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Abstract

Background
Cognitive function of individuals with substance use disorder (SUD) is defective, and higher cognitive
inhibitory control ability is considered to be related to lower drug craving. As a conjunction treatment for
individuals with SUD, exercise has received supports and attention in many countries recently. Exercise
has been reported to be bene�cial for cognitive rehabilitation. However, different exercises have different
effects on cognitive function. The purpose of this study is to investigate the effects of a single session of
Tai chi (TC) exercise and high-intensity interval training (HIIT) on inhibitory control in individuals with
SUD.

Methods
A total 47 individuals with methamphetamine dependence were recruited from a compulsory drug
rehabilitation center; participation in this study was voluntary. The participants were randomly assigned
to the TC group or the HIIT group, and computer-based Go/No-go and Stroop tasks were used to assess
inhibitory control in an indoor setting prior to and following exercise. Independent sample t-test was
applied for baseline comparison of continuous variables, while repeated-measures analysis of variance
was applied to test differences in the effect of each intervention before and after a single session of
exercise.

Results
In Go/No-go test, the reaction time of the TC and HIIT groups in the post-test was shorter than that at the
baseline, and the response accuracy of the post-test were higher than that of the baseline. In the Stroop
task, the reaction time of two groups in the post-test was shorter than that at the baseline; while, greater
improvement in response accuracy was observed in HIIT group in the post-test than that of the baseline.

Conclusion
Both TC and HIIT can promote inhibitory control in individuals with SUD. Compared with the TC group, the
HIIT group showed greater improvements in response accuracy. These �ndings demonstrate the potential
of TC and HIIT in improving cognition in SUD.

Trial registration
: ChiCTR1900022158 Chinese Clinical Trial Registry: Registered 27th March, 2019.
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1. Introduction
As a global public health problem [1], substance use disorder (SUD) has elicited increasing concern.
Complex reasons may explain why individuals with SUD are di�cult to cure. Numerous studies have
demonstrated that SUD or drug addiction is a chronic and relapsing brain disease in which addicted
patients continually exhibit drug-seeking behavior despite its adverse consequences for their psychology
and physiology [2–4]. Neuropsychological studies have veri�ed that the cognitive function of individuals
exposed to certain substances (e.g., drugs, alcohol, cigarettes) for extended periods of time show
signi�cant defects that can be associated with abnormal brain function and metabolism caused by
substance addiction [5, 6]. The cognitive impairment of drug addicts is mainly manifested by their higher
level of impulsive behavior and decision-making compared with the normal population [7, 8]. Compared
with assessments obtained after recent methamphetamine (Meth) use, the impulsivity self-reported by
Meth-dependent subjects was signi�cantly higher following approximately 1 week of abstinence from
drugs [7]. Elevated impulsivity and impaired decision-making cognition have been reported in heavy drug
users; both conditions are strongly state-dependent in a SUD population and may be suitable for
monitoring treatment success [9, 10]. A number of studies have con�rmed the presence of learning and
memory disorders in drug addicts, and these disorders have been proposed to increase the vulnerability
of the latter to drug addiction [11, 12]. That is to say, learning and memory defects render individuals
likely to become addicted to drugs and increase the di�culty of abstinence. Therefore, improving the
cognitive function of drug addicts can be assumed to play a vital role in drug rehabilitation.

Physical exercise has been strongly recommended as a rehabilitation program for SUD [6, 13] and has
been proven to be a positively effective means of drug rehabilitation [14]. Numerous studies have
assessed the effects of short exercise sessions and long-term exercise protocols as an adjunct therapy in
SUD. The majority of these studies focus on physical and mental health, craving, duration of abstinence,
and withdrawal symptoms [15–20]. The impacts of exercise on cognitive psychology and brain
neuroscience have received growing interest in efforts to explore the mechanism of drug addiction.
Studies have shown that exercise can improve age-related declines in cerebral blood �ow, which is
associated with improved cognitive function [21]. The bene�cial effects of long-term exercise on
cognition has been demonstrated [14, 22], and even a single session of aerobic exercise (i.e., acute
exercise) has been consistently shown to exert a positive in�uence on cognitive function [23]. Acute
exercise effectively improves inhibition control in individuals with SUD [24]. However, despite the
numerous positive effects of exercise on the human body, systematic research on the application of this
therapy to individuals with SUD remains at an early stage. Studies in this area are assigned the strictest
criteria of scienti�c rigor, and the related mechanisms and modalities have yet to be thoroughly
investigated [25]. Most available studies solely explore the effectiveness of aerobic or moderate-intensity
exercise on the physical attributes, mental recovery, and brain function of patients with SUD. While
previous studies have shown bene�ts in motoric and cognitive domains, how these effects are
functionally related remains unclear. The effectiveness of different doses of speci�c exercise parameters
(e.g., intensity) must also be investigated [20], as this topic seldom discussed in research on exercise
rehabilitation for drug addicts [26]. Some studies have explored the effects of moderate- and high-
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intensity exercise, as well as aerobic and anaerobic forms of exercise, on drug rehabilitation [25, 27].
However, the single-feature (e.g., moderate intensity) exercise protocols used therein [26] do not allow
precise exercise prescriptions to be developed for individuals with SUD.

