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Abstract

Background: Observation, execution, and imitation of target actions based on mirror neuron network (MNN) have become common
physiotherapy strategies. Electrical stimulation (ES) is a common intervention to improve muscle strength and motor control in rehabil-
itation treatments. It is possible to enhance MNN’s activation by combining motor execution (ME) and motor imitation (MI) with ES
simultaneously. This study aims to reveal whether ES could impact cortical activation duringME andMI.Methods: We recruited healthy
individuals and assigned them randomly to the control group (CG) or experiment group (EG). Participants in EG performed ME and MI
tasks with ES, while participants in CG performed the same two tasks with sham ES. We utilized functional near-infrared spectroscopy
(fNIRS) to detect brain activation of MNN during ME and MI with and without ES, a randomized block design experiment paradigm
was designed. Descriptive analysis of oxy-hemoglobin (HbO) and deoxy-hemoglobin (HbR) were used to show the hemoglobin (Hb)
concentration changes after different event onsets in both CG and EG, a linear mixed-effects model (LMM) of HbO data was employed
to analyze the effect of ES on the activation of MNN.Results: A total of 102 healthy adults were recruited and 72 participants’ data were
analysed in the final report. The block averaged Hb data showed that HbO concentration increased and HbR concentration decreased
in most MNN regions during ME and MI in both groups. The LMM results showed that ES can significantly improve the activation of
inferior frontal gyrus, middle frontal gyrus, and precentral gyrus during MI, the supplementary motor area, inferior parietal lobule, and
superior temporal gyri showed increased activation, but without statistical significance. Although the results did not reach statistical sig-
nificance during ME, ES still showed positive effects on increased overall activations. Conclusions: In this study, we present potential
novel rehabilitation approaches that combines MNN strategies and low-frequency ES to enhance cortical activation. Our results revealed
that ES has potential to increase activation of most MNN brain areas, providing evidence for related rehabilitative interventions and
device development. Clinical Trial Registration: This study was registered on the China Clinical Trial Registration Center (identifier:
ChiCTR2200064082, registered 26, September 2022, https://www.chictr.org.cn/showproj.html?proj=178285).
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1. Introduction
Mirror neuron network (MNN) has received much at-

tention in recent years due to its potential application in de-
veloping novel rehabilitation strategies [1]. Action obser-
vation, imagery, and imitation are all typical useful meth-
ods to promote motor execution (ME), the effects of related
treatment techniques in various diseases have been verified
[2]. Neural plasticity, brain structural and functional reor-
ganization have been the foundations of modern neuroreha-
bilitation [3]. The brain plasticity changes induced by acti-
vation of MNN is one of the neural mechanisms underlying
related interventions, which has the potentials to improve
motor, speech, swallowing, and cognitive functions [4–6].

A fundamental question in neurorehabilitation is how
to find therapeutic strategies to elicit long-time changes via
motor learning strengthening [7]. Noteworthy, MNN-based
rehabilitation methods have been used in stroke, cerebral
palsy, and Parkinson’s disease [8–11]. Enhancing brain ac-
tivation as much as possible via comprehensive treatments
plays a crucial role in rehabilitation process [12]. There-
fore, an important research question is how to further im-
prove the cortical activation of MNN to promote neuroplas-
ticity. Another major challenge that therapists meet is how
to improve patients’ involvement and motivation during the
long period of rehabilitation sessions [13]. How to further
improve effects and efficiency of MNN based treatments
and make them more interesting and attractive is a major
concern in clinical rehabilitation.
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To improve motor performance via enhanced brain ac-
tivation is a key topic in rehabilitation science. The MNN
brain regions construct an observation execution matching
system (OEMS), including the inferior frontal gyrus (IFG),
premotor cortex (PMC), inferior parietal lobule (IPL) and
superior temporal gyri (STG) as its core [14]. The OEMS
is crucial in observing, imagining, understanding, and imi-
tating biological motions, thereby playing an essential role
in neurorehabilitation [15]. The MNN-based rehabilita-
tion methods could be applied individually or in combi-
nation, such as observing others perform actions, execut-
ing the same tasks, or internally representing actions at vi-
sual and/or kinesthetic levels [16]. Motor imitation (MI)
is a complex physiological process including motor obser-
vation, motor understanding, motor execution, and related
cognitive elements [17]. MI is an effective strategy to en-
gage brain regions critical for processing and producing ac-
tions and gestures, mainly including middle/inferior frontal
gyrus (MIFG) andmiddle/superior temporal gyrus (MSTG)
[4]. It is common to use MI as a method to improve motor
learning and relearning in physiotherapy sessions, the clin-
ical effects thereof have been proven by a wide range of
studies [9,15,18].

Another important trend in physiotherapy is the com-
bination of motor and cognitive rehabilitation tasks [19].
Observation, imagery, and illusion of the trained actions
formed common cognitive strategies to facilitate the recov-
ery of upper limb motor functions [20]. It is also best to use
these strategies comprehensively to facilitate each other, for
example, observation is able to improve imagery ability and
enhance understanding of the actions, thus improving mo-
tor recovery [21].

Motor cognitive dual-task training has become a new
type of rehabilitation training and been used in different
kinds of patients [22,23]. In clinical practice, it is common
to combine different methods to make comprehensive re-
habilitation plans for better effects, it has been proved that
dual-task training plus action observation and imagery has
better effects on both motor and cognitive functions, which
may enhance the functional and structural connections of
different neural circuits [24]. In addition, theMNN’s role in
embodied cognition is also helpful to enhance sensorimotor
integration, which is an important part of the neurorehabil-
itation mechanisms [25].

In recent years, the theory that central-peripheral syn-
chronous stimulation may enhance neural plasticity has
gained much attention and been used to guide clinical work
[26]. Synchronous application of top-down interventions
targeting the brain and bottom-up interventions targeting
the muscle or peripheral nerve may further enhance each
other to achieve synergistic effects [27]. Common top-
down interventions mainly include emerging non-invasive
brain stimulation (NIBS) techniques, including transcranial
direct current stimulation (tDCS), transcranial magnetic
stimulation (TMS), transcranial alternating current stimu-
lation (tACS), transcranial ultrasound stimulation (TUS),

transcranial photobiomodulation (tPBM), and MNN-based
rehabilitation strategies [28–31]. Common bottom-up in-
terventions include vagus nerve stimulation (VNS), periph-
eral electrical stimulation (PES), neuromuscular electrical
stimulation (NMES), and functional electrical stimulation
(FES) [32–34]. Therefore, it is important to find periph-
eral stimulation techniques that can be combined with or
synchronized with the above-mentioned MNN-based reha-
bilitation techniques, which may induce enhanced brain ac-
tivation. For example, Seitz et al. [35] reported increased
plasticity change in primary motor cortex (M1) brain area
when applying action observation, imagery and PES syn-
chronously, compared with using each one separately.

One of themost widely used physiotherapy techniques
is low-frequency electrical stimulation (ES), which is able
to enhance sensory inputs and improve muscle activation
[36]. In addition, ES is able to stimulate sensory receptors
in the skin and peripheral nerve to generate multi-sensory
inputs, including tactile, joint kinesthesia, and position sen-
sory inputs, which may provide feedback to the motor con-
trol and planning neural pathway [37]. Furthermore, the im-
proved motor quality and amplitude evoked by ES provide
visual feedback information to the central nervous system
(CNS), which can modulate cortical activation and func-
tional connectivity (FC) of the related brain regions [38].
In clinical settings, therapists often utilize ES to facilitate
motor performance, because it is helpful to improve sen-
sorimotor function in healthy individuals and patients [39].
ME and MI combined with ES may be prosperous meth-
ods in rehabilitation fields. Moreover, ES has the potential
to improve the brain activation and enhance the brain sig-
nal quality in populations with neurological diseases, this
is useful in neurobiofeedback and brain computer interface
(BCI) design and application [40]. Regarding this concern,
Son et al. [41] used action observation therapy combined
with FES to promote the activation of MNN, thus improv-
ing the system performance of BCI based upper limb reha-
bilitation system.

As a commonly used rehabilitation tool, ES has many
therapeutic benefits, including muscle exercise, pain relief,
spasticity reduction, and urinary incontinence management
[39]. ES may evoke changes at the cortical, spinal cord,
peripheral nerves, and muscle level, modulating the neural
pathways and cortical networks to generate clinical benefits
[39]. More recently, it is reported that ES assists activating
a number of brain regions, including primary somatosen-
sory cortex (S1), M1, supplementary motor area (SMA),
middle frontal gyrus (MFG), superior parietal gyrus (SPG),
prefrontal cortex (PFC), and primary sensory-motor cortex
(SM1), which overlaps with the core MNN, these brain ar-
eas are themain regions of interest (ROIs) in this study [42].
It is an important research direction to synchronize the ap-
plication of ES as a peripheral intervention method with the
central intervention strategy based onMNN to enhance cor-
tical activation.
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Our previous study revealed that observation, execu-
tion, and imitation of hand actions combined with NMES
could all activate MNN, and the activation amplitude dif-
fers across experiment conditions: execution and imitation
activate MNN more than observation when combined with
NMES [1]. Since there was no control group in the afore-
mentioned study, despite proving brain activation during
ME + ES and MI + ES, it is not clear whether there is dif-
ference between ME versus ME + ES and MI versus MI
+ ES. The combination of MNN strategies and ES formed
novel methods that could improve rehabilitation effects and
efficiacy, but the underlying neural activity has not been
fully understood. In this study, we aimed to answer this
research question by recruiting two groups of healthy in-
dividuals and using functional near-infrared spectroscopy
(fNIRS) to detect brain activation of MNN during ME and
MI with and without ES. Due to its non-invasive nature,
portability, relative low cost, and the potential to be used
in naturalistic scene, fNIRS has become a promising brain
imaging tool for measuring hemodynamic changes related
to motor, speech and cognitive tasks in rehabilitation treat-
ment and rehabilitation engineering fields, it is able de-
tect the hemoglobin (Hb) concentration changes, includ-
ing oxy-hemoglobin (HbO), deoxy-hemoglobin (HbR) and
total-hemoglobin (HbT) [43–45].

