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This study investigated the effects of Computerized Quadrato Motor Training (CQMT) on balance and 
executive function in both single- and dual-task conditions for stroke patients. Patients (n = 60) were 
randomized to three groups: conventional training (CT), exercise training (ET), and interactive motor-
cognitive training (IT). All participants underwent CT. Besides, the ET group undertook step training, 
and the IT group underwent CQMT for four weeks. The assessments comprised balance function, 
executive function, lower limb strength, as well as self-efficacy of balance control. Balance function 
was assessed via the Pro-Kin system and standardized scales (Berg Balance Scale [BBS], Tinetti 
Assessment [POMA]). Executive function was assessed by the Trail Making Test (TMT-A / B) and Stroop 
test. Dual-task cost (DTC) derived from Timed Up-and-Go Test with/without cognitive loading (TUGT 
/ TUGTcog). Balance self-efficacy was assessed by the Activities-specific Balance Confidence (ABC) 
Scale, with lower limb strength assessed by Five-Times Sit-to-Stand (FTSTS). After the intervention, 
the ET significantly showed improvement in the elliptical trajectory area, BBS, and gait performance 
compared to CT(P < 0.05). The IT group demonstrated significantly greater improvements in balance 
parameters (swing speed, elliptical trajectory area, trajectory lengths; P < 0.05) and functional 
outcomes (BBS, POMA, FTSTS, Dual-Task performance, TMT, Stroop, ABC; P < 0.01) compared to 
both CT and ET. The IT group showed significant positive correlations between TMT improvements 
and enhanced Dual-ask performance. Our findings demonstrate that CQMT, as an integrative motor-
cognitive intervention, significantly improves balance and executive function in stroke patients, 
thereby filling a critical gap in the clinical application of QMT in stroke rehabilitation research. These 
findings validate the ‘guided plasticity facilitation’ theory, highlighting CQMT as a cost-effective and 
broadly applicable clinical training.

Trial registration: The clinical trial was registered on 08/10/2023, with the registration number ChiC-
TR2300076424.
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More than 2  million new stroke cases reported annually in China, and the overall incidence rate is on the 
rise1 Stroke is characterized by a high incidence rate, disability rate, recurrence rate, and mortality2 Motor and 
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cognitive impairments are common consequences of stroke, with nearly 50% of stroke patients experiencing 
balance function deficits three months after the stroke, which significantly affects functional independence 
and quality of life3 In recent years, the concept of cognitive-motor interference, which is closely related to 
daily activities, has gained increased attention in the field of rehabilitation medicine4 Numerous studies have 
indicated that stroke patients exhibit a more significant decline in balance and gait performance during dual 
tasks involving cognitive-motor interference5.

Balance control is increasingly recognized as a multifaceted process involving the integration of both motor 
and cognitive networks6 Balance control encompasses two dimensions: orientation and stability. Orientation 
entails the cognitive processing of information from proprioceptive feedback, the vestibular system, and visual 
input. Stability, on the other hand, refers to the ability to maintain the amplitude of the center of gravity swing 
and keep it within the support surface despite spontaneous activation or external interference7 Notably, there is 
a close association between executive function, posture control, and fall risk8 In real-world functional activities, 
continual attention to environmental cues is necessary to quickly respond and prompt restoration of balance 
following posture interference. Thus, it is unsurprising that advanced cognitive functions such as attention, 
execution, and dual-task processing abilities are essential for optimal balance control9 Due to central and 
limb dysfunction, stroke often manifests abnormal posture control strategies, including increased body swing 
amplitude, delayed or reduced expected posture adjustment, asymmetrical weight-bearing, and gait instability, 
particularly in dual-task situations10,11 Currently, many studies evaluating the impact of rehabilitation training 
on balance function in stroke patients rely on assessment scales12 However, the ability to maintain the center 
of pressure (COP) is a crucial systemic parameter in balance control, and the existing evaluation scales fail to 
provide this aspect13 Our study employs functional performance assessments, scales, and COP to explore the 
balance performance in stroke patients during both single-task and dual-task conditions in clinical rehabilitation. 
Given the crucial role of executive function and balance control ability in stroke prognosis, the objective is to 
examine whether our proposed training intervention has the potential to enhance both the balance and executive 
function, leading to better motor control.

As evidenced by extensive literature,14,15 the importance of cognitive processes and motor skills in balance 
control makes the motor-cognitive training based on a “guided plasticity facilitation” framework show great 
potential16 The mechanisms underlying the synergistic effect of motor-cognitive training can be primarily 
attributed to two aspects. From a neurobiological standpoint, motor training can facilitate neuronal activity 
and enhance synaptic plasticity, while cognitive training can guide long-term synaptic plasticity and regulate 
neural circuits17 Moreover, from the perspective of brain structure and function, the shared neural network 
involved in motor and cognitive processes promotes enhanced functional coherence within the brain network, 
and the activation of distinct functional networks facilitates the refinement of specific connections between 
them18 Motor-cognitive training encompasses three forms: sequential, simultaneous, and interactive. Among 
these, interactive motor-cognitive training exhibits the most pronounced benefits for enhancing motor ability 
related to stroke recovery19 But current research on interactive motor-cognitive training predominantly relies 
on virtual reality systems,20 leaving limited clinical training methods available for this innovative approach. 
Therefore, a comprehensive review encourages researchers to develop novel, efficient, and clinically applicable 
methods of interactive motor-cognitive training21.

