:

 − 72.2 
[ − 325.2 to 
180.9]

0.961  − 0.69
95.5 
[ − 156.7 to 
347.7]

0.961 0.03

Victoria stroop test

Dot condition-completion time, s

CON 22.9 (10.3) 23.8 (12.2) 23.4 (17.4) 0.443 0.850 0.907 EX vs. 
CON:

 − 5.5 
[ − 10.8 
to  − 0.2]

0.242  − 0.59
 − 8.3 
[ − 13.6 
to  − 3.0]

0.029  − 0.89

EX 23.9 (12.3) 19.0 (5.8) 15.8 (5.3) TC vs. 
CON:

 − 3.5 [ − 9.1 
to 2.1] 0.491  − 0.24  − 4.1 [ − 9.7 

to 1.5] 0.423  − 0.35

TC 17.0 (8.0) 16.0 (3.6) 15.0 (4.3) TC vs. EX: 2.0 [ − 3.6 to 
7.6] 0.693 0.35 4.2 [ − 1.4 

to 9.8] 0.417 0.54

Dot condition-number of errors

CON 0.8 (1.2) 0.8 (1.1) 0.9 (1.8) 0.442 0.862 0.965 EX vs. 
CON:

 − 0.4 [ − 1.0 
to 0.2] 0.475  − 0.37  − 0.8 [ − 1.4 

to  − 0.2] 0.200  − 0.67

Continued
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P = 0.007; EX vs. CON: P = 0.030) and post-assessment (TC vs. CON: P = 0.006; EX vs. CON: P = 0.006), but there 
were no significant differences between the intervention groups over the course of study. At mid-assessment, 
the physical component score of SF-12 did not differ among all groups. At post-assessment, both intervention 
groups showed significant improvements in the physical component score of SF-12 compared with CON (TC 
vs. CON: P = 0.008; EX vs. CON: P = 0.049), but there was no significant difference between the two intervention 
groups. No significant differences in the mental component summary of the SF-12 and PSQI were observed.

Discussion
Given the current available evidence that shows Tai Chi and conventional exercise induce changes in the brain 
through different  mechanisms16 that lead to different structural and functional brain  adaptions19,20, it is con-
ceivable that these two exercise modalities confer different effects on global cognitive function and on specific 
cognitive domains. The present study directly compared the effects of the two exercise modalities on improving 
global cognitive function and on particular cognitive domains. After 12 weeks of intervention, Tai Chi, but not 
conventional exercise, provoked a clinically relevant improvement in global cognitive function (i.e., a mini-
mum increase in the score of MoCA-HK by 4 points compared to  baseline33–35). Both exercise groups exhibited 

Baseline 
(0-week)

Mid (12-
week)

Post (24-
week)

Group-
by-time 
Interaction 
effect

Group 
effect Time effect

Mid Post

ΔMeanadj 
[95%CI] P-value Cohen’s d

ΔMeanadj 
[95%CI] P-value Cohen’s d

EX 0.9 (1.6) 0.4 (1.0) 0.2 (0.4) TC vs. 
CON:

 − 0.3 [ − 1.0 
to 0.3] 0.609  − 0.71  − 0.5 [ − 1.1 

to 0.1] 0.424  − 0.77

TC 0.2 (0.4) 0.0 (0.0) 0.0 (0.0) TC vs. EX: 0.05 [ − 0.6 
to 0.7] 0.930  − 0.33 0.3 [ − 0.3 

to 0.9] 0.628  − 0.11

Word condition-completion time, s

CON 31.3 (14.6) 30.0 (18.1) 31.5 (15.6) 0.298 0.851 0.947 EX vs. 
CON:

 − 3.4 [ − 9.5 
to 2.6] 0.481  − 0.21

 − 8.8 
[ − 14.8 
to  − 2.7]

0.070  − 0.59

EX 32.7 (17.7) 27.6 (17.9) 23.9 (12.6) TC vs. 
CON:

 − 3.9 
[ − 10.3 to 
2.4]

0.456  − 0.31
 − 4.4 
[ − 10.7 to 
2.0]

0.456  − 0.24

TC 25.7 (14.9) 21.4 (5.0) 22.6 (12.0) TC vs. EX:  − 0.5 [ − 6.9 
to 5.9] 0.971  − 0.10 4.4 [ − 2.0 

to 10.8] 0.456 0.34

Word condition-number of errors

CON 1.3 (1.5) 0.8 (1.3) 0.9 (1.4) 0.375 0.125 0.126 EX vs. 
CON:

 − 0.5 [ − 1.1 
to 0.1] 0.311  − 0.19  − 0.3 [ − 0.8 

to 0.3] 0.639  − 0.05

EX 1.0 (2.0) 0.2 (0.6) 0.5 (0.9) TC vs. 
CON:

 − 0.2 [ − 0.8 
to 0.4] 0.665  − 0.06 0.1 [ − 0.5 

to 0.7] 0.821 0.28

TC 0.6 (1.3) 0.2 (0.4) 0.6 (0.8) TC vs. EX: 0.3 [ − 0.3 to 
0.9] 0.637 0.13 0.4 [ − 0.2 

to 1.0] 0.536 0.32

Interference condition-completion time, s

CON 45.3 (19.4) 50.8 (25.0) 46.7 (23.3) 0.004 0.173 0.457 EX vs. 
CON:

 − 15.5 
[ − 25.5 
to  − 5.6]

0.015  − 0.67
 − 16.6 
[ − 26.6 
to  − 6.7]

0.012  − 0.63

EX 56.9 (35.3) 44.4 (22.9) 39.2 (27.1) TC vs. 
CON:

 − 7.6 
[ − 18.0 to 
2.7]

0.282  − 0.31
 − 12.6 
[ − 23.0 
to  − 2.3]

0.055  − 0.67

TC 42.3 (21.0) 40.8 (23.3) 31.7 (12.9) TC vs. EX: 7.9 [ − 2.5 to 
18.4] 0.274 0.35 4.0 [ − 6.4 

to 14.4] 0.651  − 0.05

Interference condition-number of errors

CON 2.3 (1.8) 2.8 (1.9) 2.8 (2.5) 0.021 0.142 0.180 EX vs. 
CON:

 − 1.1 [ − 2.3 
to 0.1] 0.300  − 0.54  − 1.5 [ − 2.7 

to  − 0.3] 0.170  − 0.68

EX 2.5 (2.6) 1.9 (1.7) 1.5 (1.7) TC vs. 
CON:

 − 1.3 [ − 2.6 
to  − 0.1] 0.249  − 0.76  − 1.5 [ − 2.8 

to  − 0.3] 0.170  − 0.87

TC 2.9 (2.3) 1.9 (1.7) 1.7 (1.3) TC vs. EX:  − 0.3 [ − 1.5 
to 1.0] 0.835  − 0.22

 − 0.04 
[ − 1.3 to 
1.2]

0.983  − 0.19

Verbal Fluency Test, number of animals

CON 14.6 (3.6) 15.1 (4.7) 15.1 (3.3) 0.164 0.750 0.739 EX vs. 
CON:

0.2 [ − 1.9 to 
2.3] 0.991  − 0.04 0.8 [ − 1.4 

to 2.9] 0.913 0.04

EX 15.9 (5.0) 16.3 (5.0) 16.8 (4.7) TC vs. 
CON:

1.8 [ − 0.5 to 
4.0] 0.410 0.55 2.2 [ − 0.1 

to 4.4] 0.366 0.62

TC 16.4 (3.2) 18.2 (2.1) 18.6 (2.5) TC vs. EX: 1.6 [ − 0.6 to 
3.8] 0.472 0.59 1.4 [ − 0.8 

to 3.6] 0.584 0.58

Table 2.  Summary of neurocognitive assessments. All values are expressed as mean (SD). Generalized 
estimating equations with baseline measurement as a covariate was used to analyze the data. Pairwise 
comparisons were performed using closed test procedure with Holm-Bonferroni correction. CON Control 
group, EX Conventional exercise group, TC Tai Chi group.
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Baseline 
(0-week)

Mid (12-
week)

Post (24-
week)

Group-
by-time 
Interaction 
effect

Group 
effect

Time 
effect

Mid Post

ΔMeanadj 
[95%CI] P-value Cohen’s d

ΔMeanadj 
[95%CI] P-value Cohen’s d

Physical Performance

Five Times Chair Stand Test, s

CON 10.4 (2.7) 11.5 (2.6) 11.3 (3.3)  < 0.001 0.125 0.067 EX vs. 
CON:

 − 3.8 
[− 5.2 
to − 2.4]

 < 0.001  − 1.39
 − 4.5 
[− 5.9 
to − 3.1]

 < 0.001  − 1.72

EX 10.5 (3.4) 7.7 (2.2) 6.9 (1.1) TC vs. 
CON:

 − 3.5 
[− 5.0 
to − 2.1]

 < 0.001  − 1.97
 − 3.8 
[− 5.3 
to − 2.4]

 < 0.001  − 2.14

TC 9.7 (1.6) 7.5 (1.2) 7.1 (1.2) TC vs. EX: 0.3 [− 1.2 
to 1.7] 0.779  − 0.58 0.7 [− 0.8 

to 2.1] 0.450  − 0.41

Single Leg Stand Test

Left leg, s

CON 38.5 (50.4) 35.1 (35.5) 37.0 (45.2) 0.102 0.074 0.838 EX vs. 
CON:

8.3 [− 12.7 
to 29.3] 0.878 0.20 20.0 [− 1.0 

to 41.0] 0.263 0.43

EX 61.2 (48.2) 67.0 (49.2) 80.6 (49.8) TC vs. 
CON:

 − 0.8 
[− 22.6 to 
21.0]

0.974 0.07 18.5 [− 3.3 
to 40.3] 0.317 0.54

TC 46.6 (40.2) 46.2 (33.7) 67.4 (42.3) TC vs. EX:
 − 9.1 
[− 30.9 to 
12.7]

0.878  − 0.13
 − 1.5 
[− 23.3 to 
20.3]

0.974 0.11

Right leg, s

CON 44.3 (47.1) 44.0 (42.2) 40.6 (43.2)  < 0.001 0.005 0.052 EX vs. 
CON:

20.6 [0.2 
to 40.9] 0.101 0.36 30.2 [9.9 

to 50.6] 0.019 0.56

EX 56.2 (51.3) 74.8 (55.0) 81.0 (51.5) TC vs. 
CON:

28.9 [7.6 
to 50.2] 0.034 0.84 41.1 [19.8 

to 62.4] 0.006 1.13

TC 45.8 (28.1) 74.2 (39.5) 83.0 (41.7) TC vs. EX: 8.3 [− 13.0 
to 29.6] 0.668 0.48

10.8 
[− 10.5 to 
32.2]

0.522 0.56

Mood

Hospital Anxiety and Depression Scale

Anxiety score

CON 2.4 (2.5) 3.0 (3.6) 3.7 (3.4) 0.001 0.014 0.012 EX vs. 
CON:

 − 0.9 
[− 2.5 to 
0.7]

0.444  − 0.34
 − 2.7 
[− 4.3 
to − 1.1]

0.010  − 1.18

EX 2.8 (2.6) 2.4 (2.7) 1.3 (1.2) TC vs. 
CON:

 − 2.2 
[− 3.9 
to − 0.6]

0.052  − 0.91
 − 3.3 
[− 5.0 
to − 1.6]

0.004  − 1.43

TC 3.2 (2.8) 1.3 (2.5) 0.9 (1.7) TC vs. EX:
 − 1.4 
[− 3.0 to 
0.3]

0.214  − 0.56
 − 0.6 
[− 2.3 to 
1.1]

0.663  − 0.25

Depression score

CON 3.0 (3.6) 3.2 (3.7) 3.4 (3.6) 0.005 0.137 0.119 EX vs. 
CON:

 − 1.9 
[− 3.4 
to − 0.4]

0.030  − 0.75
 − 2.8 
[− 4.4 
to − 1.3]

0.006  − 1.10

EX 4.0 (3.5) 1.9 (2.4) 1.3 (1.6) TC vs. 
CON:

 − 2.6 
[− 4.2 
to − 0.9]

0.007  − 0.95
 − 2.7 
[− 4.3 
to − 1.1]

0.006  − 1.05

TC 3.9 (3.7) 1.2 (2.1) 1.3 (1.3) TC vs. EX:
 − 0.7 
[− 2.3 to 
1.0]

0.703  − 0.20 0.1 [− 1.5 
to 1.7] 0.986 0.05

Health-related quality of life

12-item Short Form Survey

Physical component summary

CON 48.2 (6.7) 45.2 (9.7) 42.2 (12.6) 0.002 0.012 0.010 EX vs. 
CON:

4.4 [− 0.8 
to 9.6] 0.299 0.65 7.4 [2.2 to 

12.6] 0.049 0.90

EX 45.4 (9.3) 47.8 (7.4) 47.8 (5.8) TC vs. 
CON:

5.1 [− 0.4 
to 10.6] 0.250 0.80 10.3 [4.9 

to 15.8] 0.008 1.27

TC 43.6 (10.3) 47.3 (6.0) 49.5 (6.9) TC vs. EX: 0.7 [− 4.7 
to 6.2] 0.842 0.15 2.9 [− 2.5 

to 8.4] 0.479 0.36

Mental component summary

CON 57.4 (5.3) 55.4 (8.8) 55.1 (7.6) 0.255 0.186 0.252 EX vs. 
CON:

 − 1.0 
[− 6.4 to 
4.3]

0.958 0.14
 − 0.1 
[− 5.4 to 
5.3]

0.992 0.31

EX 53.7 (8.3) 52.7 (6.6) 53.4 (6.7) TC vs. 
CON:

2.5 [− 3.2 
to 8.2] 0.958 0.79 1.8 [− 3.9 

to 7.5] 0.958 0.67

Continued
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significantly larger improvements in global cognitive function compared with the control but it is worth-noting 
that the improvement was more profound in the Tai Chi group. Upon completion of the 24-week intervention, 
both intervention groups manifested a clinically relevant improvement in global cognitive function and the 
improvements were significantly larger than that of the control group. Tai Chi led to a more evident improvement 
in global cognitive function than conventional exercise but such difference did not reach statistical significance. 
Furthermore, both interventions improved executive function, cognitive flexibility, long-term memory, short 
term memory, and attention after 24 weeks. Tai Chi improved cognitive flexibility more evidently and rapidly 
than conventional exercise, as indicated by a reduction in the TMT Part B/A ratio score. On the other hand, con-
ventional exercise showed earlier improvements on attention than Tai Chi. Our data in line with existing reports 
that both interventions can improve cognitive function. The present findings have demonstrated the differential 
effects of different exercise modalities on global cognitive function and cognitive flexibility, but not memory.

The practical guidelines of the American Association of Neurology suggest a 6-month exercise program 
with a frequency of two sessions weekly can improve cognitive function in patients with MCI, but there are no 
specific recommendations on the exercise  modality5. Here, we showed that conventional exercise and Tai Chi 
significantly improved global cognitive function after only 12 weeks of the intervention, which could be ascribed 
to the more frequent training sessions in our protocol. At the mid-assessment, Tai Chi resulted in more profound 
improvements on global cognitive function compared with conventional exercise. Moreover, Tai Chi, but not 
conventional exercise, showed an increase in MoCA-HK score that exceeded the defined score (i.e., 4 points) 
for a minimal clinically important  difference33–35. Tai Chi elicited more rapid clinically relevant improvements 
on global cognitive function than conventional exercise, suggesting Tai Chi might benefit older adults with MCI 
with an earlier amelioration of the cognitive decline and would prevent related daily function impairments. After 
24 weeks of intervention, both exercise modalities induced clinically relevant improvements in global cogni-
tive function, which supports the recommendation of a 6-month exercise intervention period by the American 
Association of Neurology. Risk factors including poor sleep, depression, anxiety, and metabolic abnormali-
ties are known to increase the risk of progression from MCI to  dementia24. In line with the existing data, we 
demonstrated that the two exercise modalities could attenuate depression and anxiety scores in HADS. The 
beneficial effects of conventional exercise and Tai Chi on sleep is also well  documented55. Our observation that 
neither intervention led to improved sleep quality may be due to the low baseline PSQI scores. Taken together, 
both exercise interventions were able to enhance cognitive function, making them promising interventions for 
preventing cognitive decline and possibly reducing the risk of progression from MCI to dementia. Although the 
differences in the improvements on global cognitive function between the two intervention groups became less 
evident after 24 weeks of intervention, Tai Chi tended to show more profound improvements. Further studies 
with larger sample sizes will be needed to substantiate the superior effectiveness and long-term benefits of Tai 
Chi compared with conventional exercise.

Notably, in the mid-assessment, TC showed a greater improvement in global cognitive function and an early 
improvement in Trail Making Test Part B/A ratio score, whereas EX showed an earlier improvement in the 
completion time of the Victoria Stroop Test under the interference condition. This data supports the notion that 
conventional exercise and Tai Chi manifest different effects on global cognitive function and cognitive domains 
of interest. Indeed, the two types of exercise differ in the mode of training. Conventional exercise emphasizes 
fitness training with simple repetitive movements, whereas Tai Chi emphasizes motor training through the prac-
tice of specific body movements with the incorporation of  meditation16. Unlike fitness training that was found 
to improve global cognition by enhancing cardiorespiratory fitness, motor training has been shown to induce 
task-specific changes in the  brain56. Therefore, the two exercise modalities induce specific brain adaptations by 
distinct mechanisms, which might account for our observations on the affected cognitive domains and different 
improvement rates. It should be noted that TMT requires cooperation of several cognitive  domains57. The Part 

Baseline 
(0-week)

Mid (12-
week)

Post (24-
week)

Group-
by-time 
Interaction 
effect

Group 
effect

Time 
effect

Mid Post

ΔMeanadj 
[95%CI] P-value Cohen’s d

ΔMeanadj 
[95%CI] P-value Cohen’s d

TC 51.2 (9.3) 55.1 (5.5) 54.0 (8.4) TC vs. EX: 3.5 [− 2.1 
to 9.1] 0.958 0.64 1.8 [− 3.8 

to 7.4] 0.958 0.36

Sleep

Pittsburgh Sleep Quality Index

CON 5.3 (3.6) 6.3 (3.4) 5.7 (2.8) 0.118 0.453 0.230 EX vs. 
CON:

 − 0.4 
[− 2.2 to 
1.5]

0.842  − 0.17
 − 1.0 
[− 2.8 to 
0.8]

0.587  − 0.25

EX 5.2 (5.1) 5.8 (4.9) 4.6 (4.4) TC vs. 
CON:

 − 2.6 
[− 4.5 
to − 0.7]

0.137  − 0.70
 − 2.0 
[− 3.9 
to − 0.1]

0.232  − 0.53

TC 5.7 (4.7) 4.0 (3.4) 4.0 (3.5) TC vs. EX:
 − 2.2 
[− 4.1 
to − 0.3]

0.191  − 0.53
 − 1.0 
[− 2.9 to 
0.9]