Our hypothesis was as follows: based on ME, the ad-
dition of action videos’ visual stimuli and the haptic and
motion sensory inputs induced by ES could enhance the
activation of MNN. There is a chance that central and pe-
ripheral stimuli could generate multi-sensory integration to
improve brain plasticity and motor function recovery of pa-
tients.

2. Materials and Methods
2.1 Participants

A total of 102 healthy adults were recruited from Bei-
jing Bo’ai Hospital, the China Rehabilitation Research Cen-
ter (CRRC), Capital Medical University, and local com-
munities from September 2022 to April 2024. A screen-
ing evaluation was conducted for each participant at the
CRRC. After the screening phase, 81 participants meet-
ing the eligibility criteria were randomly assigned to the
control group or experiment group using a block random-
ization protocol. The random allocation sequence was
generated by the R package blockrand v1.5 (https://cran.r-
project.org/web/packages/blockrand/index.html); the block
sizes were 6, 8 and randomly ordered; the allocation ratio
was 1:1. We printed the randomization cards created by
the blockrand package and enclosed them in sequentially
numbered, opaque, sealed, and stapled envelopes. The allo-
cation sequence was concealed from the study coordinator
responsible for enrolling and evaluating participants. The
corresponding envelope was opened only after all baseline
evaluations had finished.

The inclusion criteria for this study were as follows:
healthy adults (18–60 years old); right-handed, as assessed
by a seven-item Short Form of Edinburgh Handedness In-
ventory (EHI) [46]; Mandarin language; absence of visual
impairment; education level above junior high school; ab-
sence of drug and alcohol abuse history; absence of neuro-
logical or mental illness history. We excluded participants
with skin injuries or skin diseases in the right arm; acute in-
fections; metal implants; poor fNIRS signal quality caused
by thick and strong hair; not willing to undergo testing be-
cause the fNIRS cap is too tight.

This study was approved by the Medical Ethics Com-
mittee of CRRC (Approval number: 2021-053-1). This
study was registered in the China Clinical Trial Registration
Center (Registration number: ChiCTR2200064082). All
participants signed the appropriate informed consent form
according to the Helsinki declaration.

The flow diagram of participant enrollment, random-
ized allocation, and analysis is shown in Fig. 1. The data
of 72 participants was included in the final report, the de-
mographic and head size information are shown in Table 1.
Except for the length from nasion (Nz) to inion (Iz) (Nz-Cz-
Iz), all the baseline characteristics between the two groups
had no significant difference.

2.2 Experimental Design and Procedure

A block design experiment paradigm was utilized in
our study. The task duration was 15 s and the inter-task
rest duration was 20 s. During the ME condition, the
participants performed right hand and wrist extension ac-
tions while watching scenery video clips. During the MI
condition, the participants performed the same hand ac-
tion while watching related first-person perspective action
videos. The conditions and the video clips in each block
were presented randomly. In one session, each task was re-
peated eight times, each block included 5 trials, each trial
lasted 3 s, and the total duration of the assessment was ap-
proximately 10 min (Fig. 2).

Two computer programs were used and synchronized
via Lab Streaming Layer (LSL) to conduct the experiment:
(1) a Python program based on the PsychoPy 3.8 package
(Open Science Tools Ltd., Nottingham, Nottinghamshire,
UK) presenting the visual stimulus and sending makers
to record tasks onsets; and (2) the Aurora recording soft-
ware v2021.9.0.6 (NIRxMedical Technologies, Minneapo-
lis, MN, USA) to record the fNIRS raw data with the mark-
ers from the PsychoPy 3.8 program [47]. A fixation cross
was presented during the rest phase; 5 scenery videos ran-
domly selected from 10 clips were displayed during ME
phases; 5 hand action videos randomly selected from 10
clips were played during MI phase.

The experiment was conducted in a quiet and dark
evaluation room. Participants were instructed to sit in a
chair and relax in a comfortable position while wearing the
fNIRS cap. Two 50 × 50 mm ES electrodes (Axelgaard
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Fig. 1. Flowchart of participant enrolment, randomized allocation and analysis. Abbreviation: fNIRS, functional near-infrared
spectroscopy; ES, electrical stimulation.

Mfg. Co., Ltd., Fallbrook, CA, USA) were attached to the
skin over the right extensor digitorum communis (EDC).
Before the test, the experimenter introduced the test pro-
cess to the participants, helping them to practice the tasks
until they fully understand the experiment. The experiment

group performed ME and MI with ES, while the control
group performed ME and MI with sham ES. To maintain
consistency between the two groups, except in the use of
ES, the same experimental programwas used, with the only
difference being the intensity of the electrical current. In the

4

https://www.imrpress.com


Table 1. Demographic and head size information.
Characteristics Control, N = 361 Experiment, N = 361 p-value2

Age (year) 24.00 (22.00, 31.50) 23.00 (22.00, 28.00) 0.2

Gender
Female 17 (47%) 16 (44%) 0.8
Male 19 (53%) 20 (56%)

Weight (kg) 65.50 (58.75, 75.25) 73.00 (64.50, 80.00) 0.11
Height (m) 1.69 ± 0.08 1.72 ± 0.08 0.12
BMI (kgꞏm−2) 23.83 ± 3.78 24.49 ± 4.06 0.6

BMI category

Normal weight (18.5–24.9 kgꞏm−2) 21 (58%) 20 (56%) >0.9
Obesity (≥30 kgꞏm−2) 2 (6%) 4 (11%)
Overweight (25–29.9 kgꞏm−2) 10 (28%) 9 (25%)
Underweight (≤18.5 kgꞏm−2) 3 (8%) 3 (8%)

Education (year) 16.00 (16.00, 16.00) 16.00 (16.00, 16.00) 0.6
EHI (point) 100.00 (100.00, 100.00) 100.00 (100.00, 100.00) 0.4
Nz-Cz-Iz (cm) 33.00 (32.00, 34.00) 31.00 (29.88, 32.00) <0.001
LPA-Cz-RPA (cm) 37.00 (36.00, 39.13) 38.25 (36.50, 39.50) 0.6
Circumference (cm) 56.75 (55.50, 59.00) 58.00 (56.00, 59.00) 0.2
*1n (%); Median (IQR); Mean ± SD. 2 Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test. Abbreviation:
BMI, body mass index; EHI, Edinburgh Handedness Inventory; Nz, Nasion; Cz, Midline Central; Iz, Inion; LPA, left pre-auricular;
RPA, right pre-auricular; SD, standard deviation; IQR, interquartile range.

Fig. 2. Schematic illustration of the experimental paradigm. Abbreviation: ME, motor execution; MI, motor imitation; ES, electrical
stimulation.

experiment group, the current was set for each individual
to induce finger extension action; whereas, in the control
group, the intensity was set at 0.5 mA for all participants,
as sham stimulation. In this study, the mean value of ES in-
tensity in the experiment group was 10.70 ± 2.86 mA. All
the assessments were performed by YC.

2.3 fNIRS Data Acquisition

The fNIRS data were recorded using a portable con-
tinuous wave Nirsport2 (NIRx, Minneapolis, MN, USA)
device with eight dual-wavelength light-emitting diodes
(LED) centered at 769 and 850 nm sources and eight
avalanche photodiode detectors. The data were collected
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Fig. 3. The custom fNIRS montage is shown in 2D (A) and 3D format (B). (A) Location of sources and detectors over 10–20 map.
Sources are shown as red circles, detectors are shown as blue circles, and channels are shown as black lines. (B) Location of sources-
detector pairs and channels over 3D brain surface and marked brain areas. Sources are shown as red dots, detectors are shown as black
dots, and channels are shown as white lines with an orange dot (the midpoint of source-detector pairs). The brain areas covered by the
montage are shown in different colors: Inferior Frontal Cortex, red; Premotor Cortex, green; Dorso Lateral Prefrontal Cortex, yellow;
Somatosensory and Motor Cortex, blue; Superior Parietal Cortex, orange; Inferior Parietal Cortex, purple.

with a sample rate of 10 Hz. The custom montage was
designed using the fOLD toolbox (https://github.com/nir
x/fOLD-public) and used in the fNIRS cap configuration,
which included eight sources and eight detectors, form-
ing a total of 20 source-detector pairs (channels) (<3 cm)
(Fig. 3) [48]. Based on the international electroencephalo-
gram (EEG) 10–20 system, sources were placed at the po-
sitions F3, FC5, FC1, C3, CP5, CP1, P3, and Pz; detec-
tors were placed at the positions AF3, F5, FC3, FCz, C1,
CP3, CPz, and P1. We positioned the optodes in the fNIRS
cap holders before it was worn by the participant, according
to Aurora recording software’s (v2021.9.0.6, NIRx Medi-
cal Technologies, Minneapolis, MN, USA) signal quality
evaluation results, and manually adjusted the sources and
detectors to achieve an efficient optode-scalp coupling [8].