To address this gap, this study proposes a Computerized Quadrato Motor Training (CQMT)—an adaptation 
of Quadrato Motor Training (QMT), a protocol originally developed by Patrizio Paoletti to integrate posture-
related executive tasks with motor tasks22 CQMT digitally enhances QMT by adapting the speed of computer 
commands to individuals’ reaction times, thereby retaining the objective and progressive feedback inherent to 
VR while eliminating high costs and spatial constraints23 However, there is a lack of research investigating its 
potential utility in stroke rehabilitation.

In conclusion, while interactive cognitive-motor training has gained research traction, its clinical 
implementation often relies on complex equipment like VR, lacking simple and accessible clinical training 
approaches. In this context, QMT training, a novel approach that integrates cognitive elements into motor skills, 
holds promise for clinical application. However, it has not been tested in stroke patients. To address this gap, this 
study proposes CQMT and applies it to stroke patients. By progressively reducing instruction time to challenge 
patients’ reaction times, CQMT not only maintains the objectivity, personalization, and progressive nature of 
VR training,23 but also enhances clinical practicality. Considering stroke patients often experience balance and 
executive function deficits, QMT’s cognitive components are related to posture control,24 which may outperform 
conventional motor training. Therefore, our study aims to compare the effects of CQMT on (a) balance function 
(primary outcomes) and (b) executive function (secondary outcomes) in comparison with exercise training and 
conventional training. This study hypothesized that both groups would improve their balance performance, 
whereas CQMT would enhance a higher degree of balance performance and executive performance, aligning 
with the viewpoint regarding the synergistic effects of interactive motor-cognitive training25.

Materials and methods
Study design
This study adopted a single-blind, parallel, randomized controlled trial design, ensuring that evaluators and data 
collectors remained unaware of the trial grouping throughout the study. Data collection occurred at two distinct 
time points: pretest and posttest. The study was approved by the Ethics Committee (2023-SR-384). Furthermore, 
the trial was registered in the Chinese Clinical Trial Registry with the code ChiCTR2300076424. The study 
follows the CONSORT reporting checklist26.
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Participants
This study included stroke admitted to the Rehabilitation Medicine Department of the First Affiliated Hospital 
of Nanjing Medical University from October 2023 to February 2024. The inclusion criteria were (1) Patients with 
stable vital signs, experiencing a first-time onset of stroke, and post-stroke duration > 1 month; (2) Individuals 
aged between 18 and 80 years; (3) Walking capacity (with or without assistance ≥ 10 m); (4) Mini-Mental State 
Examination score ≥ 24 points, indicating the ability to comprehend and cooperate in completing training tasks; 
(5) Willingness to participate in the trial after being adequately informed. Exclusion criteria included: (1) Pre-
existing balance dysfunction before stroke onset (i.e., musculoskeletal disorders, vestibular problems, head 
injuries, previous strokes, or cardiovascular conditions that significantly impair balance); (2) Presence of severe 
comorbidities such as heart, liver, kidney, or brain failure; (3) Diagnosis of cognitive and mental disorders; 
(4) Inability to complete training tasks due to sensory impairments (e.g., blindness, deafness, severe language 
disorders); (5) Lack of willingness to engage in the evaluation process.

Randomization, allocation concealment, and blinding
To examine whether CQMT, as an interactive motor-cognitive training, can lead to enhancements in both 
balance and executive function over exercise training and conventional training. According to the Cochrane 
Handbook,27 Stroke patients meeting the inclusion criteria were randomly allocated to one of three groups: the 
placebo control group provided with conventional rehabilitation training (CT), the active control group given 
the exercise training (ET), the experimental group engaged in interactive motor-cognitive training (IT). Each 
group comprised 20 cases. Sequentially numbered, opaque, sealed envelopes containing allocation cards were 
prepared by research assistants uninvolved in recruitment. Following baseline assessments, the trial coordinator 
opened envelopes in numerical order to reveal group allocation. Outcome assessors were blinded to group 
assignments throughout the study period.

Interventions
Conventional rehabilitation training (CT)
The CT group received standard rehabilitation training, encompassing comprehensive exercises targeting 
hemiplegic limbs, balance, center of gravity transfer training, and activities of daily living. The training regimen 
consisted of two sessions per day, each lasting 40 min, conducted five times per week over 4 weeks.

Exercise training (ET)
The ET group underwent step training in addition to conventional rehabilitation. This intervention involved 
patients standing within a 50  cm x 50  cm square and engaging in sequential forward, backward, left, right, 
and diagonal stepping exercises. Following the FITT principle, the exercise frequency was set at five sessions 
per week, with perceived exercise intensity ranging from 6 to 9 points on Borg’s PRE scale. Each session lasted 
15 min and was conducted five times per week over 4 weeks, focusing exclusively on exercise training.