0.587  − 0.28

Table 3.  Summary of physical performance, mood, quality of life, and sleep assessments. All values are 
expressed as mean (SD). Generalized estimating equations with baseline measurement as a covariate was used 
to analyze the data. Pairwise comparisons were performed using closed test procedure with Holm-Bonferroni 
correction. CON Control group, EX Conventional exercise group, TC Tai Chi group.
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B/A ratio score provides a relatively purer measure of cognitive flexibility, a sub-domain of executive function, as 
it has reduced possible interference from other cognitive  domains46,47. In line with a recent study, TC provoked a 
more profound improvement in cognitive flexibility than EX at both assessments, indicated by a larger decrease 
in the Part B/A ratio  score20. Given that the physical activity intensity was comparable between the two exercise 
modalities in the present study, the greater improvements on cognitive flexibility induced by Tai Chi could be 
ascribed to its specific motor training and added meditation element. Cognitive flexibility refers to the ability 
to switch between different mental sets, thoughts, tasks, or  strategies58, and is required for task-switching and 
multi-tasking59. Conventional exercises largely consist of simple, repetitive movements, whereas specific motor 
planning is necessary to ensure the smooth execution of successive complex movements in Tai Chi. Besides, 
previous studies showed that meditation alone is sufficient to enhance task-switching performance and cognitive 
 flexibility60,61. This supports the incorporation of meditation and the cognitive demands of motor planning during 
Tai Chi practice to facilitate the improvements on cognitive flexibility. Taken together, intricate motor training 
in conjunction with meditation in Tai Chi might lead to earlier and more significant improvements on cognitive 
flexibility. Considering that each executive function subdomain is associated with a specific computation among 
the execution function-related brain  regions45, we speculate that Tai Chi may enhance the specific computation of 
the brain regions related to cognitive flexibility in a more profound manner than conventional exercise, whereas 
the two exercise modalities induced similar enhancements of the specific computations of the brain regions 
related to other executive function subdomains. This may account for the more evident improvement in cogni-
tive flexibility in the Tai Chi group, but similar improvements in other executive function subdomains induced 
by Tai Chi and conventional exercise observed in this study. However, further studies are needed to confirm this 
notion. At post-assessment, both exercise modalities improved all the assessed cognitive domains, except the 
language domain assessed by verbal fluency. Although we found that Tai Chi improved the TMT Part B/A ratio 
score and conventional exercise reduced the completion time of the Victoria Stroop Test at mid-assessment, it 
should be noted that the improvements in the other neurocognitive tests (including length of Digit Span For-
ward, TMT Part B and Part B-A difference scores) across both intervention groups were observed only after the 
completion of the 24-week interventions. Collectively, our data are congruent with the documented guidelines 
and suggests that 24 weeks of exercise intervention is required to confer significant improvements in any given 
cognitive domain regardless of the exercise modality.

Although Tai Chi provoked more prominent improvement on global cognitive function than conventional 
exercise, there were no significant differences in the assessed cognitive domains between the two intervention 
groups except for cognitive flexibility. However, this single significant change might not be sufficient to explain 
the superiority of Tai Chi over conventional exercise on improving global cognitive function. Contrary to previ-
ous observations in healthy adults, the improvements in memory and the executive function subdomains besides 
cognitive flexibility induced by Tai Chi and conventional exercise were not significantly different in older adults 
with MCI. Nevertheless, it is noteworthy that the effect sizes of Tai Chi on task-switching, executive control, 
and long term memory, measured by TMT Part B, TMT Part B-A minus score, and 30-min Delay recall Test, 
respectively, were larger than the conventional exercise counterparts, with small to moderate differences in 
magnitude (i.e., 0.30–0.49). Although Tai Chi appear to modulate these domains in a more pronounced man-
ner compared with conventional exercise, the small sample sizes possibly prevented these improvements from 
reaching statistical significance. Both memory and executive function consist of an array of subdomains, but 
how these subdomains are modulated by the two exercise modalities remains to be deciphered. Moreover, as 
only executive function, memory, attention and language were assessed and reported as secondary outcomes, we 
cannot exclude the possibility that the other cognitive domains not assessed in this pilot study might contribute 
to more profound improvements in global cognitive function induced by the Tai Chi intervention. Notably, 
executive function, memory, and orientation have a larger weight relative to other assessed domains in MoCA-
HK. Therefore, alterations in these cognitive domains likely lead to a considerable change in the MoCA-HK 
score due to their inherent and significant impact on the  test62,63, which should be considered when interpreting 
the results. Our current findings will need to be validated in future studies with an adequate sample size, and 
the subdomains of executive function and memory should be comprehensively assessed along with the other 
cognitive domains not studied in the present work.

There are some limitations in the present study that need to be considered when interpreting the results. 
First, participants were advised to avoid gathering in groups because of the COVID-19 pandemic. Six off-site 
sessions were organized for the conventional exercise training, which required self-practicing while following 
the instructions of the respective teaching videos. Notably, we observed no significant differences in both the 
effectiveness of the instruction delivery and perceived exertion between video and face-to-face sessions (Supple-
mentary Table 3). Therefore, we believe that the face-to-face and video sessions are equally effective. Second, this 
study excluded individuals with major diseases to avoid confounding factors on cognitive impairment that may 
be due to an underlying illness. However, we cannot rule out the possibility that there might be conditions that 
remained undiagnosed at the time of recruitment. Third, social activities are beneficial to cognitive  function64–66. 
Participants in the intervention groups are exposed to interactions with the instructors and their fellow partici-
pants, thereby contributing to the observed improvement in cognitive function. However, the social interaction 
level of participants in the control group was not examined. Nonetheless, this did not affect the interpretation 
of the differences between the two exercise interventions. Fourth, it has been demonstrated in animal models 
that environmental enrichment is beneficial to cognitive function. A trip to the intervention venue may possibly 
increase the exposure of the environmental stimuli, both visual and auditory, and contributed to the observed 
larger improvement in cognitive function in the intervention groups compared with the control group. However, 
this should not affect the interpretation of the difference in effectiveness between the two intervention groups. 
Fifth, this study assessed only four cognitive domains (memory, attention, executive function, and language) out 
of the six key cognitive domains (the above four plus perceptual-motor function and social cognition) defined 
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by Diagnostic and Statistical Manual of Mental Disorders, Fifth  Edition67. Although we did not directly measure 
perceptual-motor function, static and dynamic balance were assessed by Single Leg Stand Test and Five Times 
Chair Stand Test,  respectively68. Considering that static and dynamic balance is associated with perceptual-
motor  function69, a corresponding improvement in perceptual function will likely accompany improvements 
in static and dynamic balance in both intervention groups. However, improvements in balance ability may not 
fully address the effects of conventional exercise and Tai Chi on perceptual-motor function. Further in-depth 
studies and direct assessments are needed to evaluate the differences between these two exercise modalities 
on improving these domains. Sixth, our preliminary data obtained after 12 weeks of intervention support the 
notion that these two exercise modalities manifest different efficacies on global cognitive function and cognitive 
flexibility. However, although the 95% confident interval of the adjusted mean difference of the improvement in 
global cognitive function induced by Tai Chi and conventional exercise after the 24-week intervention did not 
contain zero, such difference did not reach statistical significance, which is likely ascribed to the small sample 
size. Further studies with an adequate sample size are needed to confirm the differences in long-term benefits 
between the two exercise modalities. Moreover, studies dissecting the respective underlying mechanisms of Tai 
Chi and conventional exercise on improving cognitive function and the respective changes induced in the brain 
are warranted to understand the beneficial effects of the two exercise modalities thoroughly.