2.4 ES Protocol and Procedure
The EN-STIM 4 (ENRAF-NONIUS, Rotterdam,

South Holland, Netherlands) apparatus was utilized to gen-
erate electrical current output during the task periods and
drop to 0 mA during the rest periods (Fig. 2). A custom
ES protocol was designed: rectangular waveform, 200 µs
phase duration, 50 Hz pulse frequency; 1 Hz burst fre-
quency, 1 s ramp up time, 15 s hold time, 1 s ramp down
time, and 18 s interval time. The intensity of the electrical
current for each participant in the experiment group was in-
dividualized to minimize evoked muscle contractions and
avoid discomfort.

2.5 Data Analysis

2.5.1 fNIRS Data Preprocessing and Analysis

The overall pipeline of the fNIRS data preparation,
preprocessing, and analysis is shown in Fig. 4. As there
is no standard for fNIRS data preprocessing and analysis,
the processing methods were based on expert consensus on
fNIRS used in rehabilitation and motor study fields [49,50].
The recorded fNIRS raw data of all the participants were
saved in folders organized with a hierarchical structure. A
custom Python script based on the MNE-BIDS Python li-
brary (https://github.com/mne-tools/mne-bids) was used to
manage the fNIRS data [50]. We used the MNE-NIRS (ht
tps://github.com/mne-tools/mne-nirs) and MNE Python (ht
tps://github.com/mne-tools/mne-python) libraries to pre-
process the fNIRS raw time series data and extract all
evoked block averaged data [51]. The automated anatom-
ical atlas (AAL) 2 was used to represent the brain re-
gions of left MNN, 8 ROIs were matched with this mon-
tage: Frontal_Inf_Tri_L, IFG; Frontal_Mid_2_L, MFG;
Frontal_Sup_2_L, superior frontal gyrus (SFG); Pari-
etal_Inf_L Inferior, IPL; Parietal_Sup_L, SPG; Postcen-
tral_L, postcentral gyrus; Precentral_L, Precentral gyrus
and Supp_Motor_Area_L, SMA [52].

The individual-level analysis steps were as follows.
(1) Imported the raw fNIRS optical intensity data saved in
the shared near-infrared spectroscopy format (.snirf) [53],
set the durations of each stimulus to 15 seconds for all
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Fig. 4. Overview of fNIRS data preprocessing and analysis pipeline. Abbreviation: fNIRS, functional near-infrared spectroscopy;
snirf, shared near-infrared spectroscopy; Hb, hemoglobin; HbO, oxy-hemoglobin; HbR, deoxy-hemoglobin; ROI, region of interest; csv,
comma-separated values; NIRS, near-infrared spectroscopy.

the conditions, and renamed the trigger codes to mark the
events. Then, converted the raw light intensity values to op-
tical density (OD) values; (2) Quantified the quality of the
data by calculating the scalp coupling index (SCI); then, in-

terpolated the bad channels on the threshold of SCI<0.8. A
temporal derivative distribution repair was applied to base-
line shift and spike artifacts, thus enhancing the signal [54];
(3) Converted the OD data to Hb concentration data (HbO
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and HbR) via the modified Beer-Lambert Law (mBLL); (4)
Filtered the Hb data using a bandpass filter from 0.01 to
0.1 Hz to remove physiological noises (heart rate, respira-
tion,Mayerwaves) and slow drifts; (5) Divided the data into
epoch from 5 s before the onset of the event to 35 s there-
after; (6) Looped through all the participants’ raw data and
ran an individual analysis on each; (7) Specified ROIs by
listing the source-detector pairs of interest. Calculated and
exported the epoch data across all participants, ROIs, and
conditions for each group. The exported dataset was the
average Hb data (HbO, HbR) on each time point of all the
blocks and conditions of each participant. After finishing
the data preprocessing and extracting the averaged block
data, we exported it as a comma-separated values (csv) file
(Supplementary Material).

The group-level analysis steps were as follows. (1)
Computed the epoch data of mean and standard error (SE)
for all the channels and ROIs, and visualized them in a line
plot to present the change of HbO data and the time char-
acteristics thereof; (2) As HbO data is more sensitive in
response to the stimulus and has a higher signal-to-noise
ratio (SNR), we used the HbO data to build linear mixed-
effects models (LMMs); (3) thus, to test the brain activa-
tion patterns and the factors influencing the HbO change
significantly, with the average HbO concentration change
in a specific duration as a dependent variable, fixed effects
were tested for groups, ROIs, and conditions and their in-
teractions. The participants were treated as random inter-
cepts; ROIs were treated as a random slope. The means
of F-tests with Satterthwaite’s method was used to evalu-
ate the significance of the fixed effects [55]. The main R
packages used for data transformation, analysis and visu-
alization were Tidyverse (https://cran.r-project.org/web/p
ackages/tidyverse/index.html) and gtsummary (https://cran
.r-project.org/web/packages/gtsummary/index.html) pack-
ages; lme4 (https://cran.r-project.org/web/packages/lme4/
index.html) and LmerTest (https://cran.r-project.org/web/p
ackages/lmerTest/index.html) were used for LMMs model
building.

2.5.2 Statistical Analysis
The normally distributed continuous variables, con-

firmed by the Shapiro-Wilk normality test, were described
as mean ± standard deviation (SD); other continuous vari-
ables are expressed as median (IQR). The categorical
variables are expressed using frequency and percentage.
Pearson’s Chi-squared test, Wilcoxon rank sum test, and
Fisher’s exact test were chosen to compare between groups
according to the data distribution. All statistical analyses
were performed in R version 4.2.3 (R Foundation for Sta-
tistical Computing, Vienna, Austria) and RStudio version
2024.04.2 (Posit Software, Boston, MA, USA).

3. Results
3.1 Block Average Waveform

Block averaged HbO and HbR time series data of all
the channels for each group and condition is shown in Fig. 5.
The HbO concentration increases and HbR concentration
decreases, which represents the cortical activation of the
whole MNN. Averaged HbO and HbR time series data for
each ROI and both conditions and groups are shown in
Fig. 6.

3.2 Distribution of the Averaged Hb Data from 10 s to 20 s
after the Onsets

According to the observation of time to peak, we ex-
tracted Hb data from 10 s to 20 s after the onset of the tasks
and computed the mean value thereof to reflect the corti-
cal activation level. The distribution of Hb concentration
mean value from 10 s to 20 s after the onset for each group
and condition is shown in Fig. 7. The data for each ROI is
shown in Fig. 8.

3.3 Cortical Activations during Motor Execution and
Imitation with and without ES

Regarding cortical activation during ME condition,
the estimated hemodynamic activation in different ROIs of
MNN evoked by ME with and without ES are shown in Ta-
ble 2 and Fig. 9. Regarding cortical activation during MI
condition, the estimated hemodynamic activation in differ-
ent ROIs of MNN evoked by MI with and without ES are
shown in Table 3 and Fig. 9.

To test the difference between two groups, the mean
HbO change data of the experiment group minus the con-
trol group during the MI and ME condition were used as in-
dexes. The results are shown in Table 4 and Fig. 9. During
MI condition, ES can significantly improve the activation
of the following ROIs: Frontal_Inf_Tri_L (t = 2.022, p =
0.044), Frontal_Mid_2_L (t = 2.314, p = 0.022), and Pre-
central_L (t = 2.314, p = 0.022). There was no significant
difference in all the ROIs between the control and experi-
ment groups during ME condition.

4. Discussion
Many studies have shown that MNN was acti-

vated during motor observation, imagery, execution, and
imitation [56,57]. We have previously revealed that
MNN’sactivation patterns were similar during observation,
execution, and imitation of hand actions combined with
NMES [1]. In this study, we further investigated the brain
activation difference between ME and MI with ES versus
without ES. We found that ES may be helpful to improve
activation in most ROIs of the MNN during ME and MI.
These findings may be beneficial to the popularization and
application of MNN-based rehabilitation strategies and the
development of related rehabilitation devices.
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Fig. 5. Morphology of fNIRS responses of the whole MNN using the block averaging approach for different conditions and
groups. Each column represents a different group. Each row represents a different condition. Red represents HbO, and blue represents
HbR. Shaded lines indicate SE. Abbreviation: HbO, oxy-hemoglobin; HbR, deoxy-hemoglobin; SE, standard error; MNN,Mirror neuron
network.

