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Effects of robot assisted mirror
therapy on motor function and
cortical activation in patients with
right hemisphere damage
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Robot-assisted mirror therapy (MRT) is a cutting-edge rehabilitative treatment that combines mirror
therapy and rehabilitation robots and can improve stroke patient participation in rehabilitation
training. The aim of this study was to investigate the effects of MRT training in patients with right-
hemisphere damage (RHD). Fifty-three RHD patients were randomly assigned to the MRT (N=17),
passive movement (PM) (N =19), or functional occupational therapy (FOT) group (N=17) for 4 weeks
of training. All three groups received conventional medication and rehabilitation therapy, along with
20 min of FOT. In addition, the MRT group underwent 10 min of MRT, the PM group received 10 min
of PM training, and the FOT group underwent 10 min of additional FOT. Upper-limb motor function
was evaluated by the Fugl-Meyer Assessment-Upper Extremity (FMA-UE) and the Fugl-Meyer
Assessment-Wrist and Hand (FMA-WH) before and after treatment. The daily life activities of the
patients were evaluated with the modified Barthel index (MBI). Cortical activation was evaluated by
functional near-infrared spectroscopy (fNIRS). Compared with the PM and FOT methods, the MRT
method more effectively improved the FMA-UE score, FMA-WH score and MBI. In addition, MRT is
expected to improve cortical activation in patients.
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According to the World Health Organization, 15 million people worldwide suffer from stroke annually,
approximately 80% of whom experience motor dysfunction of the upper limbs, which particularly impacts the
coordination and flexibility of the hands'-. A study revealed that, 3 months after stroke, only 12% of survivors
reported having no changes in hand function, whereas 38% reported having severe hand dysfunction?. The
distal joints of the fingers require precise and complex control to achieve movement, and compared with the
proximal joints, their recovery takes longer and is more difficult, and they have a lower possibility of regaining
complete function®. Hand function is particularly relevant to activities of daily life. Loss of hand function in
stroke patients results in a 27% decrease in function, severely affecting independence and activities of daily life;
this adverse effect lasts for 3-6 months or more, and fewer than 50% of patients recover hand function in the
upper extremities 6 months after stroke®3.

Many studies have shown that repeated motor exercises and active participation in activities in real
environments are beneficial for recovering motor function after stroke’. Rehabilitation robots can help patients
move their limbs more efficiently to simulate repetitive and high-intensity movements guided by therapists,
showing great benefits in the treatment process'’. Rehabilitation robots are now widely used in neurological
rehabilitation, providing automated and standardized rehabilitation training modes and high-dose, high-
intensity and long-term training, simplifying the work of rehabilitation therapists, and improving the efficiency
of rehabilitation training!!"!2. Hand rehabilitation robots can provide a full range of joint motion and prevent
incorrect movement patterns from occurring while providing patients with different types of training as needed .

Although rehabilitation robots have many advantages, their role in providing purely passive training prevents
patients from actively participating in the exercises, which can easily result in fatigue and reduce patient interest
in the training while yielding suboptimal rehabilitation results. Mirror therapy (MT) was initially used for the
treatment of phantom limb pain in patients and is based on the principle of plane mirror imaging to provide
visual feedback through mirrors, where visual information about the activity of the healthy limb is reflected
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through the mirror, creating the visual illusion that the affected limb is also active!®!. Altschuler et al.['4].
proposed the use of MT for the rehabilitation of hemiplegia after stroke, reported that it could improve the
motor performance of patients with chronic stroke, and gradually began to use MT in the rehabilitation of motor
dysfunction after stroke. Continuous mirror visual feedback can stimulate the mirror neuron system (MNS) of
the brain, which is located mainly in vision-related areas of the occipital, temporal, and parietal lobes and motor
areas of the frontal-parietal lobes on both sides, connecting the sensory neurons for visual processing and the
motor neurons for motor signaling[°]. It affects the electrical activity and excitability of the cortex to promote
functional remodeling of the brain, which restores motor function'”. Yu Wei et al.'® reported that although each
intervention session was brief, four weeks of mirror therapy led to significant improvements in motor function
and cortical reorganization.

To solve the problem of low patient participation under passive training regimens, mirror image rehabilitation
training robots have been introduced. These devices combine the theory of MT with the design of rehabilitation
robots and have emerged as leading-edge technologies in the field of rehabilitation while also engaging the
brain center to improve patient motivation to train. It recognizes the movement track of the unaffected hand,
perceives the patient’s active movement intention in real time, generates the movement track of the affected side,
and drives the patient to complete similar training actions'. In this training mode, the degree of interaction
between the patient and the robot can be improved, the subjective initiative of the patient can be increased,
and personalized training movements can be provided according to the patient’s situation. The training scope is
determined by the patients so that they can more actively participate in the treatment process.