Interactive motor-cognitive training (IT)
The IT group participated in modified interactive motor-cognitive training, referred to as Computerized 
Quadrato Motor Training (CQMT), alongside conventional rehabilitation. During this training, participants 
stood at the starting corner of a 50  cm x 50  cm square and received computer-generated commands based 
on their reaction time, as shown in Fig.  1. These commands generated using E-Prime 3.0 psychological 
experimental programming software, directed participants to move towards different corners, incorporating 
forward, backward, left, right, or diagonal movements. The training protocol comprised 12 action commands 
(4 corners x 3 directions) and one non-motion command (e.g. “4–4” indicates remaining stationary at corner 
#4). The IT group also followed the FITT principle with training sessions lasting for 15  min and the same 
frequency and intensity as other groups (5 days/week; 4 weeks; Borg RPE 6–9). The training type is interactive 
motor-cognitive training, employing a gradual and personalized approach. Reaction time was quantified using 
E-Prime 3.0. Command parameters were algorithmically adjusted to ensure a minimum trial accuracy of 80% for 
participants. If participants achieved ≥ 95% accuracy in the preceding session, command presentation intervals 
decreased by 100 ms / day to maintain challenge thresholds while avoiding cognitive overload. Therapists closely 
monitored all groups, implementing safety measures to reduce the risk of falls and ensure participants’ well-
being throughout the intervention period.

Outcome measures
The study assessed all outcome measures at week 0 (baseline) and week 4 across three groups. The primary 
outcome measure was balance performance, including static balance function assessment, the Limit of Stability 
Test (LOS), and dynamic balance assessment via the Pro-Kin Balance Evaluation Training System (Model PK-
254). Balance standardized scales were obtained using the Berg Balance Scale (BBS) and Tinetti Performance-
Oriented Mobility Assessment (POMA). Secondary outcome measures was executive function, assessed by the 
Trail Making Test (TMT-A / B) and Stroop test. Dual-task cost (DTC) derived from Timed Up-and-Go Test 
with / without cognitive loading (TUGT / TUGTcog). Additionally, Balance self-efficacy was assessed by the 
Activities-specific Balance Confidence (ABC), with lower limb strength assessed by Five-Times Sit-to-Stand 
(FTSTS).

Balance function
Pro-kin balance evaluation  The Pro-Kin Balance Evaluation system assesses static balance function using a 
pressure-sensitive tablet to measure the Center of Pressure (COP) with participants’ eyes open (EO) and closed 
(EC). The evaluation includes four parameters: elliptical trajectory area (mm2, trajectory lengths (mm), and the 
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Fig. 1.  Computerized Quadrato Motor Training.  The upper part of the figure illustrates the training paradigm. 
Participants performed computer-cued multidirectional movements (forward/backward/lateral/diagonal) 
within a 50 × 50 cm square, responding to real-time reaction-dependent commands. The lower part of the 
figure displays the motor commands. The 13-command system (12 directional and 1 static) was generated and 
validated using E-Prime 3.0.
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average swing speed in the anterior-posterior (AP) and medial-lateral (ML) directions (mm/sec). The elliptical 
trajectory area reflects the envelope area of the COP trajectory, providing insights into posture stability through 
the range of center of mass sway. The average sway speed in different directions is calculated by dividing the 
total displacement of COP in each direction by the total time, with higher speeds indicating larger swaying am-
plitudes and unstable posture control. Trajectory lengths refer to the path length of the COP trajectory during 
the testing process, whereby a longer trajectory length indicates a greater amplitude of center of gravity swing28.

The static balance assessment requires participants to stand on a pressure plate, aligning their heels with the 
A5 axis, positioning their second toes corresponding to the A2 and A8 axes, and ensuring that the highest point 
of the arch overlaps with the line connecting A3 and A7. During the test, the patient should face straight ahead, 
keep their upper limbs naturally relaxed, and position them on both sides of the body as much as possible. They 
should undergo two 30-second trials with their eyes open and closed, respectively. Prior to the formal test, it 
is recommended to have the patient practice once to ensure full comprehension of the evaluation method and 
process.

The Limit of Stability Test (LOS) entails calibrating the four pistons of the balance instrument to convert 
a pressure plate into an inclined moving plate. Participants are instructed to visually track a yellow flashing 
light projected on a screen while executing center of gravity transfers in eight anatomically defined directions. 
By systematically evaluating the boundaries of stability across these diverse directions, the assessment enables 
the identification of the specific orientations posing the greatest risk of instability and falls. Participants 
should position their feet parallel to their shoulders, maintain an erect posture, and endeavor to displace their 
center of gravity as far as possible from the initial position to accurately pursue the moving light stimulus. 
As a precautionary measure, a therapist should position themselves behind the participant to ensure safety 
throughout the test. The resultant data comprises an 8-quadrant motion trajectory and the normative ranges 
defined as 75–100%.

BBS  The BBS developed by Kathryn Berg in 1989, is a widely used assessment tool for evaluating balance 
function in stroke patients. It comprises 14 items covering activities such as sitting, standing, and turning. Each 
item is scored on a scale of 0–4, with a total score of 56. A score below 45 indicates an increased risk of falling. 
The Berg scale demonstrates good reliability and validity29.

POMA  The POMA scale is a performance-oriented mobility balance tool consisting of two components: bal-
ance and gait. The balance tests encompass static sitting, posture control when rising from a chair, maintaining 
standing balance with eyes open and closed, and completing a 360-degree turn. Gait testing includes assessment 
of gait initiation, path, symmetry, continuity, support area, and swing amplitude. Within the stroke population, 
POMA is an effective tool for dynamic balance assessment, with a minimum detectable change (MDC) of 6 
points30.