Table 2. The cortical activation level of different brain regions during ME condition.
ROI Group Estimate (µM) SE 95% CI t p-value q-value

Frontal_Inf_Tri_L
Control 4.708 1.224 2.306–7.109 3.846 0.000∗∗∗ 0.001∗∗

Experiment 3.271 1.224 0.870–5.673 2.672 0.008∗∗ 0.027∗

Frontal_Mid_2_L
Control 2.565 1.400 –0.182–5.312 1.832 0.068 0.109

Experiment 2.946 1.400 0.199–5.693 2.104 0.037∗ 0.069

Frontal_Sup_2_L
Control 2.510 1.534 –0.500–5.521 1.636 0.104 0.158

Experiment 0.371 1.534 –2.639–3.381 0.242 0.809 0.835

Parietal_Inf_L
Control 0.814 1.409 –1.951–3.579 0.577 0.564 0.623

Experiment 3.585 1.409 0.820–6.350 2.544 0.012∗ 0.030∗

Parietal_Sup_L
Control –0.005 1.352 –2.657–2.647 –0.004 0.997 0.997

Experiment 2.614 1.352 –0.038–5.266 1.934 0.054 0.091

Postcentral_L
Control 1.622 1.434 –1.191–4.436 1.132 0.259 0.319

Experiment 3.537 1.434 0.724–6.350 2.467 0.014∗ 0.033∗

Precentral_L
Control 5.000 1.296 2.457–7.543 3.858 0.000∗∗∗ 0.001∗∗

Experiment 2.888 1.296 0.345–5.431 2.228 0.027∗ 0.057

Supp_Motor_Area_L
Control 4.013 1.447 1.174–6.852 2.774 0.006∗∗ 0.024∗

Experiment 4.991 1.447 2.152–7.830 3.450 0.001∗∗ 0.003∗∗

Abbreviation: ROI, region of interest; SE, standard error; CI, confidence interval. Significant level: ∗ < 0.05; ∗∗ <

0.01; ∗∗∗ < 0.001.

4.1 Brain Activation during ME and MI with and without
ES

For core MNN brain regions, our results revealed that,
compared with the control group. except for IFG where ac-
tivation increased significantly duringMI but showed a ten-

dency of decrease during ME, the other two core ROIs of
MNN, PMC and IPL, showed increased activation during
both ME and MI (Figs. 6,9). The MNN plays an important
modulation role in the neural control of ME and MI, the
results of this study suggest that it is possible to enhance
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Fig. 6. Morphology of fNIRS responses using the block averaging approach for all ROIs, conditions and groups. Each column
represents a different condition. Each row represents a different ROI. Red represents HbO, and blue represents HbR. Solid line represents
experiment group, and dotted line represents experiment group. Abbreviation: HbO, oxy-hemoglobin; HbR, deoxy-hemoglobin.
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Fig. 7. Descriptive statistics of Hb concentration mean value from 10 s to 20 s after the onsets of the whole MNN for different
conditions and groups. HbO and HbR data are shown in red and blue, respectively. Each column represents a different group. Each
row represents a different condition. Abbreviation: HbO, oxy-hemoglobin; HbR, deoxy-hemoglobin.

this effect by ES [2]. In addition, ES may be helpful to
improve motor initiation, because it can make muscles ac-
tivate faster to start the desired action, and PMC is function-
ally related to motor initiation, the induced changes of brain
and muscle both facilicate the initation of movement [58].
In the MI condition, the overall (Figs. 5,7) and most ROIs
(Figs. 6,8) ofMNN showed increased activation trends with
ES, and there were more significantly activated ROIs (five
ROIs activated with ES, two ROIs activated without ES,
respectively) (Fig. 9, Table 4). There was no statistically
significant difference between the two groups in the ME
condition, nonetheless, we still observed a trend towards an
increase in the experiment group in the overall (Figs. 5,7)
and most ROIs (Figs. 6,8) of MNN.

For other brain regions, the MFG showed in-
creased activation during both conditions in both groups
(Figs. 6,8,9). The MFG is related to working memory, at-
tention, and planning, it receives and sends widespread con-
nections as part of network in higher cognitive functions
[59]. These increases may be attributed to the MNN-based
rehabilitation strategies including more cognitive process
and ES enhances the sensory inputs to improve the connec-
tions of different brain areas [60]. The postcentral gyrus
oversees somatotopic organization and sensory motor inte-
gration, for this area, an increased trend was observed dur-
ing ME, whereas a decreased trend was shown during MI
(Figs. 6,8,9). This may be attributed to the absence of mo-
tion visual inputs during ME, which may reduce the feel-
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Fig. 8. Descriptive statistics of Hb concentration mean value from 10 s to 20 s from onsets per group, condition and ROI. HbO
and HbR data are shown in red and blue, respectively. Each column represents a different condition. Each row represents a different
ROI. Abbreviation: HbO, oxy-hemoglobin; HbR, deoxy-hemoglobin.
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Table 3. The cortical activation level of different brain regions during MI condition.
ROI Group Estimate (µM) SE 95% CI t p-value q-value

Frontal_Inf_Tri_L
Control 0.905 1.224 –1.496–3.307 0.740 0.460 0.525

Experiment 4.405 1.224 2.003–6.806 3.599 0.000∗∗∗ 0.002∗∗

Frontal_Mid_2_L
Control 1.454 1.400 –1.292–4.201 1.039 0.300 0.356

Experiment 6.035 1.400 3.289–8.782 4.311 0.000∗∗∗ 0.001∗∗∗

Frontal_Sup_2_L
Control –0.520 1.534 –3.530–2.490 –0.339 0.735 0.784

Experiment 1.821 1.534 –1.189–4.831 1.187 0.237 0.304

Parietal_Inf_L
Control 2.736 1.409 –0.029–5.501 1.941 0.054 0.091

Experiment 3.568 1.409 0.803–6.333 2.532 0.012∗ 0.030∗

Parietal_Sup_L
Control 2.160 1.352 –0.492–4.812 1.598 0.111 0.162

Experiment 2.125 1.352 –0.527–4.777 1.572 0.117 0.163

Postcentral_L
Control 3.771 1.434 0.958–6.585 2.630 0.009∗∗ 0.029∗

Experiment 3.142 1.434 0.329–5.955 2.191 0.030 0.059

Precentral_L
Control 1.739 1.296 –0.804–4.282 1.342 0.181 0.241

Experiment 5.446 1.296 2.903–7.989 4.202 0.000∗∗∗ 0.001∗∗∗

Supp_Motor_Area_L
Control 3.685 1.447 0.846–6.524 2.547 0.012∗ 0.030∗

Experiment 5.172 1.447 2.334–8.011 3.575 0.000∗∗∗ 0.002∗∗

Abbreviation: ROI, region of interest; SE, standard error; CI, confidence interval. Significant level: ∗ < 0.05; ∗∗

<0.01; ∗∗∗ < 0.001.

Table 4. Brain activation difference between control and experiment group in different condition.
ROI Condition Estimate (µM) SE df t p-value

Frontal_Inf_Tri_L
Execution –1.437 1.731 248.889 –0.830 0.407
Imitation 3.499 1.731 248.889 2.022 0.044∗

Frontal_Mid_2_L
Execution 0.381 1.980 175.015 0.192 0.848
Imitation 4.581 1.980 175.015 2.314 0.022∗

Frontal_Sup_2_L
Execution –2.139 2.170 146.600 –0.986 0.326
Imitation 2.341 2.170 146.600 1.079 0.282

Parietal_Inf_L
Execution 2.771 1.993 172.548 1.390 0.166
Imitation 0.832 1.993 172.548 0.418 0.677

Parietal_Sup_L
Execution 2.619 1.912 189.613 1.370 0.172
Imitation –0.035 1.912 189.613 –0.018 0.985

Postcentral_L
Execution 1.915 2.028 166.402 0.944 0.346
Imitation –0.629 2.028 166.402 –0.310 0.757

Precentral_L
Execution –2.113 1.833 210.922 –1.153 0.250
Imitation 3.707 1.833 210.922 2.022 0.044∗

Supp_Motor_Area_L
Execution 0.978 2.046 163.405 0.478 0.633
Imitation 1.488 2.046 163.405 0.727 0.468

Abbreviation: ROI, region of interest; SE, standard error. Significant level: ∗ < 0.05.

ings of ES and decrease the attentional level [61]. The ac-
tivation of the precentral gyrus increased during MI but de-
creased duringME. One of the possible reasons is that com-
paring with action videos with visual information of biolog-
ical actions, the visual information of scenery videos can’t
present action information, which may reduce the attention
level, resulting in a weaker motor performance or a smaller
range of motion (ROM) than in MI [62]. No motor perfor-
mance data such as speed and ROM were recorded in this
experiment, to further study the relationships of motor per-
formance and motor visual inputs, video analysis or data
glove with sensors are needed to compare the ME quality
and amplitude of the producedmotion in future studies [63].

Besides, the decrease of SPG during our experiments may
be attributed to less visuo-motor transformation and spatial
processing workload; the PFC may also take part in this
process to handle visuo-spatial working memory [47].

The reason for no significant difference being found
between the experiment and control groups in some ROIs
may be attributed to our choice of participant. For healthy
individuals with no motor dysfunctions, it is easy to finish
all the ME and MI tasks. In some ROIs, the activation level
was lower with ES than without ES, a possible reason is that
ES moving the hands passively, thus affecting the active
participation and attention level of the participants. How-
ever, for patients with neurological conditions, it is hard to

13

https://www.imrpress.com


Fig. 9. Estimates of fNIRS response per group, condition and ROI calculated by the LMMmodel using HbO concentration mean
value from 10 s to 20 s after onsets. Control and experiment group responses are shown in green and orange, respectively. The presence
of a response (statistical difference to 0, q < 0.05) is indicated by a triangle. Error bars represent the 95% CI of the mean. Significant
level: ns, not significant; * < 0.05. LMM, linear mixed-effects models.
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finish the full range hand movement without the help of ES.
Therefore, activation of the MNN may be obviously differ-
ent with or without ES in patients with CNS injuries. An-
other possible reason may be the relationship of visual and
sensory information, for MI, ES is a promoting factor to
provide consistent visual and sensory information; whereas,
for ME, ES is sometimes a interference factor, because of
the inconsistency between visual and sensory information.
In addition, the technical characteristics of fNIRS may be
a factor contributing to the lack of statistically significant
results, because of its relatively poor spatial resolution and
relatively shallow penetration depths [64]. Further investi-
gations using different technologies and more clinical trials
need to be conducted to achieve a deeper understanding of
these factors.