In conclusion, both conventional exercise and Tai Chi improved global cognitive function and the perfor-
mance of all the tested cognitive domains except for language after 24 weeks of intervention. Tai Chi conferred 
clinically relevant improvement on global cognitive function and improved cognitive flexibility more quickly 
and as early as after 12 weeks of intervention, whereas conventional exercise led to more rapid improvements in 
attention. These findings indicate the two exercise modalities have different effects on improving global cognitive 
function and cognitive domains. Compared with conventional exercise, the more immediate improvements in 
cognitive performance by Tai Chi training might benefit older adults with MCI, however, further investigations 
are needed to compare the effects of the two exercise modalities in a long-term intervention setting.

Received: 18 August 2021; Accepted: 3 May 2022

References
 1. Cahill, S. WHO’s global action plan on the public health response to dementia: some challenges and opportunities. Aging Ment. 

Health 24, 197–199. https:// doi. org/ 10. 1080/ 13607 863. 2018. 15442 13 (2020).
 2. Collaborators, G. B. D. D. Global, regional, and national burden of Alzheimer’s disease and other dementias, 1990–2016: a sys-

tematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 18, 88–106. https:// doi. org/ 10. 1016/ S1474- 4422(18) 
30403-4 (2019).

 3. Kivipelto, M. et al. World-Wide FINGERS Network: A global approach to risk reduction and prevention of dementia. Alzheimers 
Dement 16, 1078–1094. https:// doi. org/ 10. 1002/ alz. 12123 (2020).

 4. Lai, X., Wen, H., Li, Y., Lu, L. & Tang, C. The comparative efficacy of multiple interventions for mild cognitive impairment in 
Alzheimer’s Disease: a bayesian network meta-analysis. Front. Aging Neurosci. 12, 121. https:// doi. org/ 10. 3389/ fnagi. 2020. 00121 
(2020).

 5. Petersen, R. C. et al. Practice guideline update summary: Mild cognitive impairment: report of the guideline development, dis-
semination, and implementation subcommittee of the american academy of neurology. Neurology 90, 126–135. https:// doi. org/ 
10. 1212/ WNL. 00000 00000 004826 (2018).

 6. Shimada, H., Doi, T., Lee, S. & Makizako, H. Reversible predictors of reversion from mild cognitive impairment to normal cogni-
tion: a 4-year longitudinal study. Alzheimers Res. Ther. 11, 24. https:// doi. org/ 10. 1186/ s13195- 019- 0480-5 (2019).

 7. Lam, L. C. & Cheng, S. T. Maintaining long-term adherence to lifestyle interventions for cognitive health in late life. Int. Psycho-
geriatr. 25, 171–173. https:// doi. org/ 10. 1017/ S1041 61021 20016 03 (2013).

 8. Gomez-Pinilla, F. & Hillman, C. The influence of exercise on cognitive abilities. Compr. Physiol. 3, 403–428. https:// doi. org/ 10. 
1002/ cphy. c1100 63 (2013).

 9. Best, J. R., Chiu, B. K., Hsu, C. L., Nagamatsu, L. S. & Liu-Ambrose, T. Long-term effects of resistance exercise training on cogni-
tion and brain volume in older women: results from a randomized controlled trial. J. Int. Neuropsychol. Soc. 21, 745–756. https:// 
doi. org/ 10. 1017/ S1355 61771 50006 73 (2015).

 10. Liu-Ambrose, T. et al. Resistance training and executive functions: a 12-month randomized controlled trial. Arch. Intern. Med. 
170, 170–178. https:// doi. org/ 10. 1001/ archi ntern med. 2009. 494 (2010).

 11. Li, Z., Peng, X., Xiang, W., Han, J. & Li, K. The effect of resistance training on cognitive function in the older adults: a systematic 
review of randomized clinical trials. Aging Clin. Exp. Res. 30, 1259–1273. https:// doi. org/ 10. 1007/ s40520- 018- 0998-6 (2018).

 12. World Health Organization. in Risk Reduction of Cognitive Decline and Dementia: WHO Guidelines WHO Guidelines Approved by 
the Guidelines Review Committee (2019).

 13. Adler, P. A. & Roberts, B. L. The use of Tai Chi to improve health in older adults. Orthop. Nurs. 25, 122–126 (2006).
 14. Yang, J. et al. Tai Chi is effective in delaying cognitive decline in older adults with mild cognitive impairment: evidence from a 

systematic review and meta-analysis. Evidence-based Complement. Altern. Med. eCAM 2020, 3620534. https:// doi. org/ 10. 1155/ 
2020/ 36205 34 (2020).

 15. Lim, K. H., Pysklywec, A., Plante, M. & Demers, L. The effectiveness of Tai Chi for short-term cognitive function improvement in 
the early stages of dementia in the elderly: a systematic literature review. Clin. Interv. Aging 14, 827–839. https:// doi. org/ 10. 2147/ 
CIA. S2020 55 (2019).

 16. Netz, Y. Is There a preferred mode of exercise for cognition enhancement in older age?-A narrative review. Front. Med. (Lausanne) 
6, 57. https:// doi. org/ 10. 3389/ fmed. 2019. 00057 (2019).

 17. Kleinloog, J. P. D. et al. Aerobic exercise training improves cerebral blood flow and executive function: a randomized, controlled 
cross-over trial in sedentary older men. Front. Aging Neurosci. 11, 333. https:// doi. org/ 10. 3389/ fnagi. 2019. 00333 (2019).

 18. Alfini, A. J., Weiss, L. R., Nielson, K. A., Verber, M. D. & Smith, J. C. Resting cerebral blood flow after exercise training in mild 
cognitive impairment. J. Alzheimer’s Dis. JAD 67, 671–684. https:// doi. org/ 10. 3233/ JAD- 180728 (2019).

 19. Cui, L. et al. Tai Chi Chuan vs general aerobic exercise in brain plasticity: a multimodal MRI study. Sci. Rep. 9, 17264. https:// doi. 
org/ 10. 1038/ s41598- 019- 53731-z (2019).