Although some progress has been made in the study of MT robots, several limitations remain. One is the lack
of targeted clinical trials, as only a limited number of studies have demonstrated the beneficial effects of robot-
assisted mirror therapy (MRT) on stroke patients. Dong Wei et al.[?°] designed a study aimed at comparing the
clinical efficacy of virtual reality MT and robot-assisted virtual reality MT for stroke patients, but the results of
only one protocol were published, and the comparative results are currently unpublished. Mareike Schrader et
al.[*']compared the effects of standard MT with those of robot-assisted therapy and revealed that robot-assisted
training had better outcomes in terms of motor function. MRT is increasingly being used for patients with
neurological disorders and is expected to improve the effectiveness of training for stroke patients; however,
only a few studies have explored this possibility specifically, and further trials are needed to demonstrate the
effectiveness of this treatment[??].

On the basis of the above research background, the aim of this study was to design a randomized controlled
trial to investigate the effects of MRT on brain remodeling in patients with right-hemisphere damage (RHD)
via functional near-infrared spectroscopy (fNIRS). We hypothesized that, compared with other methods, MRT
would be more effective at improving upper-limb function and brain remodeling in RHD patients.

Methods

Participants

The participants were patients with RHD who were hospitalized at the China Rehabilitation Research Center
from November 2024 to February 2025. The inclusion criteria were as follows: (1) first incident of RHD
confirmed by CT or MRI to reduce interindividual variability associated with lesions in different hemispheres;
(2) aged between 18 and 75 years; (3) alert, capable of understanding therapist instructions, and had Mini-Mental
State Examination (MMSE) scores above 24, suggesting relatively intact cognitive function; (4) had left upper-
limb motor dysfunction (Brunnstrom stage <II); (5) were right-handed; and (6) signed the informed consent
form. The exclusion criteria were as follows: (1) major organ dysfunction; (2) upper-limb dysfunction for other
reasons that influenced rehabilitation training; and (3) depression or anxiety and inability to cooperate with the
treatment. The removal criteria were as follows: patients with low levels of cooperativity and who attended less
than 20% or more of the total number of training sessions for various reasons, thus affecting the outcome ratings,
were removed from the study.

Sample size estimation

The sample size was estimated prospectively via PASS software version 22.0.2 (NCSS, LLC. Kaysville, Utah,
USA, Available from: https://www.ncss.com/download/pass/). On the basis of a previous randomized controlled
study[??] we referred to the literature for the group means and standard deviations of the three groups. We set an
alpha level of 0.05 and a power of 0.8, which yielded a minimum sample size of 42 participants (14 per group).
Accounting for a potential dropout rate of 30%, we planned to recruit an additional 15 participants. Thus, the
planned sample size was 57 participants (19 per group).

To ensure sufficient statistical power for detecting cortical activation effects via fNIRS in this study, we
conducted a power analysis. Using G*Power software version 3.1.9.7(Heinrich-Heine-Universitit Diisseldorf,
Diisseldorf, Germany, Available from: https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologi
e-und-arbeitspsychologie/gpower), power calculations were performed with an effect size of Cohen’s d=0.45
derived from preliminary experimental fNIRS centroid value calculations. The significance level (a) was set at
0.05, and the statistical power (1-B) was defined as 0.8, corresponding to an 80% probability of detecting true
effects. The analysis demonstrated that a sample size of N=51 provided adequate statistical power under the
assumed effect size and significance level, ensuring the statistical validity of the research findings and minimizing
the risk of false-negative outcomes.

Study design

In the present study, we used a randomized controlled, assessor-blinded design. The participants who met the
criteria were randomly assigned to the MRT, passive movement (PM), or functional occupational therapy (FOT)
group. Random allocation was performed using a random number table generated by a computer program
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(https://www.randomizer.org/). To ensure allocation concealment, the randomization process was independently
executed by researchers not involved in interventions or assessments, with allocation information kept
concealed from all personnel until group assignment. To minimize bias, a single-blind design was implemented,
ensuring assessor blinding. Clinical evaluations were conducted by a certified occupational therapist before
intervention and at four weeks postintervention. Throughout the study, the therapist remained blinded to the
group assignments to prevent assessment bias.

The Ethical Review Committee of the China Rehabilitation Research Center approved the study (Ethical
Approval No. 2021-076-1).The experimental procedure was explained in detail to the subjects before the start
of intervention, and informed consent was obtained from all the subjects and/or their legal guardian(s) in
accordance with the Declaration of Helsinki. The study was registered in the Chinese Clinical Trial Registry on
18/11/2024, with the registration number ChiCTR2400092509.