Without ES, most ROIs’s activation patterns are simi-
lar betweenME andMI conditions [65]. Our previous study
has shown that the activation ofMNNwas obviously higher
during NMES + MI than during NMES + ME, which re-
vealed that NMES will enhance the brain activation when
there is the executed action’s visual information [1]. The vi-
sual system plays a part in restoring motor cognitive func-
tions through neuroplasticity in stroke rehabilitation [66].
Motor function is related to visual and spatial processing,
which is important to rehabilitation strategies aiming to
enhance upper extremity motor function after stroke [67].
Compared with ME, MI is a more complex task, includ-
ingmore cognitive components, whichmeans a high energy
and resource load [68]. In our study, some participants re-
ported that it was easy to relax when looking at the scenery
videos, even feeling fatigue and boredom in the latter half of
the experiment, thereby reducing the range of movements.
This may have resulted in decreased attentional level and
motivation.

It is necessary to try different kinds of visual informa-
tion presentation forms to enrich the MNN based rehabili-
tation options. Some studies have focused on this. For ex-
ample, mirror therapy (MT) is an important rehabilitation
therapy based on MNN theory [5,69]. The mirror visual
feedback to the CNS can sustain promising therapeutic po-
tential as part of the treatment for pain reduction and hand
function [69]. In recent years, researchers keep searching
for new kinds of MT visual information presentation forms.
Compared with conventional MT, the parieto-frontal net-
work showed greater activation in video based MT, which
shows that greater focus on visual feedback could promote
neuroplasticity [5]. Immersive virtual reality based MT can
also improve cortical activation and enhance rehabilitation
outcomes [70]. In addition, integrated application of MT
and robotic training can enhance the functional gains of ac-
tivities of daily living (ADLs) [71]. Taken together, these
studies suggest that technologies used to present visual in-
formation may play a crucial role in MNN-based rehabili-
tation treatments.

4.2 Central-peripheral Synchronous Stimulation to
Enhance Cortical Activation in Rehabilitation

The above findings suggest that ES may help to en-
hance the activation of MNN, it is conceivable that the ef-
fects of central-peripheral synchronous stimulation on cor-
tical activation may be contributed to this phenomenon. In
addition, multi-sensory integration may also play a key part
in this process. The consistency of different sensory inputs,
including visual, tactile, ES evoked motor proprioception,
and motor perception reinforce each other, thus improving
brain excitability (Fig. 10).

By sensory-motor coupling and integration, the cen-
tral and peripheral synchronous stimulus influence each
other, attaining synergistic effects. Some studies have con-
firmed this assumption, especially in BCI studies. For ex-
ample, PES combined with action observation helps to im-
prove BCI signal quality and feature classifier accuracy
[47]. In addition, BCI action observation feedback com-
bined with PES is capable of facilitating sensorimotor cor-
tical activation in the affected hemispheres [72], thus en-
hancing task-driven corticospinal plasticity and treatment
induced neural plasticity [73]. Furthermore, adding other
treatment methods to MNN-based methods may be help-
ful to perform motor tasks, for example, the combination
of NIBS and MNN-based rehabilitation strategies are im-
portant study directions in neurorehabilitation [74]. These
strategies are helpful tomodulate neural oscillations and en-
hance human motor and cognitive function [75]. In another
study, MNN strategies paired with conventional rehabilita-
tion resulted in significant improvements in wrist and hand
impairment [76]. This has been expanded to include more
forms of central and peripheral stimulus synchronous ap-
plication, including combination of different central stim-
uli, such as TMS, tDCS, TUS, tBPM combined with MNN-
based rehabilitation strategies.

In addition to stimulating muscles and peripheral
nerves, ES could also activate the spinal cord and brain.
On the one hand, the visual stimulation and biological kine-
matics information provided by action videos, as well as
the cognitive activities of observation, imagery, and under-
standing of the actions, help to enhance brain excitability
[77]. On the other hand, the somatic and tactile sensation
of electrodes attached to the skin, the contraction caused
by ES acting over muscles and nerves, the stimulation of
joint kinesiology and positional sensation driven by mus-
cle contraction, and the increase of motor amplitudes as-
sisted by ES may form feedback loops in a comprehensive
way [78]. When the spinal cord obtains ES-evoked sensory
responses, both intraspinal networks and ascending path-
ways can be influenced, thus enhancing the excitability of
the peripheral nerves, spinal cord, and brain [39]. Further-
more, the combination of the two forms of comprehensive
training improves the interest of treatment. The partici-
pant’s attention is further concentrated, and the motivation
is enhanced, especially when the action scenes appears, and
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Fig. 10. Schematic diagram of the possible neural mechanism using central and peripheral stimulus synchronously to improve
neural plasticity, particularly the combination of MNN-based rehabilitation methods and ES.

the activation of brain regions may be further enhanced. In
summary, central-peripheral synchronous stimulation may
enhance the activation level of brain regions with MNN as
the core, improve the degree of participation in rehabilita-
tion training, thus playing a role in improving the rehabili-
tation efficacy.

4.3 Clinical Application of MNN-based Rehabilitation
Theories and Methods

The findings of our study have prosperous potential
applications in neurorehabilitation treatments, they have
unique values in design andmanufacture of the related reha-
bilitation devices. The combination of action observation,
imagination, comprehension, imitation based on MNN and
conventional ES in daily physical therapy can help enhance
the brain activation of the existing treatment techniques,
thus enhancing clinical effects and efficacy. The theory of
integrating stimulus from both central and peripheral direc-
tions to promote each other may play an important role in
the neurology and neurorehabilitation fields [79]. By com-
bining active movement and assist movement organically,
ME + ES and MI + ES will hopefully be new rehabilitation
interventions, especially for patients with manual muscle
test (MMT) grade 2 to 4 and who need active-assist train-
ing. In addition, by modifying the ES parameters and vi-
sual inputs (for example, relaxing sceneries with light mu-
sic), the program we used may be beneficial to reduce pain,
thus playing a part in pain management [80]. Moreover,

this kind of treatment is easy to utilize in group training,
therefore, it is possible to enhance brain connectivity among
different individuals and bring some positive effects to the
physiotherapy sessions, thus providing positive impacts on
mood and motivation [81].

In the rehabilitation engineering field, this study ver-
ifies the feasibility of enhancing central stimulation by su-
perimposing peripheral stimulation (ES, peripheral mag-
netic stimulation, and mechanical stimulation) to improve
the signal intensity and SNR of brain activity signals. This
has important reference value for the development of instru-
ments and equipments, such as fNIRS signal based neuro-
biofeedback and BCI devices [44]. ES can be utilized to
augment the activation signal generated by CNS and the
sensory feedback during an action, and improve classifica-
tion accuracy of the BCI signal decoding results [39]. To
further improve the accuracy of the classification algorithm,
large samples of data need to be collected and analyzed
in a uniform way. In addition, the cortical activation pat-
terns can be used as trigger signals to control ES devices to
conduct BCI rehabilitation trainings [82]. The implemen-
tation of the related therapies can be integrated into a all-
in-one device, thus helping new rehabilitation device de-
velopment, and can be used in rehabilitation institute, hos-
pital, community, and home rehabilitation programs, espe-
cially in tele-rehabilitation settings, which has good socioe-
conomic value.
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Additionally, accurate evaluation of brain activation
can be a neuroimaging biomarker to estimate the recov-
ery potential of patients with CNS conditions, thus produc-
ing individualized rehabilitation plans. Activation of MNN
may be a potential neuroimaging biomarker for motor func-
tion recovery [83]. For example, an electroencephalogram
(EEG) study has revealed that event-related desynchroniza-
tion during action observation is an early predictor of re-
covery in sub-cortical stroke [84]. Another fNIRS study
showed that the correlation between FC of MNN and autis-
tic traits can be used in clinical outcome evaluations [85].
In the future, the correlation between the activation level
of the MNN and the results of the patient functional ability
scales can be combined to build predictive models.

To sum up, synchronization of MNN based rehabil-
itation strategies (central intervention) and ES (peripheral
intervention) may produce synergistic effects in ehanc-
ing brain activation. The fNIRS signals detected during
these conditions could be used as potential neural imaging
biomarkers to predict rehabilitation outcomes.