Executive function
TMT (The trail making test)  The Trail Making Test (TMT) introduced by Partington and Leiter in 1938, com-
prises two parts: TMT-A and TMT-B. In TMT-A, participants connect randomly arranged numbers from 1 to 
25 in numerical order as quickly as possible. In TMT-B, they connect numbers and letters in an alternating order 
(e.g., 1-A-2-B) as quickly as possible. Prior to each test, participants receive practice to ensure comprehension. 
During the formal test, completion time is recorded for each section, with a maximum allowable time of 300 s. 
TMT-A evaluates attention and visual scanning, while TMT-B assesses executive function components such as 
working memory, inhibition, and task switching. The derived d value (d = TMTA-TMTB) evaluates psychologi-
cal flexibility and task-switching ability31.

Computerized stroop task  The Computerized Stroop Task measures cognitive processing speed and executive 
function. Participants respond to color words displayed on a computer screen by identifying whether the color 
matches the word’s meaning. Stimuli can be congruent (e.g., the word “red” written in red) or incongruent (e.g., 
the word “red” written in green). The E-Prime software is utilized for task protocol design to record the reac-
tion time (RT) and the correct responses by the participants. The Stroop interference effect, calculated as the 
difference in reaction times between incongruent and congruent stimuli, reflects conflict monitoring ability and 
executive function32.

Dual-task performance  The TUGT, developed by Podsiadlo in 1991, evaluates mobility and fall risk in stroke 
patients. Participants are instructed to sit in a chair with a backrest, then stand up, walk for 3 m, turn around, 
and return to the chair to sit down. The average time from three trials is calculated. It is widely used to assess 
mobility and fall risk in stroke patients33.

An adaptation of the TUGT, the Timed Up and Go Test Cognitive (TUGTcog) incorporates a cognitive task 
alongside the mobility assessment. Participants perform the TUGT while simultaneously engaging in mental 
arithmetic by subtracting 7 from a randomly selected number. Perform both tasks simultaneously with equal 
attention to walking and cognitive performance. The average completion time from three trials is recorded. The 
dual-task cost (DTC) is computed using the formula DTC = (TUGTcog - TUGT) / TUGT × 100%, providing 
insight into the impact of cognitive load on mobility performance34.

Lower limb strength
The Five Times Sit-to-Stand (FTSTS) test assesses lower limb strength and functional capacity. Participants sit 
in armless chairs set at a standardized height (43–45 cm) with knees bent at a 90-degree angle and arms crossed 
over their torso. Upon verbal instructions from the evaluator, participants stand up and sit down as quickly 
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as possible for five consecutive repetitions. Three trials are conducted, and the average time is calculated. The 
FTSTS provides a simple effective method for quantifying lower limb strength35.

Balance confidence
The Activities Specific Balance Confidence Scale (ABC) developed by Powell and Myers in 1995, comprises 16 
items assessing individuals’ confidence in performing various daily activities. Participants rate their confidence 
level on a scale ranging from 0 (indicating no confidence) to 100 (indicating complete confidence). Each item 
not applicable or difficult to imagine is omitted from scoring, with a minimum of 12 items required for a valid 
score. The final score is obtained by summing the ratings and dividing by the number of items. The ABC scale 
primarily evaluates individuals’ self-efficacy in maintaining balance during daily activities36.

Sample size
The sample size was determined based on the effect size observed in a previous study by Cho et al.37 investigating 
the impact of motor-cognitive training on balance improvement in stroke patients. Using a mean difference of 
0.81 and a standard deviation of 0.3, with an alpha of 0.05 and 80% statistical power, PASS software estimated 
a minimum of 14 participants per group. Accounting for a 20% dropout rate, the final sample size was adjusted 
to 54 participants.

Statics analysis
Statistical analyses were performed using SPSS 26.0 software. Categorical variables were analyzed with frequency 
distributions and chi-square tests. All continuous variables were presented as mean (M) ± standard deviation 
(SD) and the normality was screened by the Kolmogorov-Smirnov test. Normally distributed variables were 
analyzed using one-way analysis of variance (ANOVA) for intergroup comparisons. Non-parametric data were 
compared using the Kruskal-Wallis test. Post-hoc comparisons, including the LSD test method for homogeneous 
variance and Tamhane’s T2 method for heterogeneous variance, were applied when significant differences were 
detected between groups. Intragroup comparisons before and after treatment were conducted using paired 
t-tests or Wilcoxon signed-rank test. Statistical significance was set at P < 0.05. A generalized estimating equation 
(GEE) was used to evaluate the differences in the changes between the groups across the pre-test and post-test 
periods (i.e. group*time interaction effect). Effect sizes (partial eta squared, η2 were calculated according to 
Cohen’s criteria,38 with values ≥ 0.2, ≥ 0.5, and ≥ 0.8 indicating small, moderate, and large effects, respectively. 
Furthermore, we conducted Spearman correlation analysis (pre-post change) to explore the differences in the 
relationship between cognitive and balance indicators.