Interventions

All enrolled patients received conventional medication and rehabilitation therapy, including neurodevelopmental
treatment, lower extremity physical therapy, bed-standing training, and walking training. All three groups
received 20 min of FOT. On this basis, the MRT group received MRT performed by the rehabilitation robot, the
PM group received PM training, and the FOT group received FOT therapy, all of which lasted 10 min, 5 times
per week for a total of 4 weeks of treatment.

FOT
FOT is a type of rehabilitation training method that aims to improve function and includes manual training and
repetitive functional training to establish a normal movement pattern. Manual training is used by therapists
to restore the range of motion of joints, enhance muscle strength and improve motor function. The quality of
manual training was determined by the therapists’ professional expertise and clinical experience. Therapists who
delivered interventions possessed certified occupational therapy qualifications and received regular skill-based
training throughout the study period. Functional training through the unaffected hand, such as via dowel rods,
abrasive boards, rollers and other training tool, is repeated to drive the activities of the affected hand, simulate
the daily activity pattern, improve the coordination and control of the upper limbs and trunk as a whole,
and establish a normal movement pattern. Each training session began with familiarization training led by a
therapist, after which 2-3 training movements were selected and repeated according to the patient’s condition.
To minimize bias during interventions, a single therapist delivered all treatment sessions under strictly
standardized operating procedures. Regular therapist supervision was conducted to ensure treatment fidelity
and session-to-session consistency. Technical execution and treatment content were standardized across all
sessions to reduce interindividual variability in outcome measures.

MRT

A hand movement rehabilitation robot (SRT Pavlov H1000, Beijing Softbody Robotics Technology Co., Ltd.,
China) with a training glove on the affected hand and a motion recognition glove on the unaffected hand was
used. The mirror therapy mode was selected, the training time was 10 min, and after starting the program,
the subjects used the unaffected hand to perform the experimentally preset movements, including finger
grasping and stretching. Motion recognition gloves are equipped with sensors that can recognize the action
performed by detecting light signals. This means that when the sensor is unable to detect the light signal, it is
recognized as grasping, and when the sensor detects the light signal, it is recognized as stretching. When the
motion recognition glove successfully detects and classifies optical signals, it drives the affected hand to perform
synchronized movements, and the range of motion performed by the device-assisted affected hand is consistent
with that of the unaffected hand (Fig. 1a). The patient was monitored closely before and during the training
session. The appropriate level of force was selected according to the participant’s tolerance level.

PM training

The same equipment (SRT Pavlov H1000, Beijing Softbody Robotics Technology Co., Ltd., China) was used for
passive training of finger flexion and extension of the affected hand. The subject wore the training glove on the

(a) (b)

Fig. 1. Rehabilitation robot. (SRT Pavlov H1000, Beijing Softbody Robotics Technology Co., Ltd., China). (a)
Mirror therapy mode; (b) Passive training mode.
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affected hand, selected the passive mode, and chose the appropriate strength on a scale of 1-10 according to their
tolerance level. Typically, the strength is set to 5, after which it is adjusted according to the patient’s muscle tone
and feelings during passive movement. The patient was kept in a relaxed state during the process, and the glove
assisted the affected hand in performing passive training for 10 min (Fig. 1b).

Measurements

Patient information, including age, sex (male/female), and type of stroke (ischemic/hemorrhagic), was collected
before enrollment. All the subjects were assessed pretreatment and posttreatment with the Fugl-Meyer
Assessment-Upper Extremity (FMA-UE) and FMA-Wrist and Hand (FMA-WH) and the modified Barthel
index (MBI).

FMA
The FMA-UE is a widely used quantitative assessment for upper extremity motor function. It has high reliability
and validity for the assessment of motor impairment, with an intragroup correlation coefficient of 0.97 for the
upper extremity subcomponent[?*]. The FMA-UE consists of 33 items scored 0-2 points each, with a total score
ranging from 0 to 66 points.

The FMA-WH assesses wrist ability, hand function, and coordination. The total score is 30, with higher
scores representing better patient function[?4].

MBI

The MBI is a five-level, internal consistency-validated scale used to assess the ability of stroke patients to perform
activities of daily life[?*]. This includes assessments of bathing, grooming, feeding, dressing, defecation, bladder
control, toileting, stair climbing, chair/bed transfers, and walking. The scores range from 0 to 100, with lower
scores representing a substantial lack of independence in performing activities of daily living.

fNIRS

Collection

In the present study, we used an fNIRS device (LIGHTNIRS, Shimadzu Corporation, Japan) to collect cerebral
blood flow data. The device operates at emission and absorption wavelengths of 780 nm, 805 nm and 830 nm,
with a sampling rate of 13 Hz['®]. The device analyzes changes in oxygenated hemoglobin (Oxy-Hb) and
deoxygenated Hb (Deoxy-Hb) concentrations as well as total hemoglobin (total-Hb) through the correlation
of light attenuation with different concentrations of light-absorbing substances in the tissues, thus reflecting
altered brain function?®*”?%, The probes of the fNIRS device are arranged with reference to the international
10-20 system over the bilateral primary motor cortex (M1). The optodes were positioned with C3 and C4 as the
central reference points and aligned parallel to the T3-Cz-T4 axis. A 2 x 4 grid arrangement was adopted to cover
the bilateral primary motor cortices, resulting in 20 measurement channels (Fig. 2). Emitters and detectors were
interleaved with a 3 cm spacing between adjacent source-detector pairs. The detailed optode coordinates and
channel configurations are provided in Fig. 2.