Tai chi (TC), a traditional Chinese sport, has been increasingly applied to the �eld of drug rehabilitation.
Previous studies reported that TC can be bene�cial to the physical and mental health of individuals with
SUD [17, 18], but how TC affects the cognition of SUD is not completely understood. A large number of
studies have proven that TC can improve cognition in the elderly and cognitive-impairment groups [28].
The cognitive impairment of drug addicts has been con�rmed [5], and the results provide indications for
the improvement of cognitive function, especially improvement of inhibition control, are related to drug
abstinence [11, 12]. A greater understanding of the cognitive impact of TC on patients with SUD is
warranted.

Depending on its style, TC is described as a form of physical exercise with low to moderate intensity [18,
29, 30]. In general, a TC style with moderate intensity is believed to assist detoxi�cation, relieve
withdrawal syndrome, and inhibit relapse impulses and behaviors; it is also considered relatively safe
[31–33]. Moderate-intensity continuous training (MICT) is widely used in drug rehabilitation programs
[22]. The effects of high-intensity interval training (HIIT) on drug addicts have received great attention [27]
as HIIT is considered a time-saving, highly e�cient, and economical form of exercise [34]. HIIT is derived
from the Tabata protocol [35] and characterized by a short series of high-intensity repetitions interspersed
with low-intensity recovery phases. However, increased exercise intensity is widely believed to result in
greater risk of adverse events, such as muscle injury and systemic in�ammation [36–38]. The application
of high-intensity exercise to drug dependents is considered a critical endeavor because patients with SUD
are not normally in excellent physical condition, [17, 18] and participation in high-intensity sport features
an inherent risk of sports-related injuries [39]. Nevertheless, several long- and short-term studies argue
that HIIT has the same value as, if not is better than, MICT in terms of improving body composition,
cardiovascular function, metabolic health tolerance, safety, and exercise enjoyment and adherence [40–
45]. More importantly, some authors have emphasized that HIIT is bene�cial in reducing cardiovascular
risk and indirectly improving mortality risk [27, 46]. Unlike TC or other moderate exercise, HIIT may require
more exercise monitoring and speci�c patterns to reduce potential risks because high-intensity exercise
may be challenging for the SUD population. Different exercise intensities or forms could incite different
expectations of cognitive bene�ts. Sport-physiological research supports the premise that higher-intensity
exercise treatments lead to greater cognitive bene�ts compared with moderate-intensity exercise [47]. HIIT
has been reported to have a positive effect on improving cognition in the elderly and cognitive-
impairment groups [48–50]. Currently, the evidence in favor of high-intensity training for SUD is weak.
Few studies have discussed the cognitive rehabilitation of patients with SUD through high-intensity
training [26, 27, 51]. Consequently, the impact of HIIT on the cognition of patients with SUD is unclear and
requires further research.

Whether different forms or intensities of exercise exert different effects on substance use-related
outcomes must be determined. The theoretical basis of TC and HIIT beside the cognitive treatment of
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SUD has not been fully con�rmed in the scienti�c literature. Given the bene�ts of TC and HIIT in physical
and cognitive rehabilitation in different groups, this study seeks to explore which form of exercise is more
suitable for the cognitive rehabilitation of SUD. The purpose of this study is to compare the effects of TC
and HIIT on the recovery of cognitive inhibition control in patients with SUD by using speci�c cognitive
tests that are typically associated with executive functions.