Results
A total of 60 stroke patients participated in this study, with detailed recruitment procedures outlined in Fig. 2. 
Table  1 summarizes the demographic and clinical characteristics of the three patient groups, indicating no 
significant difference (see Supplementary Tab S1).

Balance
Pro-kin
An interaction between groups and time was observed on the Pro-kin test. In the intra-group comparison, the 
IT group showed significant improvements in all parameters (P < 0.001) during the eye-open and eye-closed 
conditions, while the ET group and CT group only exhibited limited improvements in the elliptical trajectory 
area (P < 0.05). The inter-group comparison revealed that the IT group demonstrated significantly better 
improvement in average swing speed in ML directions (P < 0.001), swing speed in AP directions (P < 0.05) and 
trajectory lengths (P < 0.05) in both eye-open and eye-closed conditions compared to the other groups. However, 
in terms of the elliptical trajectory area, the IT group showed slightly better improvement compared to the CT 
group in both conditions (P < 0.001), with significant enhancement only observed in the eyes-closed conditions 
compared to the ET group (P = 0.005). The Limit of Stability (LOS) test showed significant improvements in 
stability limits for all groups compared to the pre-test condition (P < 0.001). The IT also showed enhanced LOS 
test compared to CT (P = 0.048).

BBS
The results from the BBS revealed an interaction effect between groups and time (Wald χ2 = 83.373, P < 0.001). 
Specifically, the CT group increased from 41.25 ± 3.49 to 43.55 ± 4.22, the ET group demonstrated progress from 
41.85 ± 2.68 to 45.75 ± 2.95, and the IT group exhibited an improvement from 41.30 ± 3.34 to 49.95 ± 3.6. IT 
exhibited significantly superior BBS improvements compared to both ET and CT (P < 0.001), while post-hoc 
comparisons indicated marginal significance between ET and CT (P = 0.05).

POMA
In the POMA test, IT and MT exhibited substantial enhancements in balance and gait performance (P < 0.001), 
while CT showed no difference in gait performance (P = 0.336). This study found a trend toward an interaction 
between groups and time on the POMA test. The post-hoc comparisons showed that the IT group demonstrated a 
remarkable trend in balance scores (from 10.30 ± 1.81 to 13.80 ± 1.77), gait scores (from 4.90 ± 1.33 to 9.70 ± 2.85), 
and total scores (from 15.25 ± 2.95 to 23.50 ± 3.78), surpassing both the CT and ET groups (P < 0.001). Whereas 
the ET group only showed significantly better improvement in gait performance compared to the CT group 
(P = 0.012).
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Executive performance
TMT
The time*group interaction effect was significant (P < 0.01) in the TMT test. The results of the TMT indicated 
notable enhancements in both the IT group and the ET group across various parameters (TMT-A, TMT-B, TMT 
B-A) compared to pre-treatment (P < 0.001), while the CT group showed no difference. Importantly, the post-
hoc comparisons indicated that the IT group demonstrated a significantly superior improvement in TMT-A, 
TMT-B, and TMT B-A compared to the CT group and the ET group (P < 0.01), supporting a significant main 
effect of the group.

Baseline characteristics CT ET IT X2 / H / F P

No. of participants 20 20 20

Sex (female/male) 6/14 6/14 6/14 0.000c 1.000

Stroke type  (hemorrhage/infarction) 7/13 5/15 4/16 1.193c 0.551

Affected side (left/right) 12/8 10/10 12/8 0.543c 0.762

Age (year) 56.20 ± 14.51 52.40 ± 14.45 58.75 ± 15.39 0.934a 0.399

Post-stroke duration (month) 4.60 ± 3.33 4.20 ± 3.22 4.65 ± 3.38 0.111b 0.895

Height (cm) 166.45 ± 8.34 168.45 ± 9.69 165.20 ± 6.41 0.789b 0.459

Weight (kg) 67.28 ± 14.02 68.73 ± 12.88 67.53 ± 10.34 0.077a 0.926

Mini-mental state examination (score) 29.00 ± 1.38 29.10 ± 1.48 29.30 ± 1.22 0.523b 0.770

FMA-LL (score) 28.45 ± 3.27 28.20 ± 3.09 27.10 ± 2.77 1.110a 0.337

Table 1.  Baseline demographic and clinical characteristics. CT  conventional rehabilitation training,  ET  
exercise training,  FMA-LL  Fugl–Meyer motor function assessment—lower limb,  IT  Interactive motor-
cognitive training,  a  F value, based on One-Way ANOVA,  b H value, based on Kruskal-Wallis test,  cX2 value, 
based on chi-square test.

 

Fig. 2.  Flow chart.
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The stroop test
The Stroop test revealed a significant group*time interaction on the reaction time of incongruent condition and 
congruent condition (P < 0.001). Among three groups, only the IT group demonstrated significant improvement 
in response time under both congruent and incongruent conditions after training (P < 0.01), with ET group 
having nearly significance on the reaction time of incongruent conditions (P = 0.058). Additionally, both the IT 
group and ET group showed significant improvement in Stroop score compared to pre-treatment (P < 0.001), 
and the post-hoc comparisons confirmed IT’s superiority over ET in conflict resolution efficiency (P = 0.46).