Before collection, the subject was fitted with a fiber optic cap, and the positions of the emitter probes and
detector probes were adjusted. The hair was carefully ruftled to ensure that the probes were in close contact with
the subject’s skin to obtain better signal quality. Before each collection, a signal gain check was performed to
ensure the quality of data collection and that all channels showed good signals.

Task process

For the fNIRS test, we adopted a block design. The rest-task-rest paradigm was adopted with a 15-30-15 s
duration. A total of 5 block tests were carried out in each cycle, with a total time of 300 s (Fig. 3). The participants
were asked to begin in a relaxed seated position, and patients were instructed to avoid any movement except
for the motor task required during the procedure to prevent motion artifacts from interfering with the blood
oxygenation data. Before the test, the subjects were briefed in detail about the test procedure and rehearsed
the exercise tasks. After the formal start of collection, the eyes were first closed and relaxed for 15 s, and the
participants were asked to clear their minds as much as possible. This was followed by a 30-s task phase, in which

Fig. 2. fNIRS probe positions. The red circles represent emitter probes, the blue circles represent detector
probes, and the channels are arranged between them.
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Fig. 3. Illustration of fNIRS testing. There are two states of {NIRS testing: the rest state (RS) and the task state
(TS). The resting state was 15 s, which was performed twice, and the TS included 3 grasps for a total of 30 s.
The task was repeated five times, with a total test duration of 300 s.

the subject was asked to perform three passive grasping and opening maneuvers of the affected hand, assisted by
the rehabilitation robot. The relaxation state continued for 15 s at the end of the task.

Data processing

The fNIRS data were preprocessed and analyzed with fNIRS system data processing software (LIGHTNIRS,
Shimadzu Corporation, Japan, Available from: https://www.shimadzu.com.cn/an/products/software-informati
cs/labsolutions-series/labsolutions-ir/index.html) as follows: (1) Channels with significant motor artifacts were
discarded, and the signals from the left and right brain regions (10 channels on each side) were superimposed
and averaged separately. (2) Filter: The signal was passed through a bandpass filter with a frequency band of
0.01-0.08 Hz to remove significant periodic noise components, including heart rate noise (1 Hz), respiration
(0.2-0.3 Hz), Meyer wave noise (0.1 Hz), and very low-frequency physiologic fluctuation noise (<0.01 Hz).
(3) Task-based averaging: Relative changes in oxyhemoglobin (Oxy-Hb) concentration were block-averaged (5
blocks x 15-30-15 s trial units). (4) Smoothing and baseline correction: Data were processed with Savitzky—
Golay smoothing (window =5, passes=1) followed by baseline subtraction using two intervals?® (-15-0 s and
30-45 s). (5) The centroid value (CV) and integral value (IV) were calculated on the basis of the changes in
Oxy-Hb levels. The IV, which is expressed in millimolar millimeters (mmol-mm), represents the cumulative
changes in cerebral hemodynamics during the task period. The integral value is calculated using Eq. (1), where
Oxy-Hb(#) denotes the Oxy-Hb concentration at time #; t_, . and ¢, . . represent the start and end times
of the task, respectively; and d denotes the integral. A higher IV indicates stronger brain activation during the
task®. The centroid value (CV) reflects the speed of brain activation. It is determined by first calculating the total
change in Oxy-Hb concentration during the test period. The time at which the concentration change reaches
half of the total change is defined as the CV value, which is expressed in seconds (s)?°. The CV value is calculated
using Eq. (2), which identifies ¢_, such that the equation holds true. A lower CV value indicates faster brain
activation in the task. (6) The normality of the centroid and integral values before and after intervention in the
two groups was assessed using the Shapiro-Wilk test. Statistical analysis methods were selected on the basis of
whether the data conformed to a normal distribution.