2. Materials And Methods

2.1 Design
This single (assessor)-blind, two-group randomized controlled trial was conducted to compare the acute
effects of TC and HIIT practice. The study was carried out from November 2019 to December 2019 and
included a single session of TC or HIIT intervention. The primary outcome was measured at the baseline
and after each session. All exercise interventions and tests were conducted in a laboratory environment.
Participants were recruited from a 1-year follow-up trial including individuals participating in either high-
intensity exercise (i.e., running, resistance training, rope skipping) or TC [18] for at least 6 months in a
Shanghai compulsory rehabilitation center (SCRC). The frequency of exercise was 3 times a week, and
each session was conducted for 1 hour.

The study protocol was approved by the Ethical Committees of the Shanghai University of Sport and the
Shanghai Narcotics Control Commission.
All subjects signed written informed consent forms prior to participating in this study.

2.2 Participants
The participants were male Meth-dependent individuals. At the time of recruitment, a total of 120
individuals with SUD were receiving treatment in an SCRC; of these, 47 eligible Meth-dependent
individuals voluntarily participated in this study. The inclusion criteria were: 1) age 18–40 years, 2) met
the diagnosis of Meth dependence according to Diagnostic and Statistical Manual of Mental Disorders
criteria (DSM-IV), 3) treatment duration in the SCRC exceeding 1 year; 4) no serious medical or mental
illness, and 5) completed primary school or a higher level of education. The exclusion criteria were: 1)
currently diagnosed with a disease of the cardiovascular system, respiratory system, or nervous system;
2) anti-social personality disorder or borderline personality disorder; and 3) unwilling to accept the
assigned intervention conditions. All participants completed a demographic questionnaire and physical
�tness test. Table 1 presents the participant demographics.

2.3 Cognitive tasks
Go/No-go task. A modi�ed Go/No-go task in which two different stimuli (inverted triangle-No-go stimulus
or positive triangle-Go stimulus; side length, 7cm) were focally presented on a computer screen with a
gray background (brightness, 60 CD/m2) was employed. The stimulus sequence consisted of 200 stimuli
and showed inverted or positive triangles with equal probability. One stimulus appeared randomly in each
trial, and the number of consecutive occurrences of each same stimulus was less than four times. The
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stimuli were presented for 100 ms with a variable inter-stimulus interval (1000–2000 ms; average, 1500
ms) to eliminate the expectation effect of the subjects. The subjects were asked to use the thumb button
as soon as possible when presenting the positive triangle (Go stimulus) but not when presenting an
inverted triangle (no go stimulus).

Stroop task. A modi�ed computerized Stroop test [52] was used in this study. The stimuli were four
Chinese characters, namely, “red” ( ), “yellow” ( ), “green” ( ), and “blue” ( ), and one neutral symbol, “XX.”
Two conditions, namely, congruent and incongruent, were established. In the congruent condition, the
font color was identical to the character meaning or symbol; in the incongruent condition, the font color
was different from the character meaning or symbol. The subjects were asked to respond to the color of
the characters or symbols and ignore the meaning of the words.

Participants provided their responses by response key mapping (i.e., red, A key; yellow, S key; green, K key;
blue, L key).
In the experiment, each participant was allows 240 trials. Four color words and four colored symbols were
presented 30 times in random order. The subjects were required to distinguish the color of the stimulus
and make the corresponding key reaction on the premise of ensuring the correct response. The
stimulating words were displayed on a computer screen for 1000 ms and disappeared when the response
key was pressed. The next stimulus was displayed after 500 ms.

Participants did not speak during the Go/No-go and Stroop tasks to avoid anthropic factors resulting
from speaking.
Reaction time (RT) and response accuracy were recorded for all tasks. Cognitive tasks were programmed
by E-prime 3.0 (Psychology Software Tools, Inc, Sharpsburg, PA, USA).

Recent studies have suggested that the Go/No-go and Stroop tasks could be used to evaluate inhibitory
control [8, 52, 53]. The Go/No-go task focuses on measuring motor response inhibition, while the Stroop
task measures a more cognitive form of inhibition called interference inhibition [54]. Most of the available
studies employed RT and response accuracy as the primary measures of interest [8, 55–57]. Taking the
Go/No-go task test as an example, subjects must respond to “Go” stimuli quickly while suppressing
responses to “No-go” stimuli accurately; this task requires inhibitory control to overcome the trend of
automatic response. In this paradigm, RT refers to the average RT of all correct stimuli, and response
accuracy refers to the number of stimuli to which the correct response was given relative to the total
number of stimuli. A shorter RT or higher response accuracy or both indicates stronger inhibitory control
[8].