Dual-task performance
Significant group*time interactions were observed for TUGT (Wald χ²=226.100, P < 0.001), TUGTcog (Wald 
χ²=451.481, P < 0.001), and DTC (Wald χ²=64.352, P < 0.001). All groups demonstrated significant post-
intervention improvements in TUGT and TUGTcog (P < 0.05). However, only the IT group showed enhanced 
DTC, whereas other groups exhibited deterioration. Specifically, IT demonstrated superior efficacy compared to 
CT and ET across all measures (P < 0.01). But ET showed no significant improvement in TUGT, TUGTcog, and 
DTC performance compared to CT (P > 0.05).

Lower limb strength
Significant group*time interactions were observed for FTSTS (Wald χ²=19.240, P < 0.001). The findings from the 
FTSTS indicated a reduction in testing time for all three groups post-intervention, suggesting an improvement 
in lower limb strength. Specifically, the IT group demonstrated a decrease from 18.58 ± 1.95 to 14.34 ± 2.41 s, 
which was significantly superior to both the CT group and the ET group (P < 0.05).

Balance confidence
Significant group*time interactions were observed for FTSTS (Wald χ²=35.896, P < 0.001). After the 
intervention, both the IT and ET groups showed a significant increase in balance confidence (P < 0.001). Inter-
group comparisons revealed that only the IT group exhibited a more significant increase than the ET group 
(P = 0.010) and the CT group (P = 0.001). These findings suggest that CQMT can enhance balance confidence 
more effectively than the other training.

Correlation analysis
In the IT group, improvements in TMT (TMT-A, TMT-B, and TMT B-TMTA) were significantly correlated with 
dual-task performance gains (TUGTcog and DTC) (P < 0.05). No significant correlations were observed in the 
ET group and CT group (P > 0.05) (see Table 2).

Table 3 summarizes the outcomes of post-intervention effects, group*time interactions, and ANOVA results. 
Additionally, within-group intervention effects are detailed in Supplementary Tab S2, with post-hoc analyses 
presented in Supplementary Tab S3. All outcomes are visualized in Fig. 3.

CT(n = 20) ET(n = 20) IT(n = 20)

TMT-A x TUGT
r −0.164 0.046 0.061

p 0.490 0.847 0.798

TMT-A x TUGTcog
r 0.147 −0.043 0.543

p 0.535 0.857 0.013

TMT-A x DTC
r 0.027 −0.125 0.546

p 0.910 0.601 0.013

TMT-B x TUGT
r 0.354 0.226 −0.222

p 0.125 0.338 0.348

TMT-B x TUGTcog
r 0.078 0.319 0.691

p 0.744 0.170 0.001

TMT-B x DTC
r −0.084 0.112 0.813

p 0.726 0.637 < 0.001

TMT B-A x TUGT
r 0.152 0.162 −0.366

p 0.521 0.496 0.113

TMT B-A x TUGTcog
r 0.136 0.349 0.570

p 0.567 0.132 0.009

TMT B-A x DTC
r −0.173 0.184 0.741

p 0.467 0.439 < 0.001

Table 2.  Results of the correlation analysis. CT  conventional rehabilitation training,  DTC dual-task cost,  ET 
exercise training,  IT Interactive motor-cognitive training, TUGT Timed up and go test, TUGTcog  Timed up 
and go test cognitive,  TMT The trail making test.
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Discussion
In recent years, motor-cognitive training for stroke patients has garnered considerable attention among 
researchers, emerging as a novel research focus19 In light of this, integrating this training into clinical practice 
is a more critical consideration21 In response to the limitations of existing interactive motor-cognitive training, 
which often relies on complex equipment such as VR and the underutilization of QMT in stroke rehabilitation, 
this study has computerized the QMT training to meet the needs of clinical practice. This study assesses the 
impact of CQMT training on balance and executive functions in stroke patients, aiming to provide a simple and 
feasible clinical training solution.

Effectiveness of CQMT on balance performance
The differential therapeutic outcomes between the interventions revealed critical neurorehabilitation mechanisms 
underlying post-stroke recovery. Compared to ET, IT demonstrated a greater reduction in swing speed and 
trajectory length during the eyes-open condition. This phenomenon can be attributed to CQMT’s adaptive 
instruction time reduction protocol, which accelerates sensorimotor processing speed. This is supported by 

Parameters

CT(n = 20) ET(n = 20) IT(n = 20) Interaction effect
Intergroup 
comparisons

Post-test Post-test Post-test Wald χ2 P F / H η2 P

Prokin test–EO

 Average swing speed in AP(mm/sec) 10.90 ± 3.92 10.25 ± 5.57 7.65 ± 1.98 15.357 < 0.001 7.564b 0.098 0.023

 Average swing speed in ML(mm/sec) 9.45 ± 3.62 8.60 ± 4.64 5.65 ± 1.95 35.567 < 0.001 15.065b 0.229 0.01

 Elliptical trajectory area(mm2) 414.45 ± 186.37 294.90 ± 124.28 221.15 ± 127.82 4.882 0.087 12.056b 0.176 0.002

 Trajectory lengths(mm) 476.95 ± 153.94 453.40 ± 214.48 331.90 ± 75.39 30.254 < 0.001 10.700b 0.153 0.005