4.4 Limitations and Future Perspectives

There are some limitations of our study. First, as
the Nz-Cz-Iz distance has a statistically significant differ-
ence between the two groups, a 3D digitizer should be
used to measure the individualized channel location data
for more accurate brain modeling. Second, we did not as-
sess the performance of the motor trials, therefore, it was
impossible to use the quality of motor outcome as a vari-
able to build the models. In future studies, motion track-
ing systems, data gloves or video analysis software can be
used to record the motor quality, such as range of motion,
mean speed, mean distance, normal path length, spectral
arc length, number of peaks, and task time metrics [86].
Third, other brain regions also play important roles during
ME and MI, and both hemispheres are engaged in the pro-
cess of related information. Therefore, it is reasonable to
detect whole brain information using an fNIRS system with
more channels in the future. Another possible solution is
to use different brain imaging metrics to further confirm
the experiment results, for example, using EEG + fNIRS
or functional magnetic resonance imaging (fMRI) + fNIRS
to take full advantage of the temporal and spatial resolu-
tion of different technologies. Fourth, patients with dif-
ferent disease should be investigated to verify these find-
ings, especially in patients with motor and cognitive im-
pairments. Fifth, there are many indexes in fNIRS data
analysis, including peak, time to peak, area under the curve,
mean, slope from stimulus onset to peak, minimum, peak-
to-peak and various frequency domain indicators [47]. Fur-
ther analyses should be performed in future studies, es-
pecially in the BCI signal patterns extraction and neuro-
biofeedback signal augments studies [62]. Resting state
inter- and intra-hemispheric FC, brain signal complexity,
and frequency domine indexes could be utilised to explore

the brain change evoked byMNN-based approaches and it’s
clinical relevance [87]. Last, with the development of ar-
tificial intelligence, related fNIRS preprocessing and pro-
cessing approaches may play more important roles, which
includemachine learning, deep learning, and hybrid models
[88].

5. Conclusions
This study revealed that most ROIs of the MNN were

activated duringME andMI with and without ES. In the ES
group, more ROIs were activated and some ROIs showed a
higher activation level. The superposition or combination
of ES with rehabilitation techniques based on MNN may
bring about the effect of central-peripheral synchronous
stimulation, which is helpful in enhancing brain plasticity
and functional reorganization, thus improving the rehabili-
tation effects and efficacy.

Availability of Data and Materials
The data presented in this study are available on re-

quest from the corresponding authors.

Author Contributions
YC and FC designed the research study. YC and FBH

performed the research. MZ provided help and advice on
data analysis. YC, MZ and JW analyzed the data. YC and
JW wrote the manuscript. All authors contributed to edi-
torial changes in the manuscript. All authors read and ap-
proved the final manuscript. All authors have participated
sufficiently in the work and agreed to be accountable for all
aspects of the work.

Ethics Approval and Consent to Participate
The research protocol was approved by the Ethics

Committee of China Rehabilitation Research Center (Ethic
Approval Number: 2021-053-1). The study was carried
out in accordance with the guidelines of the Declaration
of Helsinki and all of the participants provided signed in-
formed consent.

Acknowledgment
The authors are grateful to all the participants in this

study. We think all the staffs in CRRC research and fi-
nancial management departments, included but not limited
to Nian Zhang, Shi-hao Chen, Ting-ting Zhang, Rui-yao
Yang, Li-jun Meng, Zhao-nan He, Jing-yi Lu and Yu-qi Ti
for the supporting work during the whole study.

Funding
This research was funded by Capital’s Funds for

Health Improvement and Research Youth Fund, grant num-
ber CFH2022-4-6014, and China Rehabilitation Research
Center Youth Fund, grant number 2021ZX-Q8.

17

https://www.imrpress.com


Conflict of Interest
The authors declare no conflict of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/JIN25731.

References
[1] Cui Y, Cong F, Huang F, Zeng M, Yan R. Cortical activation of

neuromuscular electrical stimulation synchronized mirror neu-
ron rehabilitation strategies: an fNIRS study. Frontiers in Neu-
rology. 2023; 14: 1232436.

[2] Bonini L, Rotunno C, Arcuri E, Gallese V. Mirror neurons 30
years later: implications and applications. Trends in Cognitive
Sciences. 2022; 26: 767–781.

[3] ZengM,Wang Z, Chen X, Shi M, ZhuM,Ma J, et al. The Effect
of Swallowing Action Observation Therapy on Resting fMRI in
Stroke Patients with Dysphagia. Neural Plasticity. 2023; 2023:
2382980.

[4] Su WC, Culotta M, Mueller J, Tsuzuki D, Bhat AN. Autism-
Related Differences in Cortical Activation When Observing,
Producing, and Imitating Communicative Gestures: An fNIRS
Study. Brain Sciences. 2023; 13: 1284.

[5] Bonnal J, Ozsancak C, Prieur F, Auzou P. Video mirror feed-
back induces more extensive brain activation compared to the
mirror box: an fNIRS study in healthy adults. Journal of Neuro-
engineering and Rehabilitation. 2024; 21: 78.

[6] Jing YH, Lin T, Li WQ, Wu C, Li X, Ding Q, et al. Comparison
of Activation Patterns in Mirror Neurons and the Swallowing
Network During Action Observation and Execution: A Task-
Based fMRI Study. Frontiers in Neuroscience. 2020; 14: 867.

[7] Singh S. Neuroplasticity and Rehabilitation: Harnessing Brain
Plasticity for Stroke Recovery and Functional Improvement.
Universal Research Reports. 2024; 11: 50–56.

[8] Guevara E, Rivas-Ruvalcaba FJ, Kolosovas-Machuca ES,
Ramírez-Elías M, de León Zapata RD, Ramirez-GarciaLuna JL,
et al. Parkinson’s disease patients show delayed hemodynamic
changes in primary motor cortex in fine motor tasks and de-
creased resting-state interhemispheric functional connectivity:
a functional near-infrared spectroscopy study. Neurophotonics.
2024; 11: 025004.

[9] Lahuerta-Martín S, Llamas-Ramos R, Llamas-Ramos I. Effec-
tiveness of Therapies Based on Mirror Neuron System to Treat
Gait in Patients with Parkinson’s Disease-A Systematic Review.
Journal of Clinical Medicine. 2022; 11: 4236.

[10] Simon-Martinez C, Decraene L, Zielinski I, Hoare B,Williams J,
Mailleux L, et al. The impact of brain lesion characteristics and
the corticospinal tract wiring on mirror movements in unilateral
cerebral palsy. Scientific Reports. 2022; 12: 16301.

[11] Boni S, Galluccio M, Baroni A, Martinuzzi C, Milani G,
EmanueleM, et al. Action Observation Therapy for ArmRecov-
ery after Stroke: A Preliminary Investigation on a Novel Proto-
col with EEG Monitoring. Journal of Clinical Medicine. 2023;
12: 1327.

[12] Joy MT, Carmichael ST. Encouraging an excitable brain state:
mechanisms of brain repair in stroke. Nature Reviews. Neuro-
science. 2021; 22: 38–53.

[13] Germanova K, Panidi K, Ivanov T, Novikov P, Ivanova GE,
Villringer A, et al. Motor Decision-Making as a Common De-
nominator inMotor Pathology and a Possible Rehabilitation Tar-
get. Neurorehabilitation and Neural Repair. 2023; 37: 577–586.

[14] Li X, Krol MA, Jahani S, Boas DA, Tager-Flusberg H, Yücel
MA. Brain correlates of motor complexity during observed and

executed actions. Scientific Reports. 2020; 10: 10965.
[15] Abdullahi A,WongTWL,Ng SSM.Rehabilitation of Severe Im-

pairment in Motor Function after Stroke: Suggestions for Har-
nessing the Potentials of Mirror Neurons and the Mentalizing
Systems to Stimulate Recovery. Brain Sciences. 2022; 12: 1311.

[16] Sarasso E, Gardoni A, Zenere L, Canu E, Basaia S, Pelosin E, et
al. Action observation and motor imagery improve motor im-
agery abilities in patients with Parkinson’s disease - A func-
tionalMRI study. Parkinsonism&Related Disorders. 2023; 116:
105858.

[17] Farina E, Borgnis F, Pozzo T. Mirror neurons and their relation-
ship with neurodegenerative disorders. Journal of Neuroscience
Research. 2020; 98: 1070–1094.

[18] Chen L, Xiong S, Liu Y, Lin M, Zhu L, Zhong R, et al. Com-
parison of Motor Relearning Program versus Bobath Approach
for Prevention of Poststroke Apathy: A Randomized Controlled
Trial. Journal of Stroke and Cerebrovascular Diseases: the Offi-
cial Journal of National Stroke Association. 2019; 28: 655–664.

[19] Kiper P, Richard M, Stefanutti F, Pierson-Poinsignon R, Cac-
ciante L, Perin C, et al. CombinedMotor and Cognitive Rehabil-
itation: The Impact on Motor Performance in Patients with Mild
Cognitive Impairment. Systematic Review and Meta-Analysis.
Journal of Personalized Medicine. 2022; 12: 276.

[20] Demeco A, Molinaro A, Ambroggi M, Frizziero A, Fazzi E,
Costantino C, et al. Cognitive approaches in the rehabilitation
of upper limbs function in children with cerebral palsy: a sys-
tematic review and meta-analysis. European Journal of Physical
and Rehabilitation Medicine. 2024; 60: 445–457.

[21] Eaves DL, Hodges NJ, Buckingham G, Buccino G, Vogt S. En-
hancing motor imagery practice using synchronous action ob-
servation. Psychological Research. 2024; 88: 1891–1907.