2.4 Exercise intervention
The participants were randomly assigned by a computer to the TC (n = 24) or the HIIT group (n = 23) and
participated in a single session of exercise. The participants were equipped with a heart rate (HR) monitor
(Polar TeamPro, Finland) and then engaged in a 30 min session of TC or HIIT. The TC protocol consisted
of a 5 min warm-up, 20 min of modi�ed TC [18] at 55–75% maximum heart rate (HRmax), and a 5 min
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cool-down. The HIIT protocol consisted of a 5 min warm-up, 20 min of interval exercise, and a 5 min cool-
down. The participants performed warm-up and cool-down at a self-determined speed on a treadmill (SH-
5921, Shangqiu, China) and completed �ve cycles of 2 min of running at 85–95% HRmax (estimated as
220 − age) separated by 2 min of self-paced walking. Participants in the HIIT group were allowed to ask
the experimenter to change the running speed if they felt it necessary. Ten HR indicators were recorded
every 2 min during the 20 min exercise phases of both groups, and the average HR was recorded. Ratings
of perceived exertion (RPE, scale of 6–20) [58] were assessed every 5 min.

2.5 Procedure
The participants were informed of the purpose of this study and asked to sign a consent form during the
admission process.
The trial was approved by the institutional review board of Shanghai University of Sport.
Laboratory visits for participants were performed on two separate occasions at the same time of day.

During the baseline laboratory visit, the participants were asked to complete a demographics
questionnaire, and their physical �tness (Table 1) was evaluated using a model the of Fitness
Assessment System (BW-FC-9201L). All tests were repeated twice, and the best score was recorded. The
participants were asked to performed the two cognitive tasks in a �xed sequence, starting with the
Go/No-go test, under the guidance of experts.

During the second laboratory visit, the participants were equipped with an HR monitor throughout the
session. After completing 30 min of either TC or HIIT, the participants were asked to perform cognitive
tasks when their HR returned to < 10% of their pre-exercise HR. Figure 1 shows the �ow diagram of the
intervention processes of the two groups.

2.6 Statistical analyses
Continuous variables were analyzed by independent sample t-test for baseline comparison. All normally
distributed variables were tested using the Kolmogorov–Smirnov test. The results of the Go/No-go test
were analyzed by 2 (Time: baseline, post-test) × 2 (Group: TC, HIIT) repeated-measures analysis of
variance (ANOVA) to compare differences in Go RT under different conditions. Response accuracy was
further analyzed using 2 (Time: baseline, post-test) × 2 (Group: TC, HIIT) × 2 (Condition: Go, No-go)
repeated-measures ANOVA. RT and response accuracy in the Stroop test data were analyzed by using 2
(Time: baseline, post-test) × 2 (Group: TC, HIIT) × 3 (Condition: congruent, neutral, incongruent) repeated-
measures ANOVA. A post-hoc test with Bonferroni adjustment was used for appropriate pairwise
comparison if ANOVA showed a signi�cant interaction. Trials with an RT of < 100 ms were excluded from
the calculation of participants’ mean correct RT (n = 1 test excluded) because < 100 ms is considered
insu�cient for visual processing and stimulus response. All data are presented as the mean ± standard
deviation of the mean (SD). Statistical signi�cance was set to a p-value ≤ 0.05 according to Fisher
statistics [59]. Additionally, the effect size (ES) of differences was analyzed using Neyman–Pearson
statistics [60, 61]. Statistical analyses were performed using SPSS 22.0 (Chicago, USA).
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Data that failed to pass the Kolmogorov–Smirnov test were subjected to the non-parametric test with
Mann–Whitney U test.

3. Results

3.1 Demographic
The subjects in the two groups showed no signi�cant differences in terms of age, height, weight,
education level, years of drug use, and age of �rst drug use. While scores for one-leg stand with eyes
closed differed between groups, differences in the general physical �tness of the two groups were not
signi�cant.