ttask end
IV = / f@)at (1)

ttask start

/ T rwa- / M ar )

ttask start tew

Statistical analysis

Statistical analyses were performed via SPSS software (version 24; SPSS Inc., Chicago, IL), and a p value <0.05
was considered to indicate statistical significance. Continuous variables were tested for normality via the
Shapiro-Wilk test. Data that conformed to a normal distribution (age, IV, and CV) are expressed as the
mean + standard deviation (M £ SD). Repeated measures analysis of variance was used for between- and within-
group comparisons. Data that did not adhere to a normal distribution (FMA-UE, FMA-UH, MBI) are expressed
as medians (interquartile ranges). The Kruskal-Wallis test was used for between-group analysis, Bonferroni
correction was used for two-two comparisons, and the Wilcoxon signed-rank test was used for within-group
analysis. The IV and CV derived from fNIRS analysis were subjected to normality tests and were found to
conform to a normal distribution. Therefore, the data are presented as the means + standard deviations and were
analyzed using repeated-measures analysis of variance (ANOVA). For categorical variables (sex, stroke type)
expressed as rates or %, the baseline characteristics of the three groups of patients were compared with the chi-
square test or Fisher’s exact test.

Results

Participant characteristics

The recruitment process is shown in Fig. 4. From November 2024 to February 2025, 112 patients with RHD were
recruited at the China Rehabilitation Research Center. Among them, 39 did not meet the inclusion criteria, 2
refused to participate in the trial, and 11 were excluded for other reasons. Finally, 60 patients were enrolled in
the study, among whom 7 dropped out during the study because of the impact of the COVID-19 epidemic; these
patients were discharged early. Ultimately, 53 patients were included, and no adverse events occurred during the
experimental period.
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Fig. 4. Flow chart of participant enrollment.

Variable ‘MRT (n=17) \PM (n=19) \FOT (n=17) \ P
Sex, N

Male/Female EB BE 1215 0379
Type of stroke, N

ischemic/hemorrhagic | 11/6 9/10 9/8 0.571
Age, M£SD 54.53+12.09 | 54.05+10.59 | 54.06+10.22 | 0.989
FMA-UE, M (P,,,P,.) |4 (4:4) 4(4,5) 4(4,5) 0.548
MBL M (P,.,P,,) 26 (26,29) 26(26,29) | 26(2529) | 0.300

Table 1. Characteristics of the participants. Age is reported as the mean + standard deviation (M £ SD); other
continuous variables are reported as medians (interquartile ranges). FMA-UE: Fugl-Meyer Assessment-Upper
Extremity, FMA-WH: Fugl-Meyer Assessment-Wrist and Hand, MBI: Modified Barthel Index. (MRT: Robot-
assisted mirror therapy, PM: Passive movement, FOT: Functional occupational therapy.)

Information on patient demographics is shown in Table 1. There were 17 participants in the MRT group, 19
in the PM group, and 17 in the FOT group. There was no significant difference among the three groups in terms
of sex (x2=1.943, p=0.379) or stroke type (x?=1.120, p=0.571). The mean ages of the FOT, PM and MRT groups
were 54.06+10.22, 54.05+10.59, and 54.53 +12.09 years, respectively, and the difference was not statistically
significant (F=0.011, p=0.989).

The clinical baseline characteristics are shown in Table 1. Before the intervention, neither the FMA-UE
(p=0.548) nor the MBI (p=0.300) significantly differed among the groups, and the FMA-WH score was 0 in all
three groups. There were no significant differences in the distributions of any of the other baseline characteristics
among the three groups.

Changes in clinical outcomes
Changes in clinical outcomes are shown in Table 2. An improvement in upper-limb dysfunction on the
paralyzed side was observed in all three groups (Fig. 5a). Compared with baseline, after treatment, all three
groups presented significant improvements in FMA-UE scores (p<0.001). A comparison among the groups
revealed that there was a significant difference in the FMA-UE score after the intervention (p=0.009). Further
Bonferroni correction was performed for two-by-two comparisons. The FMA-UE scores were significantly
higher in the MRT group than in the PM (p=0.020) and FOT groups (p=0.029) after the intervention.

Compared with those at baseline, at the end of the 4-week intervention, FMA-WH scores were significantly
higher in the FOT group (p=0.017) and the MRT group (p =0.002). However, there was no significant difference
in this measure for the PM group (p=0.063). Posttest analysis revealed that there was a significant difference in
the FMA-WH score among the three groups (p =0.004). However, the two-by-two comparison revealed that the
MRT group had significantly higher FMA-WH scores than the PM group did (p=0.003) (Fig. 5b).