[22] Spanò B, Lombardi MG, De Tollis M, Szczepanska MA, Ricci
C, Manzo A, et al. Effect of Dual-Task Motor-Cognitive Train-
ing in Preventing Falls in Vulnerable Elderly Cerebrovascular
Patients: A Pilot Study. Brain Sciences. 2022; 12: 168.

[23] Dunlap E, Alhalimi T, McLaurin N, Tanaka H. Aquatic
Cognitive-Motor Exercise Training on Cognition and Neu-
rotrophic Factors in Older Adults. Archives of Physical
Medicine and Rehabilitation. 2024; 105: e180.

[24] Zhou Q, Yang H, Zhou Q, Pan H. Effects of cognitive mo-
tor dual-task training on stroke patients: A RCT-based meta-
analysis. Journal of Clinical Neuroscience: Official Journal of
the Neurosurgical Society of Australasia. 2021; 92: 175–182.

[25] Zhou Z, Chen S, Li Y, Zhao J, Li G, Chen L, et al. Comparison of
Sensory Observation and Somatosensory Stimulation in Mirror
Neurons and the Sensorimotor Network: A Task-Based fMRI
Study. Frontiers in Neurology. 2022; 13: 916990.

[26] Jia J. Exploration on neurobiological mechanisms of the central-
peripheral-central closed-loop rehabilitation. Frontiers in Cellu-
lar Neuroscience. 2022; 16: 982881.

[27] Vanderhasselt MA, Ottaviani C. Combining top-down and
bottom-up interventions targeting the vagus nerve to increase re-
silience. Neuroscience and Biobehavioral Reviews. 2022; 132:
725–729.

[28] Benster LL, Weissman CR, Stolz LA, Daskalakis ZJ, Appel-
baum LG. Pre-clinical indications of brain stimulation treat-
ments for non-affective psychiatric disorders, a status update.
Translational Psychiatry. 2023; 13: 390.

[29] SunW, Liu G, Dong X, Yang Y, Yu G, Sun X, et al. Transcranial
Direct Current Stimulation Improves Some Neurophysiological
Parameters but not Clinical Outcomes after Severe Traumatic
Brain Injury. Journal of Integrative Neuroscience. 2023; 22: 15.

[30] Rostami M, Lee A, Frazer AK, Akalu Y, Siddique U, Pearce
AJ, et al. Determining the corticospinal, intracortical and motor
function responses to transcranial alternating current stimulation
of the motor cortex in healthy adults: A systematic review and
meta-analysis. Brain Research. 2024; 1822: 148650.

18

https://doi.org/10.31083/JIN25731
https://doi.org/10.31083/JIN25731
https://www.imrpress.com


[31] Insausti-Delgado A, López-Larraz E, Nishimura Y, Ziemann
U, Ramos-Murguialday A. Non-invasive brain-spine interface:
Continuous control of trans-spinal magnetic stimulation using
EEG. Frontiers in Bioengineering and Biotechnology. 2022; 10:
975037.

[32] JigoM, Carmel JB,Wang Q, Rodenkirch C. Transcutaneous cer-
vical vagus nerve stimulation improves sensory performance in
humans: a randomized controlled crossover pilot study. Scien-
tific Reports. 2024; 14: 3975.

[33] Luckey AM, Adcock K, Vanneste S. Peripheral nerve stimu-
lation: A neuromodulation-based approach. Neuroscience and
Biobehavioral Reviews. 2023; 149: 105180.

[34] Qi F, Nitsche MA, Ren X, Wang D, Wang L. Top-down and
bottom-up stimulation techniques combined with action obser-
vation treatment in stroke rehabilitation: a perspective. Frontiers
in Neurology. 2023; 14: 1156987.

[35] Seitz S, Schuster-Amft C,Wandel J, Bonati LH, Parmar K, Gerth
HU, et al. Effect of concurrent action observation, peripheral
nerve stimulation and motor imagery on dexterity in patients af-
ter stroke: a pilot study. Scientific Reports. 2024; 14: 14858.

[36] Ni L, Yao Z, Zhao Y, Zhang T, Wang J, Li S, et al. Electrical
stimulation therapy for peripheral nerve injury. Frontiers in Neu-
rology. 2023; 14: 1081458.

[37] Liu Y, Fox PM. The Role of Electrical Stimulation in Peripheral
Nerve Regeneration: Current Evidence and Future Directions.
Journal of Hand Surgery Global Online. 2024; 6: 718–721.

[38] Sadeghi S, Schmidt SNL, Mier D, Hass J. Effective connectivity
of the human mirror neuron system during social cognition. So-
cial Cognitive and Affective Neuroscience. 2022; 17: 732–743.

[39] Enoka RM, Amiridis IG, Duchateau J. Electrical Stimulation
of Muscle: Electrophysiology and Rehabilitation. Physiology
(Bethesda, Md.). 2020; 35: 40–56.

[40] Canny E, Vansteensel MJ, van der Salm SMA, Müller-Putz GR,
Berezutskaya J. Boosting brain-computer interfaces with func-
tional electrical stimulation: potential applications in people
with locked-in syndrome. Journal of Neuroengineering and Re-
habilitation. 2023; 20: 157.

[41] Son JE, Choi H, Lim H, Ku J. Development of a flickering ac-
tion video based steady state visual evoked potential triggered
brain computer interface-functional electrical stimulation for a
rehabilitative action observation game. Technology and Health
Care: Official Journal of the European Society for Engineering
and Medicine. 2020; 28: 509–519.

[42] Soleimani G, Nitsche MA, Bergmann TO, Towhidkhah F, Vi-
olante IR, Lorenz R, et al. Closing the loop between brain and
electrical stimulation: towards precision neuromodulation treat-
ments. Translational Psychiatry. 2023; 13: 279.

[43] Errante A, Saviola D, Cantoni M, Iannuzzelli K, Ziccarelli S,
Togni F, et al. Effectiveness of action observation therapy based
on virtual reality technology in themotor rehabilitation of paretic
stroke patients: a randomized clinical trial. BMC Neurology.
2022; 22: 109.

[44] Jiang YC, Zheng C, Ma R, Chen Y, Ge S, Sun C, et al. Within-
Session Reliability of fNIRS in Robot-Assisted Upper-Limb
Training. IEEE Transactions on Neural Systems and Rehabili-
tation Engineering: a Publication of the IEEE Engineering in
Medicine and Biology Society. 2024; 32: 1302–1313.

[45] Crivelli D, Sabogal RuedaMD, BalconiM. Linguistic andmotor
representations of everyday complex actions: an fNIRS investi-
gation. Brain Structure & Function. 2018; 223: 2989–2997.

[46] Veale JF. Edinburgh Handedness Inventory - Short Form: a re-
vised version based on confirmatory factor analysis. Laterality.
2014; 19: 164–177.

[47] Lingelbach K, Diers D, Bui M, Vukelić M. Investigating Fea-
ture Set Decisions for Mental State Decoding in Virtual Reality
based Learning Environments. Neuroergonomics and Cognitive
Engineering. 2023; 102: 141–151.

[48] Zimeo Morais GA, Balardin JB, Sato JR. fNIRS Optodes’ Lo-
cation Decider (fOLD): a toolbox for probe arrangement guided
by brain regions-of-interest. Scientific Reports. 2018; 8: 3341.

[49] Dans PW, Foglia SD, Nelson AJ. Data Processing in Functional
Near-Infrared Spectroscopy (fNIRS) Motor Control Research.
Brain Sciences. 2021; 11: 606.

[50] Appelhoff S, Sanderson M, Brooks TL, van Vliet M, Quentin R,
Holdgraf C, et al. MNE-BIDS: Organizing electrophysiological
data into the BIDS format and facilitating their analysis. Journal
of Open Source Software. 2019; 4: 1896.

[51] Luke R, Larson E, Shader MJ, Innes-Brown H, Van Yper L, Lee
AKC, et al. Analysis methods for measuring passive auditory
fNIRS responses generated by a block-design paradigm. Neu-
rophotonics. 2021; 8: 025008.

[52] Rolls ET, Joliot M, Tzourio-Mazoyer N. Implementation of a
new parcellation of the orbitofrontal cortex in the automated
anatomical labeling atlas. NeuroImage. 2015; 122: 1–5.

[53] Tucker S, Dubb J, Kura S, von Lühmann A, Franke R, Horschig
JM, et al. Introduction to the shared near infrared spectroscopy
format. Neurophotonics. 2023; 10: 013507.

[54] Cui X, Bray S, Reiss AL. Functional near infrared spectroscopy
(NIRS) signal improvement based on negative correlation be-
tween oxygenated and deoxygenated hemoglobin dynamics.
NeuroImage. 2010; 49: 3039–3046.

[55] Diana L, Scotti G, Aiello EN, Pilastro P, Eberhard-Moscicka
AK, Müri RM, et al. Conventional and HD-tDCS May (or
May Not) Modulate Overt Attentional Orienting: An Inte-
grated Spatio-Temporal Approach and Methodological Reflec-
tions. Brain Sciences. 2021; 12: 71.

[56] Tofani M, Santecchia L, Conte A, Berardi A, Galeoto G, So-
gos C, et al. Effects of Mirror Neurons-Based Rehabilitation
Techniques in Hand Injuries: A Systematic Review and Meta-
Analysis. International Journal of Environmental Research and
Public Health. 2022; 19: 5526.