Table 1
Demographics of the participants at baseline

  TC group HIIT group t-value p-value

(n = 24) (n = 23)

Age (years) 31.0 (5.0) 32.7 (4.2) -1.234 0.224

Height (cm) 174.1 (5.6) 172.4 (6.8) 0.915 0.365

Weight (kg) 77.6 (7.5) 78.0 (11.9) -0.153 0.879

BMI (kg/m2) 25.6 (2.4) 26.2 (3.6) -0.681 0.131

Years of education (years) 9.1 (2.7) 8.7 (2.2) 0.378 0.209

Years of drug use (years) 6.8 (4.3) 9.0 (4.8) -1.622 0.112

Age of �rst drug use (years) 25.1 (5.0) 25.7 (4.6) -0.435 0.666

Systolic Blood Pressure (mmHg) 119.6 (10.9) 121.6 (16.8) -0.481 0.633

Diastolic Blood Pressure (mmHg) 67.9 (9.0) 69.9 (9.7) -0.731 0.469

Vital capacity (ml) 4548.0 (928.5) 4594.0 (940.0) -0.169 0.867

Hand grip (Kg) 52.3 (6.1) 52.0 (9.0) 0.129 0.898

Push up (Repetitions) 32.2 (18.7) 34.0 (9.3) -0.433 0.693

Sit-and-reach (cm) 13.6 (9.1) 16.5 (8.7) -1.100 0.277

One-leg stand with eyes closed (s) 47.2 (32.9) 30.0 (20.8) 2.174* 0.038*

Choice reaction time (ms) 485.0 (61.2) 479.6 (58.0) 0.312 0.756

Data presented as mean (SD). TC, Tai chi; HIIT, High-intensity interval training. *p < 0.05.

3.2 Cognitive behavioral outcomes
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3.2.1 Go/No-go test
Independent t-test evaluating Go RT and Go/No-go accuracy revealed no signi�cant differences between
the two groups at the baseline. The descriptive statistical results are shown in Table 2.

The Go RT evaluated by two-way repeated-measures ANOVA revealed a statistically signi�cant difference
in the main effect of time (F(1,44) = 8.424, p = 0.006, η2 = 0.161). The interaction between time and group
was not signi�cant. The post-hoc test showed that the Go RT of the post-test was signi�cantly lower than
that of the baseline. Additionally, the 2 (Time: baseline, post-test) × 2 (Group: TC, HIIT) × 2 (Condition: Go,
No-go) of the accuracy with ANOVA revealed a statistically signi�cant difference in the main effects of
time (F(1,44) = 7.813, p = 0.008, η2 = 0.151) and condition (F(1,44) = 53.639, p < 0.001, η2 = 0.549). The post-
hoc test showed that the accuracy of the baseline was statistically signi�cantly lower than that of the
post-test and that the accuracy of the No-go condition is signi�cantly lower than that of the Go condition.
The interaction between time and condition revealed a statistically signi�cant difference (F(1,44) = 8.866, p 

= 0.005, η2 = 0.168). Simple-effect analysis indicated that the accuracy of the baseline under the No-go
condition is lower than that of the post-test (F(1,44) = 9.793, p = 0.003, η2 = 0.182).

Table 2
Behavioral data for the Go/No-go task

Variable TC group(n = 23) HIIT group(n = 23)

baseline post-test baseline post-test

Go accuracy (%) 99.3 ± 1.3 99.3 ± 1.0 99.3 ± 0.9 99.4 ± 1.3

No-go accuracy (%) 96.2 ± 2.8 97.8 ± 2.4 96.0 ± 3.8 97.5 ± 2.4

Go RT (ms) 400.9 ± 57.5 377.0 ± 53.0 386.0 ± 40.5 375.4 ± 38.9

Data presented as mean ± SD. TC: Tai chi; HIIT: High-intensity interval training; RT: reaction time.

3.2.2 Stroop test
Independent t-test evaluating the RT and accuracy of the Stroop task under congruent, incongruent, and
neutral conditions revealed no statistically signi�cant differences between the two groups at the baseline.
The descriptive statistical results are shown in Table 3.

