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Abstract 

Background/Objectives: Mirror visual feedback (MVF) can facilitate post-stroke upper limb 

recovery. Pairing MVF with electromyography-triggered electrical stimulation (ES) may enhance 

afferent input and sensorimotor engagement. As aging alters neurovascular responses, we aimed to 

test MVF and MVF + ES in older adults using functional near-infrared spectroscopy (fNIRS). 

Methods: Seventeen right-handed adults performed left wrist flexion under three visual conditions—

circle fixation (CT), viewing the right hand (RT), and mirror viewing (MT)—each with/without ES to 

right wrist flexors synchronized to left forearm electromyography (EMG). Oxygenated hemoglobin 

(oxy-Hb) was recorded over the bilateral inferior frontal gyrus (IFG), precentral gyrus (PrG), 

postcentral gyrus (PoG), supramarginal gyrus (SMG), superior parietal lobule (SPL), and 

supplementary motor area. A 2 × 3 repeated-measures analysis of variance (ES × visual), with 

Bonferroni-corrected post hoc tests, assessed effects. The left forearm EMG verified comparable 

efforts. Results: ES increased oxy-Hb levels in the left IFG, PrG, PoG, and SMG, with a significant ES 

× visual interaction in the left IFG. Post hoc tests revealed the following: MT + ES > MT (left IFG), RT 

+ ES > RT (left PoG, SMG), and CT + ES > CT (left PoG, PrG, SMG, SPL). The right IFG/PrG ratio was 

higher for CT + ES than for CT. The left EMG did not differ. Conclusions: In older adults, MVF + 

EMG-triggered ES augments left-lateralized frontoparietal/sensorimotor activation beyond MVF 

alone, with augmentation topography depending on the visual context. These findings support 

neurophysiological plausibility and warrant dose–response and behavioral transfer studies in stroke 

cohorts. 

Keywords: mirror visual feedback; EMG-triggered electrical stimulation; functional near-infrared 

spectroscopy; aging; neurorehabilitation 

 

1. Introduction 

Stroke is the leading cause of long-term disability worldwide, with a particularly high incidence 

in older adults. With an aging global population, the number of stroke survivors living with sequelae 

continues to increase [1]. More than 50% of stroke survivors experience upper limb motor 

impairments [2,3], and many patients report persistent dysfunction in the chronic phase [4–6]. Upper 

limb impairment severely restricts the performance of activities of daily living (ADLs), thereby 

reducing independence and quality of life. Consequently, the development of effective and feasible 

rehabilitation strategies to restore upper limb function remains an urgent issue. 
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One such rehabilitation approach for upper limb paresis is mirror therapy, which uses mirror 

visual feedback (MVF). This method was first introduced by Ramachandran et al. for the treatment 

of phantom limb pain [7] and was later applied to motor recovery in post-stroke hemiparesis by 

Altschuler et al. [8]. Subsequently, numerous randomized controlled trials have been conducted, and 

systematic reviews and meta-analyses have demonstrated its efficacy in improving upper limb 

function [9,10] and reducing spasticity in patients with stroke [11]. 

In recent years, novel therapeutic approaches have been developed that combine MVF with 

techniques, such as electrical stimulation (ES), robotic assistance, and virtual reality (VR) in bimanual 

MVF therapy, aiming to promote afferent input from the affected side and enhance visual feedback 

[12–14]. Zhuang et al. demonstrated that “associated mirror therapy” significantly improved motor 

function of the paretic upper limb and ADL performance [15]. Furthermore, systematic reviews and 

meta-analyses have reported that although conventional MVF produces a moderate effect size on 

paretic upper limb function (standardized mean difference [SMD] = 0.68; 95% confidence interval 

[CI], 0.34–1.02), hybrid MVF incorporating ES or VR yields a large effect size (SMD = 1.28; 95% CI, 

0.89–1.67) [9]. In addition, interventions combining MVF with ES are significantly superior to sham 

therapy, ES alone, or MVF alone in improving upper limb motor control based on impairment level 

and gross grasping ability based on activity level [16]. 