In addition to improvements in upper extremity function and wrist-hand function, the ability to perform
activities of daily life was also improved in all three groups. Compared with the pretest MBI scores, the posttest
scores were significantly greater in all three groups (p <0.001). Comparisons among the groups also revealed a
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Time | MRT | M FOT v |
FMA-UE

Pretest | 4 (4,4) 145  |445) 1202 | 0548
Posttest | 22 (14.5,26.5)% | 13 (11,15) | 12 (8,24) 9.330 | 0.009
zZ -3.626 3837 | -3.635

P <0.001 <0001 | <0.001

FMA-WH

Pretest | 0 0 0 0.000 | 1.000
Posttest | 6 (2,12)° 0(02) |2(0122) |11.086 |0.004
z -3.069 1857 | -2388

p 0.002 0.063 0.017

MBI

Pretest | 26 (26,29) 26 (26,29) |26 (25,29) | 2.405 | 0300
Posttest | 54 (50,62)** 50 (44,52) | 47 (40,57.5) 9.256 | 0.010
zZ -3.627 3835 | -3.623

p <0.001 <0.001 | <0.001

Table 2. Clinical outcome data analysis. Data are reported as medians (interquartile ranges). FMA-UE: Fugl-
Meyer Assessment-Upper Extremity, FMA-WH: Fugl-Meyer Assessment-Wrist and Hand, MBI: Modified
Barthel Index. “*” indicates a significant difference from the FOT group, “#” indicates a significant difference
from the PM group. (MRT: robot-assisted mirror therapy group. PM: Passive Movement. FOT: Functional
Occupational Therapy).

a # b # c #
# 15 * N " #
50 5 - 4 80 B E *
40
z 07 7 é O MRT
35 30+ £ = = PM
1 40
2 s = = FoT
= =il = ¢ ¢
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= 3 ok l
e Rase | R Fa | Ll L ™ 0= T T
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Fig. 5. Clinical outcome assessment. (a) FMA-UE: Fugl-Meyer Assessment-Upper Extremity; (b) FMA-WH:
Fugl-Meyer Assessment—Wrist and Hand; (c) MBI: Modified Barthel Index. “*” indicates significant changes
from the pretest to the posttest, and “#” indicates a significant difference between groups. (MRT: Robot-
assisted mirror therapy, PM: Passive movement, FOT: Functional occupational therapy.)

significant difference in the MBI score (p=0.010). Further Bonferroni correction revealed that the improvement
in MBI scores in the MRT group was significantly greater than that in the FOT group (p=0.023) and the PM
group (p=0.026) (Fig. 5¢).

fNIRS results
Several patients had missing fNIRS data for various reasons. Data were missing for 2 patients in the MRT group
and 2 patients in the PM group. Two outliers in the FOT group were removed during the process. Finally, 47
patients were included in the final analysis, including 15 each in the MRT and FOT groups and 17 in the PM
group.

After the Shapiro-Wilk test, the integral and centroid values of the left and right sides of the three groups of
patients conformed to a normal distribution (p>0.05). Repeated-measures ANOVA was used for comparisons.

The results are shown in Table 3. There was no significant difference in the integral or centroid value between
the left and right sides among the three groups before intervention (p>0.05). There was also no significant
difference between the integral and centroid values of the left and right sides among the three groups after the
intervention (p>0.05).

There was no significant difference between the left and right integral values or the right center of gravity
values of the three groups before and after the intervention (p > 0.05). There was a significant difference in the left
centroid value in the FOT group before and after the intervention (p =0.004) (Fig. 6).
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Left side IV

Pretest Posttest Time Group TimexGroup
Variable Group | M+SD M+SD P n? P n? P n?

MRT | 0.27+0.36 -0.04+0.26
v | PM 0.11+0.33 0.15£0.30 0.891 | 0.000 | 0.303 | 0.053 | 0.751 | 0.013
Left FOT |0.09+041 |0.14%0.40

side MRT 10.69+10.52 | 13.03+10.45
CV | PM 13.80+12.22 | 13.58+8.97 |0.029 | 0.109 | 0.802 | 0.118 | 0.072 | 0.010
FOT 7.54+10.24 | 17.34+4.25
MRT | 0.14+0.31 -0.06+0.24
v | PM 0.12+0.35 0.21£0.32 0.797 | 0.002 | 0.262 | 0.059 | 0.061 | 0.119
Right FOT |0.05+0.34 [0.22%0.29

side MRT 10.63+7.63 | 11.04+12.00
CV | PM 7.98+£10.95 | 14.04+£10.07 | 0.317 | 0.023 | 0.996 | 0.000 | 0.538 | 0.028
FOT 10.68+8.80 | 11.39+12.69

Table 3. Analysis of fNIRS data. The data are reported as the means * standard deviations (M £ SDs). IV:
integral value; CV: centroid value. “*” indicates a significant difference from the FOT group. “#” indicates a
significant difference from the PM group. (MRT: Robot-assisted mirror therapy, PM: Passive movement, FOT:
Functional occupational therapy).
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Fig. 6. Analysis of fNIRS data. (a) Left side IV: Left side integral value; (b) Right side I'V: Right side integral
value; (c) Left side CV: Left side: Left side integral value; (d) Right side CV: Right side centroid value. “*”
indicates significant changes from pretest to posttest. “#” indicates a significant difference between groups.
(MRT: Robot-assisted mirror therapy group; PM: Passive Movement group; FOT: Functional Occupational
Therapy group).