[57] Wang Z, Yang L, Wang M, Zhou Y, Chen L, Gu B, et al.
Motor Imagery and Action Observation Induced Electroen-
cephalographic Activations to Guide Subject-Specific Training
Paradigm: A Pilot Study. IEEE Transactions on Neural Systems
and Rehabilitation Engineering: a Publication of the IEEE Engi-
neering inMedicine and Biology Society. 2023; 31: 2457–2467.

[58] Ladda AM, Lebon F, LotzeM. Using motor imagery practice for
improving motor performance - A review. Brain and Cognition.
2021; 150: 105705.

[59] Panichello MF, Buschman TJ. Shared mechanisms underlie the
control of working memory and attention. Nature. 2021; 592:
601–605.

[60] Kumar J, Patel T, Sugandh F, Dev J, Kumar U, Adeeb M, et al.
Innovative Approaches and Therapies to Enhance Neuroplastic-
ity and Promote Recovery in Patients With Neurological Disor-
ders: A Narrative Review. Cureus. 2023; 15: e41914.

[61] Machaen Z, Martin L, Rosales JH. Bio-inspired cognitive model
of motor learning by imitation. Cognitive Systems Research.
2021; 66: 134–149.

[62] De Schrijver S, Decramer T, Janssen P. Simple visual stimuli
are sufficient to drive responses in action observation and execu-
tion neurons in macaque ventral premotor cortex. PLoS Biology.
2024; 22: e3002358.

[63] Leite C, Byvshev P, Mauranen H, Xiao Y. Simulation-driven de-
sign of smart gloves for gesture recognition. Scientific Reports.
2024; 14: 14873.

[64] Waight JL, Arias N, Jiménez-García AM,MartiniM. From func-
tional neuroimaging to neurostimulation: fNIRS devices as cog-
nitive enhancers. Behavior Research Methods. 2024; 56: 2227–
2242.

[65] Bhat AN,HoffmanMD, Trost SL, CulottaML, Eilbott J, Tsuzuki
D, et al. Cortical Activation during Action Observation, Action
Execution, and Interpersonal Synchrony in Adults: A functional

19

https://www.imrpress.com


Near-Infrared Spectroscopy (fNIRS) Study. Frontiers in Human
Neuroscience. 2017; 11: 431.

[66] Niering M, Seifert J. The effects of visual skills training on cog-
nitive and executive functions in stroke patients: a systematic
reviewwith meta-analysis. Journal of Neuroengineering and Re-
habilitation. 2024; 21: 41.

[67] Hu J, Zou J, Wan Y, Yao Q, Dong P, Li G, et al. Rehabilitation
of motor function after stroke: A bibliometric analysis of global
research from 2004 to 2022. Frontiers in Aging Neuroscience.
2022; 14: 1024163.

[68] Dekleva BM, Chowdhury RH, Batista AP, Chase SM, Yu BM,
BoningerML, et al. Motor cortex retains and reorients neural dy-
namics during motor imagery. Nature Human Behaviour. 2024;
8: 729–742.

[69] Machač S, Chasáková L, Kakawand S, Kozák J, Štěpánek L,
Vejvalka J, et al. Mirror visual feedback as therapeutic modality
in unilateral upper extremity complex regional pain syndrome
type I: randomized controlled trial. European Journal of Physical
and Rehabilitation Medicine. 2024; 60: 280–291.

[70] Jo S, Jang H, Kim H, Song C. 360° immersive virtual reality-
based mirror therapy for upper extremity function and satisfac-
tion among stroke patients: a randomized controlled trial. Euro-
pean Journal of Physical and Rehabilitation Medicine. 2024; 60:
207–215.

[71] He YZ, Huang ZM, Deng HY, Huang J, Wu JH, Wu JS. Fea-
sibility, safety, and efficacy of task-oriented mirrored robotic
training on upper-limb functions and activities of daily living
in subacute poststroke patients: a pilot study. European Journal
of Physical and Rehabilitation Medicine. 2023; 59: 660–668.

[72] Lim H, Jeong CH, Kang YJ, Ku J. Attentional State-Dependent
Peripheral Electrical Stimulation During Action Observation
Enhances Cortical Activations in Stroke Patients. Cyberpsychol-
ogy, Behavior and Social Networking. 2023; 26: 408–416.

[73] Jeong CH, Lim H, Lee J, Lee HS, Ku J, Kang YJ. Attentional
state-synchronous peripheral electrical stimulation during action
observation induced distinct modulation of corticospinal plastic-
ity after stroke. Frontiers in Neuroscience. 2024; 18: 1373589.

[74] Ziesel D, Nowakowska M, Scheruebel S, Kornmueller K,
Schäfer U, Schindl R, et al. Electrical stimulation methods and
protocols for the treatment of traumatic brain injury: a critical
review of preclinical research. Journal of Neuroengineering and
Rehabilitation. 2023; 20: 51.

[75] Polanía R, Nitsche MA, Ruff CC. Studying and modifying brain
function with non-invasive brain stimulation. Nature Neuro-
science. 2018; 21: 174–187.

[76] Lin S, Rodriguez CO, Wolf SL. Vagus Nerve Stimulation Paired
With Upper Extremity Rehabilitation for Chronic Ischemic
Stroke: Contribution of Dosage Parameters. Neurorehabilitation
and Neural Repair. 2024; 38: 607–615.

[77] Brand J, Piccirelli M, Hepp-Reymond MC, Eng K, Michels L.

Brain Activation During Visually Guided Finger Movements.
Frontiers in Human Neuroscience. 2020; 14: 309.

[78] Sakamoto M, Ifuku H. Attenuation of sensory processing in the
primary somatosensory cortex during rubber hand illusion. Sci-
entific Reports. 2021; 11: 7329.

[79] Edwards LL, King EM, Buetefisch CM, Borich MR. Putting the
”Sensory” Into Sensorimotor Control: The Role of Sensorimo-
tor Integration in Goal-Directed Hand Movements After Stroke.
Frontiers in Integrative Neuroscience. 2019; 13: 16.

[80] Aurucci GV, Preatoni G, Damiani A, Raspopovic S. Brain-
Computer Interface to Deliver Individualized Multisensory In-
tervention for Neuropathic Pain. Neurotherapeutics: the Journal
of the American Society for Experimental NeuroTherapeutics.
2023; 20: 1316–1329.

[81] Ayrolles A, Brun F, Chen P, Djalovski A, Beauxis Y, Delorme
R, et al. HyPyP: a Hyperscanning Python Pipeline for inter-brain
connectivity analysis. Social Cognitive and Affective Neuro-
science. 2021; 16: 72–83.

[82] Khorev V, Kurkin S, Badarin A, Antipov V, Pitsik E, Andreev A,
et al. Review on the Use of Brain Computer Interface Rehabilita-
tion Methods for Treating Mental and Neurological Conditions.
Journal of Integrative Neuroscience. 2024; 23: 125.

[83] Yu P, Dong R, Wang X, Tang Y, Liu Y, Wang C, et al. Neu-
roimaging of motor recovery after ischemic stroke - functional
reorganization of motor network. NeuroImage. Clinical. 2024;
43: 103636.

[84] Antonioni A, Galluccio M, Baroni A, Fregna G, Pozzo T, Koch
G, et al. Event-related desynchronization during action obser-
vation is an early predictor of recovery in subcortical stroke:
An EEG study. Annals of Physical and Rehabilitation Medicine.
2024; 67: 101817.

[85] Nguyen T, Miguel HO, Condy EE, Park S, Gandjbakhche A.
Using Functional Connectivity to Examine the Correlation be-
tween Mirror Neuron Network and Autistic Traits in a Typically
Developing Sample: A fNIRS Study. Brain Sciences. 2021; 11:
397.

[86] Maura RM, Rueda Parra S, Stevens RE, Weeks DL, Wolbrecht
ET, Perry JC. Literature review of stroke assessment for upper-
extremity physical function via EEG, EMG, kinematic, and ki-
netic measurements and their reliability. Journal of Neuroengi-
neering and Rehabilitation. 2023; 20: 21.

[87] Jia G, Hubbard CS, Hu Z, Xu J, Dong Q, Niu H, et al. Intrin-
sic brain activity is increasingly complex and develops asym-
metrically during childhood and early adolescence. NeuroIm-
age. 2023; 277: 120225.

[88] Khan MA, Asadi H, Zhang L, Qazani MRC, Oladazimi S, Loo
CK, et al. Application of artificial intelligence in cognitive load
analysis using functional near-infrared spectroscopy: A sys-
tematic review. Expert Systems with Applications. 2024; 249:
123717.

20

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Participants
	2.2 Experimental Design and Procedure
	2.3 fNIRS Data Acquisition
	2.4 ES Protocol and Procedure
	2.5 Data Analysis
	2.5.1 fNIRS Data Preprocessing and Analysis
	2.5.2 Statistical Analysis


	3. Results
	3.1 Block Average Waveform
	3.2 Distribution of the Averaged Hb Data from 10 s to 20 s after the Onsets
	3.3 Cortical Activations during Motor Execution and Imitation with and without ES 

	4. Discussion
	4.1 Brain Activation during ME and MI with and without ES
	4.2 Central-peripheral Synchronous Stimulation to Enhance Cortical Activation in Rehabilitation
	4.3 Clinical Application of MNN-based Rehabilitation Theories and Methods
	4.4 Limitations and Future Perspectives

	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