Previous neuroimaging studies, particularly those using functional magnetic resonance imaging 

(fMRI), have suggested that MVF activates neural networks associated with the mirror neuron system 

(MNS), including the left inferior frontal gyrus (IFG), superior temporal sulcus, and inferior parietal 

lobule [17,18]. More recently, studies employing resting-state fMRI have reported that visual input 

through a mirror facilitates ipsilateral pathway activation toward the paretic upper limb via increased 

spontaneous activity in the contralesional primary motor cortex (M1) and reconstructs functional 

connectivity between the bilateral M1, thereby promoting motor signal transmission from the 

ipsilesional M1 to the contralesional M1 [19]. In addition, MVF recruits the MNS, corrects 

interhemispheric imbalance, and promotes motor recovery after stroke [20]. 

In contrast, combined MVF and ES therapy is thought to indirectly contribute to motor recovery 

in patients with stroke by simultaneously enhancing proprioceptive and tactile inputs, increasing the 

activation of sensory cortices, and augmenting sensory projections to motor areas [21]. Although 

recent studies using fMRI, transcranial magnetic stimulation (TMS), and electroencephalography 

(EEG) have advanced our understanding of the neural mechanisms underlying MVF, the 

neurophysiological mechanisms underlying combined MVF and ES therapy remain unclear. 

In a previous study involving healthy young adults, we evaluated the effects of MVF alone and 

in combination with ES on brain activity using functional near-infrared spectroscopy (fNIRS). We 

demonstrated that although mirrored visual input activated the contralateral sensory cortex of the 

nonmoving limb, the addition of ES suppressed cortical activity [22]. However, most of these 

fundamental findings have been derived from young adults, and studies focusing on healthy older 

adults remain limited. Given that aging is associated with changes in brain structure, hemodynamics, 

and sensorimotor processing [23,24], caution should be exercised when generalizing findings from 

young adults to older populations. Therefore, it is important to investigate whether similar effects 

are observed in healthy older adults. Moreover, although the combination of MVF and ES has been 

suggested to enhance rehabilitation effects by simultaneously activating sensory input and motor 

networks [21], neurophysiological investigations in older adults remain insufficient. 

Accordingly, the present study aimed to evaluate the effects of MVF alone and MVF combined 

with ES on upper limb function and cortical hemodynamics in healthy older adults using fNIRS, to 

clarify their efficacy and underlying neural mechanisms. 

2. Materials and Methods 

2.1. Participants 
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All the participants were volunteers who were confirmed to be free of neurological disorders 

based on a pre-screening questionnaire. Twenty-two healthy adults (12 men and 10 women; mean 

age, 63.5 ± 8.6 years) were initially enrolled. All participants were right-handed, as determined by 

Chapman’s handedness test [25]. Owing to incomplete MRI or fNIRS data, five participants were 

excluded, leaving a final sample of 17 individuals (nine men and eight women; mean age, 63.4 ± 7.3 

years). 

This study was approved by the Ethics Committee of Hokkaido University Hospital (Clinical 

Research No. 012-0086). All the participants received a detailed explanation of the study objectives, 

ES and fNIRS procedures, associated safety considerations, potential risks, and their management. 

Written informed consent was obtained from each participant before enrollment. 

2.2. Experimental Overview 

2.2.1. Experimental Condition Setup 

The participants were seated in a reclining chair, and a mirror box was placed on a horizontal 

table in front of them. They were instructed to insert both hands into the mirror box with their 

forearms in a pronated position (ulnar side down). The participants were also instructed to remove 

accessories, such as rings and watches. Room temperature was maintained at 24°C. 

2.2.2. Tasks 

The tasks used in the experiments are illustrated in Figure 1. In all tasks, the participants 

performed repetitive flexion of the left wrist at a frequency of 0.5 Hz for 30 s. Prior to the experiment, 

participants practiced moving their left hand to a metronome (Art Metronome, Mu-tech Co., Inc.) 

while using electromyography-triggered ES (ETES) on both hands. They were instructed to ensure 

that the movement of the electrically stimulated right hand was as similar as possible to voluntary 

movement of the left hand. 

The six experimental conditions were as follows: 

Circle task (CT): The lid of the mirror box was closed, and the participants observed a black circle 

drawn on top of the box without viewing their hands (Figure 1A). 

Right hand task (RT): The lid of the mirror box was open, and the participants observed their 

right hand at rest (Figure 1B). 