Discussion

In this study, we performed fNIRS to investigate the effects the MRT on upper limb function and brain activation
in RHD patients. The clinical outcomes of the FMA-UL and FMA-WH, the MBI and the brain activation captured
by fNIRS before and after the different interventions were compared. The results demonstrated that MRT not
only improved the function and daily mobility of the affected upper limb but also alleviated the appearance of
abnormal brain activation. There were no adverse events or side effects during the process, demonstrating that
MRT is a safe and feasible technique for poststroke rehabilitation.

After stroke, the ability of the limb on the paralyzed side to aid in performing activities of daily life decreases
significantly, which can lead to functional disability in the long term>!. Interestingly, the results of this study
revealed that all three groups of patients experienced significant improvements in upper extremity function and
daily living ability after the intervention, with the MRT group experiencing greater overall improvement. Both
MT and repetitive rehabilitation are effective treatments for improving upper-limb motor function after stroke.
MRT training combines the advantages of movement observations, movement imagination and movement
attempts. The patient passively imitates healthy hand movements with the assistance of the robot and performs
repetitive training on both sides to establish the correct movement pattern. This method compensates for the
lack of motor feedback under pure mirror image training and provides repeatable and standardized training™.
The results of this study demonstrated that MRT training can activate motor neurons in the bilateral upper
limbs, increase motor feedback, reduce the risk of wasting the affected limbs, and improve patients’ upper limb
function, which is consistent with the results of previous studies®.
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Passive and FOT training interventions provide only peripheral effects. MRT intervention combines the
highly repetitive peripheral intervention of rehabilitation robots and the central intervention of MT through
the engagement of opto-motor neurons>*forming a closed “central-peripheral-central” loop, enhancing motor
and sensory feedback and input and promoting functional improvement in stroke patients**-3¢. Ding et al.¥’.
reported that closed-loop training based on MT could significantly improve motor function and independence
in performing activities of daily life in poststroke patients. This finding is consistent with the results shown in this
study, in which, after 4 weeks of intervention, the MRT group had better upper-limb function and participation
in activities of daily living than the other two groups did, confirming the theory that treatment techniques based
on the closed-loop rehabilitation theory are more effective in rehabilitating poststroke motor dysfunction.

Functional near-infrared spectroscopy (fNIRS) is a novel noninvasive optical imaging technique that
measures changes in oxyhemoglobin and deoxyhemoglobin in brain tissue using near-infrared light®.
This method indirectly reflects the activity of neurons and is an important tool and basis for studying brain
function and related neural mechanisms*’. After stroke, the cerebral cortex undergoes significant structural
and functional plasticity changes over several weeks to months following the infarct. Compared with healthy
individuals, stroke patients typically exhibit abnormal activation patterns*42. A study analyzed the activation
of bilateral motor cortices in stroke patients during a motor task and reported that during a reaching task with
the paretic arm, the supplementary motor area in the affected cerebral hemisphere exhibited hyperactivation.
This phenomenon may be closely related to the trunk compensation strategies employed by patients during
task performance or the extent of brain damage***. The IV is an important parameter reflecting the degree
of brain region activation. The larger the area under the oxyhemoglobin concentration change curve during
the task is, the greater the value, indicating a stronger hemodynamic response in that brain region during the
task?®®. In this study, we performed statistical analyses on the integral values of the three groups before and after
the intervention. Although no significant differences were observed among the three groups, the mean integral
values of the bilateral brain regions in the MRT group were lower than those in the other two groups. One study
suggested that stroke patients with better neural functional recovery may exhibit lower levels of brain activation
when performing specific tasks, potentially due to increased neural efficiency, which allows them to utilize
fewer neural resources?. Bai et al.¥’. assessed the cortical activation effects of mirror visual feedback training
on upper limb movement using fNIRS and reported that mirror therapy significantly reduced the activation of
the primary motor cortex (M1), which is consistent with the observed decrease in mean integral values in this
study. Michielsen et al.*3. further revealed that mirror therapy promotes the normalization of interhemispheric
activation balance, primarily through a reduction in the activation of the nonaffected M1. This finding is in line
with the results of the fNIRS analysis in this study, which revealed a greater decrease in the mean integral value
on the left side. This study suggests that the MRT may optimize brain activation patterns and enhance neural
efficiency, thereby reducing the amount of brain activation required to perform motor tasks. This could explain
the more significant functional improvements observed in the MRT group in terms of FMA-UE and MBI scores.