Prokin test–EC

 Average swing speed in AP(mm/sec) 18.45 ± 8.65 18.90 ± 9.25 13.90 ± 5.59 17.376 < 0.001 2.394a 0.078 0.100

 Average swing speed in ML(mm/sec) 12.90 ± 5.82 12.40 ± 6.80 7.65 ± 4.97 43.127 < 0.001 11.611b 0.169 0.003

 Elliptical trajectory area(mm2) 848.15 ± 561.43 750.25 ± 508.02 404.25 ± 260.24 25.448 < 0.001 12.380b 0.182 0.002

 Trajectory lengths(mm) 703.00 ± 338.42 748.65 ± 340.26 509.75 ± 230.58 37.843 < 0.001 7.043b 0.088 0.030

LOS

 Score(%) 61.92 ± 16.74 70.21 ± 17.14 72.25 ± 17.10 37.943 < 0.001 4.492b 0.044 0.106

Berg

 Score (number) 43.55 ± 4.22 45.75 ± 2.95 49.95 ± 3.69 83.373 < 0.001 20.902b 0.332 < 0.001

POMA

 Balance (number) 11.05 ± 2.16 11.55 ± 2.14 13.80 ± 1.77 34.335 < 0.001 16.499b 0.254 < 0.001

 Gait (number) 5.25 ± 1.94 6.70 ± 1.81 9.70 ± 2.85 72.204 < 0.001 23.752b 0.382 < 0.001

 Tota l(number) 16.30 ± 3.96 18.25 ± 3.54 23.50 ± 3.78 105.177 < 0.001 23.099b 0.370 < 0.001

FTSTS

 Score(s) 16.67 ± 2.11 16.44 ± 2.89 14.34 ± 2.41 19.240 < 0.001 5.308a 0.157 0.008

TMT

 TMT-A(s) 72.17 ± 21.10 63.60 ± 18.26 46.59 ± 17.25 116.890 < 0.001 9.455a 0.249 < 0.001

 TMT-B(s) 166.16 ± 42.78 149.03 ± 38.54 92.85 ± 40.06 240.644 < 0.001 17.934a 0.386 < 0.001

 TMT B-A(s) 90.30 ± 29.20 85.43 ± 26.69 45.02 ± 26.62 133.508 < 0.001 16.309a 0.364 < 0.001

Stroop

 RT-congruent(s) 1574.99 ± 663.37 1275.67 ± 330.22 943.42 ± 200.83 23.120 < 0.001 23.784b 0.382 < 0.001

 RT-incongruent(s) 1844.55 ± 670.51 1467.70 ± 375.27 1071.16 ± 234.41 27.936 < 0.001 25.680b 0.415 < 0.001

 Stroop score(s) 277.28 ± 155.11 212.24 ± 162.52 129.54 ± 98.28 58.645 < 0.001 12.990b 0.193 0.002

Dual-task performance

 TUGT(s) 20.47 ± 3.56 19.23 ± 4.16 15.51 ± 3.13 226.100 < 0.001 10.046a 0.261 < 0.001

 TUGTcog(s) 27.40 ± 3.05 26.45 ± 4.07 18.86 ± 3.41 451.481 < 0.001 35.058a 0.552 < 0.001

 DTC(%) 0.353 ± 0.134 0.397 ± 0.134 0.224 ± 0.108 64.352 < 0.001 18.469b 0.289 < 0.001

ABC

 Score (number) 59.59 ± 22.80 74.34 ± 13.07 79.53 ± 17.57 35.896 < 0.001 6.424a 0.184 0.003

Table 3.  Results of balance performance and executive performance. AP anterior-posterior,  ABC The 
Activities Specific Balance Confidence Scale,  BBS  berg balance scale, CT conventional rehabilitation training,  
DTC  dual-task cost, EO eyes open,  EC  eyes closed,  ET  exercise training, FTSTS The Five Times Sit-to-Stand, 
IT Interactive motor-cognitive training,  LOS  The Limit of Stability Test, ML medial-lateral,  POMA  Tinetti 
performance-oriented mobility assessment,  RT reaction time,  TUGT  Timed Up and Go Test,  TUGTcog 
Timed Up and Go Test Cognitive, TMT The Trail Making Test.  a: F value, based on One-Way ANOVA; b: H 
value, based on Kruskal-Wallis test.
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prior evidence that faster reaction times and more rapid motor responses correlate with improved motor control 
in stroke survivors39 Notably, the superiority of IT over CT or ET in eyes-closed static balance parameters 
likely originates from QMT’s framework, which restores stroke-impaired proprioceptive function. Given that 
stroke survivors frequently rely on visual compensation for balance due to proprioceptive deficits, notably 
demonstrated in eyes-closed balance assessments40 CQMT directly targets these sensorimotor integration 
deficits by challenging movement direction perception and eliciting rapid postural adjustments. Furthermore, 
findings suggest that eyes-closed balance performance engages striatal dopaminergic pathways,41 offering novel 
mechanistic insights into QMT’s therapeutic effects.