Mirror task (MT): The right hand was placed behind a mirror inside the mirror box, and the 

participants observed the mirror image so that the moving left hand overlapped with the right hand 

(Figure 1C). 

CT + ES: Using ETES, flexion of the right wrist was electrically induced in synchrony with 

voluntary contraction of the left forearm muscle. The stimulation device for the ETES was the 

LEMDES. During the task, stimulation electrodes were attached to the right wrist flexor muscles, and 

trigger signals were obtained from the left flexor carpi radialis (FCR). This setup enabled the right 

hand movement in response to the left hand movement. The lid of the mirror box was closed, and 

the participants were instructed to fixate on a black circle drawn on the box (Figure 1D). 

RT + ES: The participants observed electrically induced movement of their right hands (Figure 

1E). 

MT + ES: Using ETES, the participants observed the mirror as in the MT condition (Figure 1F). 

The participants were instructed to focus only on the right hand rather than on the entire right 

upper limb. During the CT, RT, and MT conditions, the participants were instructed not to move their 

right hands. 

To verify that the activity of the left forearm wrist flexors remained consistent, 

electromyographic (EMG) electrodes were attached between the medial epicondyle of the humerus 

and the palmar base of the second metacarpal, at a site 3–10 cm distal to the medial epicondyle 

(corresponding to the belly of the muscle), using disposable electrodes (Vitrode F; Nihon Kohden 
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Corp., Tokyo, Japan). The EMG signals were connected directly to a multichannel amplifier (MEG-

6108M, Nihon Kohden Co., Ltd., Kyoto, Japan) and monitored in real time using the fNIRS system. 

 

Figure 1. Illustration of the experimental configuration. The arrow in each task shows where the participants 

were directed to focus their gaze, and the shaded zones mark the portions that were hidden from view. 

2.2.3. Equipment 

2.2.3.1. Electromyography-Triggered Electrical Stimulation 

The ETES system used in our previous study [22] was used. The stimulation electrodes (rubber 

electrodes) were placed 2–3 cm apart on the right forearm flexor muscles, and the triggering EMG 

was recorded from the left FCR using surface-disposable Ag-AgCl electrodes (Vitrode F, Nihon 

Kohden, Tokyo, Japan). The ground electrode was placed on the left olecranon. This method, 

developed by Futami et al. [26], enables right hand movement to be elicited by voluntary left hand 

movement. In ETES, ES is triggered by EMG activity. 

The stimulation parameters were as follows: frequency, 20 Hz; and pulse width, 500 ms. The ES 

intensity was set below each participant’s pain threshold but above the motor threshold before task 

initiation. The sensitivity of the triggered EMG was adjusted so that full joint movements could be 

elicited by ES. 

2.2.4. Functional Near-Infrared Spectroscopy Settings 

Hemodynamic responses were measured using fNIRS (FOIRE 3000; Shimadzu Co., Ltd., Kyoto, 

Japan) with a holder consisting of 16 light-source probes and 16 detector probes arranged in a 4 × 4 × 

2 configuration, yielding 48 channels. The probe placement was based on the virtual registration 

method described by Tsuzuki et al. [27]. Specifically, the second column of probes from the front was 

aligned with the coronal reference curve, and the probe located in the second row from the top and 

second column from the front was positioned at C3 (or C4 for the right hemisphere) according to the 

international 10–20 system [28] (Figure 2). The distance between the light-source and detector probes 

was set at 3 cm. 

Three wavelengths (708, 805, and 830 nm) were used to detect oxygenated hemoglobin (oxy-Hb), 

deoxygenated hemoglobin (deoxy-Hb), and total hemoglobin (total-Hb). A three-dimensional (3D) 
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digitizer (FASTRAK; Polhemus, Colchester, VT, USA) was used to determine the anatomical location 

of each channel. In addition, 3D T1-weighted MR images of all participants were acquired using an 

MRI scanner (Signa Lightning; GE Healthcare). The channel positions obtained from the 3D digitizer 

were co-registered with each participant’s cortical surface using NIRS-SPM [29]. The co-registered 

channels were classified into the bilateral IFG, precentral gyrus (PrG), postcentral gyrus (PoG), 

supplementary motor area (SMA), supramarginal gyrus (SMG), and superior parietal lobule (SPL). 