 20. Cui, L. et al. Tai Chi Chuan alters brain functional network plasticity and promotes cognitive flexibility. Front Psychol. 12, 665419. 
https:// doi. org/ 10. 3389/ fpsyg. 2021. 665419 (2021).

https://doi.org/10.1080/13607863.2018.1544213
https://doi.org/10.1016/S1474-4422(18)30403-4
https://doi.org/10.1016/S1474-4422(18)30403-4
https://doi.org/10.1002/alz.12123
https://doi.org/10.3389/fnagi.2020.00121
https://doi.org/10.1212/WNL.0000000000004826
https://doi.org/10.1212/WNL.0000000000004826
https://doi.org/10.1186/s13195-019-0480-5
https://doi.org/10.1017/S1041610212001603
https://doi.org/10.1002/cphy.c110063
https://doi.org/10.1002/cphy.c110063
https://doi.org/10.1017/S1355617715000673
https://doi.org/10.1017/S1355617715000673
https://doi.org/10.1001/archinternmed.2009.494
https://doi.org/10.1007/s40520-018-0998-6
https://doi.org/10.1155/2020/3620534
https://doi.org/10.1155/2020/3620534
https://doi.org/10.2147/CIA.S202055
https://doi.org/10.2147/CIA.S202055
https://doi.org/10.3389/fmed.2019.00057
https://doi.org/10.3389/fnagi.2019.00333
https://doi.org/10.3233/JAD-180728
https://doi.org/10.1038/s41598-019-53731-z
https://doi.org/10.1038/s41598-019-53731-z
https://doi.org/10.3389/fpsyg.2021.665419


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:8868  | https://doi.org/10.1038/s41598-022-12526-5

www.nature.com/scientificreports/

 21. Yao, Y. et al. The Effect of Tai Chi Chuan on Emotional Health: Potential Mechanisms and Prefrontal Cortex Hypothesis. Evidence-
based Complement. Altern. Med. eCAM 2021, 5549006. https:// doi. org/ 10. 1155/ 2021/ 55490 06 (2021).

 22. Marciniak, R. et al. Effect of meditation on cognitive functions in context of aging and neurodegenerative diseases. Front Behav. 
Neurosci. 8, 17. https:// doi. org/ 10. 3389/ fnbeh. 2014. 00017 (2014).

 23. Ji, Z. et al. The benefits of Tai Chi and brisk walking for cognitive function and fitness in older adults. PeerJ 5, e3943. https:// doi. 
org/ 10. 7717/ peerj. 3943 (2017).

 24. Campbell, N. L., Unverzagt, F., LaMantia, M. A., Khan, B. A. & Boustani, M. A. Risk factors for the progression of mild cognitive 
impairment to dementia. Clin. Geriatr. Med. 29, 873–893. https:// doi. org/ 10. 1016/j. cger. 2013. 07. 009 (2013).

 25. Pan, C. W. et al. Cognitive dysfunction and health-related quality of life among older Chinese. Sci. Rep. 5, 17301. https:// doi. org/ 
10. 1038/ srep1 7301 (2015).

 26. Wong, A. et al. Montreal cognitive assessment: one cutoff never fits All. Stroke 46, 3547–3550. https:// doi. org/ 10. 1161/ STROK 
EAHA. 115. 011226 (2015).

 27. Yeung, P. Y., Wong, L. L., Chan, C. C., Leung, J. L. & Yung, C. Y. A validation study of the Hong Kong version of Montreal Cognitive 
Assessment (HK-MoCA) in Chinese older adults in Hong Kong. Hong Kong Med. J 20, 504–510. https:// doi. org/ 10. 12809/ hkmj1 
44219 (2014).

 28. Tong, A. Y. C. & Man, D. W. K. The Validation of the Hong Kong Chinese Version of the Lawton Instrumental Activities of Daily 
Living Scale for Institutionalized Elderly Persons. OTJR (Thorofare, N.J.) 22, 132–142, doi:https:// doi. org/ 10. 1177/ 15394 49202 
02200 402 (2002).

 29. Ainsworth, B. E. et al. 2011 Compendium of Physical Activities: a second update of codes and MET values. Med. Sci. Sports Exerc. 
43, 1575–1581. https:// doi. org/ 10. 1249/ MSS. 0b013 e3182 1ece12 (2011).

 30. Hui, S. S., Woo, J. & Kwok, T. Evaluation of energy expenditure and cardiovascular health effects from Tai Chi and walking exercise. 
Hong Kong Med. J. 15(Suppl 2), 4–7 (2009).

 31. Chen, Y. L., Chen, C. C., Hsia, P. Y. & Lin, S. K. Relationships of Borg’s RPE 6–20 scale and heart rate in dynamic and static exercises 
among a sample of young Taiwanese men. Percept Mot Skills 117, 971–982. https:// doi. org/ 10. 2466/ 03. 08. PMS. 117x3 2z6 (2013).

 32. Cook, C. E. Clinimetrics corner: the minimal clinically important change score (MCID): a necessary pretense. J. Man. Manip. 
Ther. 16, 82E-83E (2008).

 33. Feeney, J. et al. Measurement error, reliability, and minimum detectable change in the mini-mental state examination, montreal 
cognitive assessment, and color trails test among community living middle-aged and older adults. J. Alzheimer’s Dis. JAD 53, 
1107–1114. https:// doi. org/ 10. 3233/ JAD- 160248 (2016).

 34. Kopecek, M., Bezdicek, O., Sulc, Z., Lukavsky, J. & Stepankova, H. Montreal Cognitive Assessment and Mini-Mental State Examina-
tion reliable change indices in healthy older adults. Int. J. Geriatr. Psychiatry 32, 868–875. https:// doi. org/ 10. 1002/ gps. 4539 (2017).

 35. Wong, G. K. C. et al. Minimum clinically important difference of montreal cognitive assessment in aneurysmal subarachnoid 
hemorrhage patients. J. Clin. Neurosci. 46, 41–44. https:// doi. org/ 10. 1016/j. jocn. 2017. 08. 039 (2017).

 36. Lam, L. C. et al. Screening of mild cognitive impairment in Chinese older adults–a multistage validation of the Chinese abbreviated 
mild cognitive impairment test. Neuroepidemiology 30, 6–12. https:// doi. org/ 10. 1159/ 00011 3300 (2008).

 37. Groth-Marnat, G. & Wright, A. J. Handbook of Psychological Assessment. 6th ed edn, (Wiley , New York, 2016).
 38. Gajewski, P. D., Hanisch, E., Falkenstein, M., Thones, S. & Wascher, E. What does the n-back task measure as we get older? Rela-

tions between working-memory measures and other cognitive functions across the lifespan. Front. Psychol. 9, 2208. https:// doi. 
org/ 10. 3389/ fpsyg. 2018. 02208 (2018).