Fig. 3.  Trends in the changes in parameters between the groups.
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Clinically, these balance improvements translate to functional gains, as evidenced by CQMT’s significantly 
greater enhancements in BBS, POMA, and FTSTS versus ET. CQMT’s optimized balance and gait performance 
may be mediated through three training-induced adaptations: (1) refined step strategy via real-time motor 
command synchronization, (2) enhanced trunk control through motor response optimization, and (3) improved 
weight-bearing symmetry via muscle coactivation regulation42–45.

Effectiveness of the CQMT on executive performance
The motor-cognitive training’s synergistic effects reveal fundamental differences in neuroplasticity induction 
between IT and ET. As CQMT embedded executive elements within motor training, IT demonstrated 
significantly greater improvements compared to ET in TMT and Stroop test, which are sensitive measures of 
executive function46,47 Given that executive functions are critical for dual-task performance,48 while both groups 
showed comparable improvements in TUGT completion time, only IT demonstrated superior dual-task cost 
reduction. This differential outcome can explained by the significant positive correlation observed between 
TMT performance (reflecting information processing speed and cognitive flexibility49 and DTC reduction 
exclusively in the IT group. The observed correlation suggests that CQMT’s integration of motor-cognitive 
elements enhances frontoparietal neural circuit connectivity and boosts synaptic transmission efficiency, thereby 
specifically improving dual-task performance through optimized resource allocation50 This interpretation is 
further supported by prior neuroimaging evidence indicating that QMT reinforces the structural integrity of the 
corpus callosum, a critical bridge in the brain’s hemispheric networks, which facilitates synchronized cognitive-
motor processing during dual-task51 In contrast, ET’s exclusive focus on motor automaticity resulted in reduced 
TUGT completion times but paradoxically increased DTC. This phenomenon aligns with the principle that 
purely motor training enhances stereotyped movement patterns without developing the cognitive reserve 
necessary for task-switching efficiency52,53.

Potential mechanisms of QMT
QMT integrates motor skills of physical coordination and motor responses with cognitive skills like working 
memory and attention, creating synergistic effects9 Specifically: First, EEG studies demonstrate that QMT’s 
integration of motor and cognitive skills enhances brain connectivity and synergistically promotes neural 
plasticity,54 with motor training exerting a “promoting effect” and cognitive training providing a “guiding effect”17 
Secondly, QMT induces a synergistic increase in gray matter within the cerebellum (motor coordination) and 
dorsolateral prefrontal cortex (executive function), providing evidence of its synergistic effects55 As indirect 
structural connectivity between the cerebellum and frontal-parietal cortices is essential for post-stroke recovery,56 
QMT’s coordinated gray matter expansion in these regions provides a neuroanatomical basis for motor-cognitive 
rehabilitation. Third, QMT activates molecules such as BDNF, enhancing brain plasticity in cognitive and motor 
domains57 Given the well-documented BDNF deficiency in stroke patients,58 QMT promotes neuronal repair by 
upregulating BDNF expression.

Promising applications of CQMT
This study proposed CQMT as a novel integrative motor-cognitive training approach for post-stroke 
rehabilitation, addressing three critical gaps in existing research. First, while prior studies validated QMT’s 
efficacy in dyslexic rehabilitation and neuroplasticity enhancement in healthy populations,55,59,60 this study is 
the first to demonstrate comparable efficacy in post-stroke populations, expanding QMT’s therapeutic scope. 
Second, our study reveals CQMT’s distinct cost-space advantages over VR-based integrative motor-cognitive 
training approaches, establishing its viability as a broadly applicable intervention particularly suited for 
resource-constrained settings with limited infrastructure21,61,62 Third, this study validates the Guided Plasticity 
Facilitation Theory,17 which posits that synergistic integration of motor and cognitive domains generates 
neuroplastic adaptations critical for functional recovery. Collectively, these findings suggest CQMT’s potential as 
a low-cost, broadly applicable intervention, making it an attractive choice for clinical and non-clinical settings.

Limitations
This study has several limitations. First, the final cohort predominantly comprised male patients due to the 
clinical characteristics of our inpatient population at the study center. This demographic constraint limits the 
generalizability of the findings to female populations. Second, the inclusion criteria required MMSE scores ≥ 24, 
potentially excluding patients with cognitive impairment. Future studies should enroll stroke patients across the 
cognitive spectrums to comprehensively evaluate intervention effectiveness on motor and cognitive functions, 
while also comparing QMT’s efficacy against standard cognitive rehabilitation. Third, although behavioral 
outcomes demonstrated clinically significant improvements, direct neuroimaging evidence confirming the 
intervention’s neuroplastic effects remains lacking. Subsequent research should incorporate multimodal 
neuroimaging to elucidate mechanistic pathways.

Conclusion
Our findings demonstrated the superior efficacy of Computerized Quadrato Motor Training (CQMT) over 
exercise training (ET) in enhancing balance, executive function, and dual-task performance among stroke 
survivors, thereby filling a critical gap in the clinical application of QMT in stroke rehabilitation research. 
This study highlights the clinical efficacy of CQMT in stroke rehabilitation, demonstrating that its therapeutic 
benefits establish CQMT as a cost-effective and broadly applicable intervention across clinical and community 
rehabilitation settings, particularly given its hardware independence from virtual reality systems. This study 
advances neurorehabilitation practice by validating a novel motor-cognitive integration paradigm through 
CQMT implementation in stroke rehabilitation.
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Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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