The accuracy evaluated by three-way repeated-measures ANOVA revealed a signi�cant difference in the
main effects of time (F(1,44) = 21.643, p < 0.001, η2 = 0.330) and condition (F(2,88) = 8.598, p < 0.001, η2 = 
0.163). The post-hoc test showed that the accuracy at the baseline is signi�cantly lower than that of the
post-test. Moreover, the accuracy of the incongruent condition was lower than those of the congruent and
neutral conditions. The interaction between time and group revealed a signi�cant difference (F(1,44) = 

4.162, p = 0.047, η2 = 0.086). Further analysis indicated that the accuracy of the post-test is signi�cantly
higher than that of the baseline (F(1,44) = 22.395, p < 0.001, η2 = 0.337) in the HIIT group. We further
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explored differences between the groups by conducting 2 (Time: baseline, post-test) × 2 (Group: TC, HIIT)
repeated-measures ANOVA; the results are shown in Fig. 2. The interaction between time and group was
signi�cant in neutral trials (F(1,44) = 6.551, p = 0.014, η2 = 0.130), and a signi�cant increase in accuracy

was found in the HIIT group only in congruent trials (F(1,44) = 5.395, p = 0.025, η2 = 0.109) by the post-hoc
test.

The RT determined by three-way repeated-measures ANOVA revealed a signi�cant difference between the
main effects of time (F(1,44) = 39.738, p < 0.001, η2 = 0.475) and condition (F(2,88) = 73.684, p < 0.001, η2 = 
0.626). In the post-hoc test, the RT of the post-test was signi�cantly lower than that of the baseline, and
the RT of the incongruent condition was signi�cantly higher than those of the congruent and neutral
conditions.

Table 3
Behavioral data for the Stroop task

Variable TC group(n = 23) HIIT group(n = 23)

baseline post-test baseline post-test

congruent accuracy (%) 91.7 ± 4.4 92.5 ± 4.5 92.1 ± 4.8 94.6 ± 3.4

incongruent accuracy (%) 88.6 ± 6.2 91.0 ± 5.4 89.5 ± 6.1 92.8 ± 4.6

neutral accuracy (%) 89.2 ± 6.3 90.7 ± 5.2 89.1 ± 7.1 95.2 ± 3.7

congruent RT (ms) 604.0 ± 52.8 576.4 ± 50.3 591.3 ± 53.0 552.6 ± 40.7

incongruent RT (ms) 634.2 ± 50.7 605.2 ± 48.6 623.0 ± 50.9 575.7 ± 45.2

neutral RT (ms) 623.8 ± 60.0 602.2 ± 46.3 616.4 ± 65.7 567.7 ± 44.9

Data presented as mean ± SD. TC: Tai chi; HIIT: High-intensity interval training; RT: reaction time.

3.3 Exercise outcomes
The overall average HRs of individuals with SUD during the TC and HIIT sessions were 120.69 ± 7.64 bpm
and 147.75 ± 20.71 bpm, respectively. The average HR range of individuals with SUD in the TC group was
55–75% HRmax, which corresponds to the range of HRs following moderate-intensity exercise (60–70%
HRmax [55, 62]). The average HR in the HIIT group during the running period was 165.31 ± 12.44 bpm,
which is 75–95% HRmax. The average HR during the interval period was 130.20 ± 6.27 bpm, which is 65–
75% HRmax. These values have been proved to elicit 90–95% HRmax, which is consistent with the HIIT
protocol [40]. The RPE scores observed during the TC and HIIT sessions were 12.69 ± 1.32 and 16.38 ± 
1.57, respectively. Independent sample t-test revealed signi�cant differences in exercise HR (t=-3.878, p < 
0.001) and RPE score (t=-8.756, p < 0.001) between the two groups, thus suggesting that the exercise
sessions achieved the appropriate intensities. HRmax values observed under each exercise type are shown
in Fig. 3.
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4. Discussion
In this study, the acute effects of single sessions of TC and HIIT on inhibitory control were examined
using behavioral measures during the Go/No-go and Stroop tasks. The �ndings indicated that TC and
HIIT affect performance in the two cognitive tasks differently. In the Go/No-go test, acute TC and HIIT
resulted in shorter RTs compared with the baseline and selectively increased response accuracy for
incongruent trials. In the Stroop test, acute TC and HIIT resulted in shorter RTs under incongruent, neutral,
and congruent conditions compared with the baseline. Moreover, the HIIT group showed superior
improvements in the accuracy of cognitive inhibition under incongruent, neutral, and congruent
conditions, while the TC group indicated improved accuracy only for incongruent trials. Thus, we
summarize our �ndings under two main themes: (1) Improvements in inhibitory control and (2) additional
cognitive bene�ts from HIIT.