 39. Mueller, S. T. & Piper, B. J. The psychology experiment building language (PEBL) and PEBL test battery. J. Neurosci. Methods 222, 
250–259. https:// doi. org/ 10. 1016/j. jneum eth. 2013. 10. 024 (2014).

 40. Wei, W., Zhao, H., Liu, Y. & Huang, Y. Traditional trail making test modified into brand-new assessment tools: digital and walking 
trail making test. J. Vis. Exp. https:// doi. org/ 10. 3791/ 60456 (2019).

 41. Cheng, C. P., Lam, L. C. W. & Cheng, S. T. The Effects of Integrated Attention Training for Older Chinese Adults With Subjective 
Cognitive Complaints: A Randomized Controlled Study. J. Appl. Gerontol. 37, 1195–1214. https:// doi. org/ 10. 1177/ 07334 64816 
684622 (2018).

 42. Sanchez-Cubillo, I. et al. Construct validity of the Trail Making Test: role of task-switching, working memory, inhibition/interfer-
ence control, and visuomotor abilities. J. Int. Neuropsychol. Soc. 15, 438–450. https:// doi. org/ 10. 1017/ S1355 61770 90906 26 (2009).

 43. Karbach, J. & Unger, K. Executive control training from middle childhood to adolescence. Front. Psychol. 5, 390. https:// doi. org/ 
10. 3389/ fpsyg. 2014. 00390 (2014).

 44. Leber, A. B., Turk-Browne, N. B. & Chun, M. M. Neural predictors of moment-to-moment fluctuations in cognitive flexibility. 
Proc. Natl. Acad. Sci. U.S.A. 105, 13592–13597. https:// doi. org/ 10. 1073/ pnas. 08054 23105 (2008).

 45. Dajani, D. R. & Uddin, L. Q. Demystifying cognitive flexibility: Implications for clinical and developmental neuroscience. Trends 
Neurosci. 38, 571–578. https:// doi. org/ 10. 1016/j. tins. 2015. 07. 003 (2015).

 46. Perianez, J. A. et al. Trail Making Test in traumatic brain injury, schizophrenia, and normal ageing: sample comparisons and 
normative data. Arch. Clin. Neuropsychol. 22, 433–447. https:// doi. org/ 10. 1016/j. acn. 2007. 01. 022 (2007).

 47. Arbuthnott, K. & Frank, J. Trail making test, part B as a measure of executive control: validation using a set-switching paradigm. 
J. Clin. Exp. Neuropsychol. 22, 518–528. https:// doi. org/ 10. 1076/ 1380- 3395(200008) 22:4; 1-0; FT518 (2000).

 48. Lee, T. M. & Chan, C. C. Stroop interference in Chinese and English. J. Clin. Exp. Neuropsychol. 22, 465–471. https:// doi. org/ 10. 
1076/ 1380- 3395(200008) 22:4; 1-0; FT465 (2000).

 49. Lord, S. R., Murray, S. M., Chapman, K., Munro, B. & Tiedemann, A. Sit-to-stand performance depends on sensation, speed, bal-
ance, and psychological status in addition to strength in older people. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 57, M539-543. https:// 
doi. org/ 10. 1093/ gerona/ 57.8. m539 (2002).

 50. Morioka, S. et al. Changes in the equilibrium of standing on one leg at various life stages. Curr. Gerontol. Geriatr. Res. 2012, 516283. 
https:// doi. org/ 10. 1155/ 2012/ 516283 (2012).

 51. Lam, C. L., Tse, E. Y. & Gandek, B. Is the standard SF-12 health survey valid and equivalent for a Chinese population?. Qual. Life 
Res. 14, 539–547 (2005).

 52. Leung, C. M., Wing, Y. K., Kwong, P. K., Lo, A. & Shum, K. Validation of the Chinese-Cantonese version of the hospital anxiety 
and depression scale and comparison with the Hamilton Rating Scale of Depression. Acta Psychiatr. Scand. 100, 456–461 (1999).

 53. Tsai, P. S. et al. Psychometric evaluation of the Chinese version of the Pittsburgh Sleep Quality Index (CPSQI) in primary insomnia 
and control subjects. Qual. Life Res. 14, 1943–1952. https:// doi. org/ 10. 1007/ s11136- 005- 4346-x (2005).

 54. Chin, E. C. et al. Low-frequency HIIT improves body composition and aerobic capacity in overweight men. Med. Sci. Sports Exerc. 
52, 56–66. https:// doi. org/ 10. 1249/ MSS. 00000 00000 002097 (2020).

 55. Siu, P. M. et al. Effects of Tai Chi or exercise on sleep in older adults with insomnia: a randomized clinical trial. JAMA Netw. Open 
4, e2037199. https:// doi. org/ 10. 1001/ jaman etwor kopen. 2020. 37199 (2021).

 56. Adkins, D. L., Boychuk, J., Remple, M. S. & Kleim, J. A. Motor training induces experience-specific patterns of plasticity across 
motor cortex and spinal cord. J. Appl. Physiol. 1985(101), 1776–1782. https:// doi. org/ 10. 1152/ jappl physi ol. 00515. 2006 (2006).

 57. Salthouse, T. A. What cognitive abilities are involved in trail-making performance?. Intelligence 39, 222–232. https:// doi. org/ 10. 
1016/j. intell. 2011. 03. 001 (2011).

 58. Diamond, A. Executive functions. Annu. Rev. Psychol. 64, 135–168. https:// doi. org/ 10. 1146/ annur ev- psych- 113011- 143750 (2013).