Under normal conditions, there is dynamic functional connectivity and mutual inhibition between the
two hemispheres of the brain. However, when a stroke occurs, the function of the affected hemisphere is
inhibited, which may lead to excessive excitability of the contralateral hemisphere, thereby interfering with
the recovery of the affected hemisphere®. According to the theory of interhemispheric competition and
inhibition, simply enhancing the excitability of the affected hemisphere is not sufficient during the rehabilitation
of stroke patients. It is also necessary to modulate the excitability of the contralateral hemisphere to prevent
its overactivation, thereby further promoting the recovery of the affected cerebral hemisphere®. Thus, in
rehabilitation interventions, controlling the excessive excitability of the contralateral hemisphere has emerged
as a key factor in improving patients’ motor functions. In this study, we observed a reduction in the centroid
value of the left hemisphere in the PM group following the intervention. Although this result did not reach
statistical significance, it may suggest that the activation speed of the left cortical region increased during the
intervention®'. This phenomenon may reflect the limitations of passive intervention methods, which fail to
effectively suppress the excessive excitability of the contralateral hemisphere. This inadequacy may explain the
lack of significant improvement in the FMA-WH scores of patients in the PM group. In contrast, following the
intervention in the FOT group, a significant increase in the centroid value of the left hemisphere was observed,
indicating that FOT training effectively modulated the excitability of the contralateral cerebral hemisphere. This
regulatory effect may be attributed to the incorporation of more cognitive training and personalized treatments
in the intervention process of the FOT group. By activating neurons and prolonging the activation time of the
contralateral cortex, the FOT promotes interhemispheric balance, which manifests as an increased centroid
value. Zheng et al.. also demonstrated that multisensory integration and interactive patterns are beneficial for
improving cortical activation in stroke patients and enhancing their cognitive control abilities, findings that are
consistent with the results of this study>2.

A functional magnetic resonance imaging (fMRI) study revealed that in stroke patients, the connectivity
between the default mode network (DMN) and the task-related network (TRN) is weakened or disrupted. This
impairs the rapid and efficient transfer of information across brain regions during task execution, resulting in
slower brain activation®®. Without appropriate intervention, this delayed activation and slow information transfer
in the brain following stroke can have negative impacts on patients’ functional recovery. It is important to provide
stroke patients with sensory feedback in an appropriate manner to stimulate the activation of the primary motor
cortex, which may promote functional recovery?2. The results of this experiment show that, compared with the
other two groups, the MRT group had the smallest mean centroid value in the right hemisphere. This may be
because, under MRT training, the unaffected hand can drive the movement of the affected hand through the
exoskeleton, stimulating neural activity in the motor cortex of the affected hemisphere. This process can modulate
the response speed of brain regions to target tasks and optimize the activation patterns between hemispheres,
prioritizing the activation of the primary motor cortex of the affected hemisphere during the affected hand’s
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attempt to grasp actively, thereby achieving better functional recovery outcomes. Bonnal et al.conducted a study
on visual mirror feedback in healthy individuals, and the results similarly indicated that mirror feedback can
more effectively reduce interhemispheric inhibition and promote neuroplasticity mechanisms in patients with
brain injury®>.

This study has several limitations. First, our intervention time was short; participants in each group only
engaged in 10 min of robot-assisted passive training or MRT on the basis of conventional intervention times,
which may have been insufficient for achieving the optimal training effect. However, the experimental design
involved controlling the variables, and the intervention time was 10 min in each group to ensure that the group
results were comparable. The training time should be further extended in subsequent studies. Second, the task
paradigm tested in fNIRS was designed to be performed via a robot-assisted grasping task. The final fNIRS
results revealed that only the left center of gravity values were significantly different. We hypothesized that the
passive motor paradigm may have resulted in insignificant neural activity during the patient’s task, affecting
the assessment. Therefore, we will further adjust the task paradigm design in future experiments. Moreover,
the present study provides only a preliminary exploration of the intervention effects of MRT training. In future
research, we will further refine the experimental design to observe the long-term intervention effects and the
sustainability of the effects of mirror robot training, thereby providing more robust evidence for clinical practice.

Conclusion

In conclusion, this study fully confirms the significant efficacy of MRT for patients with RHD, which can
effectively improve patients’ upper-limb motor function and daily activity ability. Moreover, through the use of
a neuroimaging technique—fNIRS—the trend of the beneficial effects of MRT on the brain function of stroke
patients was further validated. MRT intervention is characterized by portability and ease of operation, which
allows it to be widely used in the rehabilitation training of stroke patients, providing more possibilities for patient
rehabilitation treatment and important clinical application value.

Data availability
The datasets used and/or analyzed in the current study are available from the corresponding author EH. upon
reasonable request.
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