4.1 Improvements in inhibitory control
The behavioral outcomes showed that the accuracy of both groups in the Go/No-go test improved and
that RTs in the Go/No-go and Stroop tests were shorter in the number of trials that needed to be inhibited
(under incongruent conditions). Inhibitory control is generally considered to be related to changes in RT
and response accuracy under the incongruent conditions of the Go/No-go and Stroop tests [24, 63, 64].
The results demonstrated that both types of exercise lead to increased cognitive performance in SUD
individuals, regardless of Go/No-go or Stroop congruency, thereby suggesting that TC and HIIT can
improve the behavioral inhibition control of SUD individuals. This work is the �rst to provide evidence that
TC and HIIT have similar bene�ts on the cognition of SUD individuals after acute exercise. TC is a
Chinese traditional body–mind exercise. Although previous studies reported that TC is an exercise that
can effectively improve the physical and mental health of SUD individuals [16–18], evidence of the ability
of TC to improve the cognitive functions of individuals with SUD is unclear. The bene�ts of TC in elderly
or cognitively impaired groups have been con�rmed [65–67]. Previous research showed that long-term
regular practice of TC could alleviate declines in the cognitive ability of the elderly [65]. However, one
study found that TC does not improve the cognitive ability of the elderly [68]. Further research is needed
to understand the differences in the boundary conditions of these contradictory effects. Because the
intensity of TC was not monitored in the article [68] and may have been too low or too high, the results of
cognitive improvement may not have reached statistical signi�cance. In general, TC is considered a low-
to-moderate-intensity exercise [18, 29, 30] that results in HRmax of approximately 50–70% [69, 70].
However, no comparison of the different exercise intensities of TC and the corresponding cognitive
bene�ts is yet available. According to ACSM’s Guidelines for Exercise Testing and Prescription [71], the
HR range of low-intensity exercise is 57–64% HRmax, that of moderate-intensity exercise is 64–76%
HRmax, and that of high-intensity exercise is 76–96% HRmax. Thus, the intensity of the TC in our study can
be considered moderate (HR range = 55–75% HRmax, average HR = 64% HRmax). Earlier studies revealed
that low-intensity exercise is not effective in improving cognitive function [14, 72]. Another meta-analysis
indicated that moderate-intensity exercise of 45–60 min per session may be associated with cognitive
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bene�ts [28]. Overall, cognitive changes due to TC may be related to exercise intensity. Our study supports
previous �ndings that moderate-intensity TC provides cognitive improvements in individuals with SUD
and suggests that this exercise may be effective for improving cognitive conditions in SUD individuals.

In contrast to TC, HIIT is a vigorous exercise [45]. Some studies revealed that HIIT could improve the
inhibition control of the cognitive impairment group [48–50]. Other studies have indicated that the
inhibitory control bene�ts of HIIT and MICT are similar [73], consistent with our �ndings in this study. To
date, few articles exploring cognitive inhibition control due to TC and other sports are available, and the
current research cannot yet explain the advantages and disadvantages of moderate-intensity TC and
other-intensity sports in detail. This article may help explain the difference between moderate- and high-
intensity exercises.