https://doi.org/10.1155/2021/5549006
https://doi.org/10.3389/fnbeh.2014.00017
https://doi.org/10.7717/peerj.3943
https://doi.org/10.7717/peerj.3943
https://doi.org/10.1016/j.cger.2013.07.009
https://doi.org/10.1038/srep17301
https://doi.org/10.1038/srep17301
https://doi.org/10.1161/STROKEAHA.115.011226
https://doi.org/10.1161/STROKEAHA.115.011226
https://doi.org/10.12809/hkmj144219
https://doi.org/10.12809/hkmj144219
https://doi.org/10.1177/153944920202200402
https://doi.org/10.1177/153944920202200402
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.2466/03.08.PMS.117x32z6
https://doi.org/10.3233/JAD-160248
https://doi.org/10.1002/gps.4539
https://doi.org/10.1016/j.jocn.2017.08.039
https://doi.org/10.1159/000113300
https://doi.org/10.3389/fpsyg.2018.02208
https://doi.org/10.3389/fpsyg.2018.02208
https://doi.org/10.1016/j.jneumeth.2013.10.024
https://doi.org/10.3791/60456
https://doi.org/10.1177/0733464816684622
https://doi.org/10.1177/0733464816684622
https://doi.org/10.1017/S1355617709090626
https://doi.org/10.3389/fpsyg.2014.00390
https://doi.org/10.3389/fpsyg.2014.00390
https://doi.org/10.1073/pnas.0805423105
https://doi.org/10.1016/j.tins.2015.07.003
https://doi.org/10.1016/j.acn.2007.01.022
https://doi.org/10.1076/1380-3395(200008)22:4;1-0;FT518
https://doi.org/10.1076/1380-3395(200008)22:4;1-0;FT465
https://doi.org/10.1076/1380-3395(200008)22:4;1-0;FT465
https://doi.org/10.1093/gerona/57.8.m539
https://doi.org/10.1093/gerona/57.8.m539
https://doi.org/10.1155/2012/516283
https://doi.org/10.1007/s11136-005-4346-x
https://doi.org/10.1249/MSS.0000000000002097
https://doi.org/10.1001/jamanetworkopen.2020.37199
https://doi.org/10.1152/japplphysiol.00515.2006
https://doi.org/10.1016/j.intell.2011.03.001
https://doi.org/10.1016/j.intell.2011.03.001
https://doi.org/10.1146/annurev-psych-113011-143750


15

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8868  | https://doi.org/10.1038/s41598-022-12526-5

www.nature.com/scientificreports/

 59. Braem, S. & Egner, T. Getting a grip on cognitive flexibility. Curr. Dir. Psychol. Sci. 27, 470–476. https:// doi. org/ 10. 1177/ 09637 
21418 787475 (2018).

 60. Gallant, S. N. Mindfulness meditation practice and executive functioning: Breaking down the benefit. Conscious . 40, 116–130. 
https:// doi. org/ 10. 1016/j. concog. 2016. 01. 005 (2016).

 61. Moynihan, J. A. et al. Mindfulness-based stress reduction for older adults: effects on executive function, frontal alpha asymmetry 
and immune function. Neuropsychobiology 68, 34–43. https:// doi. org/ 10. 1159/ 00035 0949 (2013).

 62. Nasreddine, Z. S. et al. The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive impairment. J. Am. 
Geriatr. Soc. 53, 695–699. https:// doi. org/ 10. 1111/j. 1532- 5415. 2005. 53221.x (2005).

 63. Mittal, C., Gorthi, S. P. & Rohatgi, S. Early cognitive impairment: role of clock drawing test. Med. J. Armed Forces India 66, 25–28. 
https:// doi. org/ 10. 1016/ S0377- 1237(10) 80087-5 (2010).

 64. James, B. D., Wilson, R. S., Barnes, L. L. & Bennett, D. A. Late-life social activity and cognitive decline in old age. J. Int. Neuropsychol. 
Soc. 17, 998–1005. https:// doi. org/ 10. 1017/ S1355 61771 10005 31 (2011).

 65. Glei, D. A. et al. Participating in social activities helps preserve cognitive function: an analysis of a longitudinal, population-based 
study of the elderly. Int. J. Epidemiol. 34, 864–871. https:// doi. org/ 10. 1093/ ije/ dyi049 (2005).

 66. Marioni, R. E. et al. Social activity, cognitive decline and dementia risk: a 20-year prospective cohort study. BMC Public Health 
15, 1089. https:// doi. org/ 10. 1186/ s12889- 015- 2426-6 (2015).

 67. Sachdev, P. S. et al. Classifying neurocognitive disorders: the DSM-5 approach. Nat. Rev. Neurol. 10, 634–642. https:// doi. org/ 10. 
1038/ nrneu rol. 2014. 181 (2014).

 68. Fujimoto, M. & Chou, L. S. Dynamic balance control during sit-to-stand movement: an examination with the center of mass 
acceleration. J. Biomech. 45, 543–548. https:// doi. org/ 10. 1016/j. jbiom ech. 2011. 11. 037 (2012).

 69. Hatzitaki, V., Zisi, V., Kollias, I. & Kioumourtzoglou, E. Perceptual-motor contributions to static and dynamic balance control in 
children. J. Mot. Behav. 34, 161–170. https:// doi. org/ 10. 1080/ 00222 89020 96019 38 (2002).

 70. Macfarlane, D. J., Lee, C. C., Ho, E. Y., Chan, K. L. & Chan, D. T. Reliability and validity of the Chinese version of IPAQ (short, last 
7 days). J. Sci. Med. Sport 10, 45–51. https:// doi. org/ 10. 1016/j. jsams. 2006. 05. 003 (2007).

Acknowledgements
The authors gratefully acknowledge all the participants for their kind contributions to this study.

Author contributions
A.P.Y., E.C.C. and D.J.Y. performed the experiments. A.P.Y. and P.M.S. designed the study. A.P.Y., E.C.C., D.J.Y., 
D.Y.F., C.P.C., X.H. and G.X.W. analyzed and interpreted the data. A.P.Y. and P.M.S. wrote and edited the 
manuscript.

Funding
This study was funded by Health and Medical Research Fund (18191551), Food and Health Bureau, The Gov-
ernment of the Hong Kong Special Administrative Region, China and the Seed Fund for Basic Research of The 
University of Hong Kong. The funding source had no role in study design, conduct, and analysis, or the decision 
to submit the manuscript for publication.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 12526-5.

Correspondence and requests for materials should be addressed to P.M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1177/0963721418787475
https://doi.org/10.1177/0963721418787475
https://doi.org/10.1016/j.concog.2016.01.005
https://doi.org/10.1159/000350949
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/S0377-1237(10)80087-5
https://doi.org/10.1017/S1355617711000531
https://doi.org/10.1093/ije/dyi049
https://doi.org/10.1186/s12889-015-2426-6
https://doi.org/10.1038/nrneurol.2014.181
https://doi.org/10.1038/nrneurol.2014.181
https://doi.org/10.1016/j.jbiomech.2011.11.037
https://doi.org/10.1080/00222890209601938
https://doi.org/10.1016/j.jsams.2006.05.003
https://doi.org/10.1038/s41598-022-12526-5
https://doi.org/10.1038/s41598-022-12526-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tai Chi versus conventional exercise for improving cognitive function in older adults: a pilot randomized controlled trial
	Methods
	Study design and participants. 
	Ethical approval. 
	Sample size estimation and randomization. 
	Intervention. 
	Outcomes and monitoring parameters. 

	Adverse events. 
	Statistical analysis. 

	Results
	Primary outcome. 
	Secondary outcomes. 

	Discussion
	References
	Acknowledgements