4.2 Additional cognitive bene�ts from HIIT
While no difference in RT was found between the two groups, the HIIT group showed superior
improvements in cognitive accuracy under congruent and neutral conditions compared with the TC group
in the Stroop task. By comparison, the accuracy of the TC group under these conditions simply indicated
an upward trend. Given this �nding, HIIT may be better able to improve cognitive accuracy than TC.
However, the results do not show the difference between the two groups under incongruent conditions,
and the accuracy rate of groups under incongruent conditions increased signi�cantly in the post-hoc test.
The increase in response accuracy under HIIT in congruent and neutral conditions may only indicate that
HIIT results in better cognitive accuracy, rather than better inhibition control, given that inhibitory control
is generally considered to be related to changes in RT and response accuracy under the incongruent
condition of the Stroop test [64]. This work is the �rst to compare the cognitive effects of HIIT with TC,
which are two completely different forms of exercise. Our study found that HIIT seems to be slightly
better than TC in improving general cognitive accuracy. Although no direct evidence supports the results
above, considering that TC is a moderate-intensity exercise, indirect evidence suggests similar behavioral
outcomes [57, 73]. Exercise can improve the inhibition control of patients with SUD [14, 26]. Principally,
the effects of different intensities of exercise seem to be different. According to the inverted U-shape
relationship between exercise intensity and inhibition [26], moderate-intensity exercise appears to provide
greater inhibition bene�ts than low- or high-intensity exercise. However, this general relationship does not
consider the individual’s initial conditions. Especially in individuals with SUD, the intensity of intervention
could be highly dependent on the stage of recovery. In the laboratory setting, recent studies have found
that HIIT tends to be more bene�cial to inhibition control than MICT [57, 62]. Our results are consistent
with a prior study [74] that showed that inverted-U theory is unsuitable for explaining the effects of HIIT. In
brain-function studies, HIIT evoked cortical activation related to a Stroop interference on the left-dorsal-
lateral prefrontal cortex, which corresponds with improved inhibitory control [75]. Furthermore, faster P3
latencies concurrent with smaller P3 amplitudes were found in HIIT compared with MICT, thereby
indicating that HIIT may result in more e�cient neuroelectric activation, as manifested by faster stimulus
identi�cation [62]. Long-term HIIT training can also improve exercise ability, metabolism, and
cardiovascular health more effectively compared with MICT [35, 45]. In summary, although HIIT showed
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inhibitory control bene�ts similar to those obtained from TC in this study, the former provides wider
cognitive bene�ts, which suggests it is a better rehabilitation exercise for SUD.

Despite the bene�ts of exercise on cognition, other factors must also be considered for the practical
applications of these exercises. Because the safety of HIIT is disputed [76], TC, the clinical safety of
which is well established, may be a better rehabilitation exercise for special groups, such as SUD patients.
Moreover, TC requires fewer training equipment than HIIT and, thus, is more suitable for large-scale
management. Combining the results of this study, other factors affecting actual applications, and the
different physical rehabilitation advantages brought about by the two exercises [17, 35, 45], we feel that
TC is more suitable for the exercise rehabilitation of patients with SUD in the primary stage and that HIIT
may be more suitable for the later stage of exercise rehabilitation. Both activities are feasible exercises
that can be combined to contribute to the complete rehabilitation of patients with SUD.

The present study includes a number of limitations that may affect the generalizability of the results.
Because we mainly relied on original Fisher statistics extended by ES according to Neyman–Pearson,
generalizability cannot be established. The study groups only included male participants, which mean the
observed bene�ts cannot be generalized to females or other cohorts. The cognitive tasks used in the
study involved neutral task paradigms rather than substance-related task paradigms. Because substance
abusers exhibit de�cits with regard to inhibition, individuals who abuse drugs may exhibit more
pronounced levels of activation in response to substance-related cues compared with neutral cues [77].
Another drawback of this study is the lack of a blank control group or low-intensity exercise group.
Moreover, whether the effects in the present study are dependent on the type of movement or the intensity
of the exercise requires further research. Future research may be combined with Electroencephalogram
(EEG), functional near-infrared spectroscopy (fNIRS) or other neuroimaging techniques to explain the
mechanism by which TC or HIIT intervention promotes cognitive function in individuals with SUD.

5. Conclusion
The present investigation demonstrated similar short-term facilitative effects on inhibitory control
following TC and HIIT in patients with SUD. TC and HIIT can similarly promote the inhibitory control of
individuals with SUD. Compared with the TC group, the HIIT group showed greater improvements in
response accuracy. These �ndings demonstrate the potential applications of TC and HIIT in improving
cognition in SUD. Both TC and HIIT are worth of being recommended as cognitive rehabilitation exercise
for patients with SUD and the results encourage to continue the research according to the original
interpretation of Fisher-statistics.
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Figure 1

Flow diagram of the intervention process of the two groups.
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Figure 2

Changes in the four accuracy conditions of the Stroop test after TC and HIIT: (a) accuracy in all
conditions, (b) congruent accuracy, (c) incongruent accuracy, and (d) neutral accuracy. *p < 0.05, **p <
0.01. (a) shows the time × group result of accuracy under all conditions in 2 × 2 × 3 repeated-measures
ANOVA; (b), (c), and (d) show the time × group results of congruent accuracy, incongruent accuracy, and
neutral accuracy in 2 × 2 repeated-measures ANOVA.
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Figure 3

HRmax observed during each exercise condition.