Because the spatial resolution of fNIRS is limited to approximately 2–3 cm [30], channels located 

within the sulci were excluded from the analysis. To standardize the changes in oxy-Hb levels, we 

confirmed the stability of the oxy-Hb signals at the onset of each task. 

 

Figure 2. Near-infrared spectroscopy channel configuration. Red squares represent optical sources, and blue 

squares represent detectors. The midline (orange line) corresponds to the T9–Cz–T10 line. C3 and C4 indicate 

the standard 10–20 system electrode positions for reference. 

2.3. Data Processing 

Based on previous reports indicating that changes in oxy-Hb concentration are more sensitive 

to neural activity than changes in deoxy-Hb or total-Hb concentration [31–33], the present study 

focused on analyzing oxy-Hb concentration changes. Oxy-Hb signals were obtained using the 

modified Beer–Lambert law [34] implemented in the fNIRS system. Baseline correction was 

performed by setting the mean concentration change during the 5 s preceding the task onset to zero. 

Motion artifacts were corrected using spline interpolation. 

As a characteristic feature of fNIRS is that oxy-Hb responses to neural activity occur with a delay 

after task onset [35], the mean oxy-Hb concentration was calculated over a 25-s window from 5 to 30 

s after task initiation. The mean oxy-Hb values obtained from each task were analyzed using a two-

way repeated-measures analysis of variance (ANOVA) with factors “ES condition (ESC; with or 

without ES)” and “visual condition (VC; circle fixation, right hand, mirror)” (2 × 3 design). 

In addition, as a priori hypotheses, the simple effects of ES within each VC (CT + ES − CT, RT + 

ES − RT, MT + ES − MT) were set as primary contrasts. Familywise error rates were controlled for 

each region of interest (ROI) using the Bonferroni method (two-tailed, α = 0.05). Post hoc comparisons 

were also conducted using the Bonferroni correction. The EMG amplitudes obtained from the left 

wrist flexors were analyzed in the same manner. Statistical significance was set at p < 0.05. 

All statistical analyses were performed using SPSS version 30 for Windows (SPSS Inc., Chicago, 

IL, USA). Owing to probe placement issues, data from 13 participants were analyzed for the left IFG 

and nine participants for the right IFG. 

3. Results 

The results of the 2 × 3 repeated-measures ANOVA are presented in Table 1, and the results of 

multiple comparisons are presented in Table 2. 
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Left IFG: ANOVA revealed a significant main effect of ESC (F [1,12] = 8.72, p < 0.05) and a 

significant interaction between VC and ESC (F [2,24] = 4.66, p < 0.05). Post-hoc analysis showed that 

oxy-Hb concentrations were higher in tasks with ES than in those without ES (p < 0.05). Moreover, 

oxy-Hb concentrations were significantly higher in MT + ES than in MT (p < 0.01). 

Left PrG: A significant main effect of ESC was observed (F [1,16] = 8.49, p < 0.05). Post-hoc 

analysis showed that oxy-Hb concentrations were higher in tasks with ES than in those without ES 

(p < 0.05). In addition, oxy-Hb concentrations were significantly higher in CT + ES than in CT (p < 

0.05) and in MT + ES than in MT (p < 0.05). 

Left PoG: A significant main effect of ESC was observed (F [1,16] = 6.99, p < 0.05). Post-hoc 

analysis showed that oxy-Hb concentrations were higher in tasks with ES than in those without ES 

(p < 0.05). Furthermore, oxy-Hb concentrations were significantly higher in CT + ES than in CT (p < 

0.01) and in RT + ES than in RT (p < 0.05). 

Left SMG: A significant main effect of ESC was observed (F [1,16] = 7.49, p < 0.05). Post-hoc 

analysis showed that oxy-Hb concentrations were higher in tasks with ES than in those without ES 

(p < 0.05). In addition, oxy-Hb concentrations were significantly higher in CT + ES than in CT (p < 

0.01), in RT + ES than in RT (p < 0.05), and in MT + ES than in MT (p < 0.05). 

Left SPL: No significant main effects were observed in ANOVA. However, post-hoc analysis 

showed significantly higher oxy-Hb concentrations in CT + ES than in CT (p < 0.05) and RT than in 

CT (p < 0.05). 

Right IFG: No significant main effects were observed in ANOVA. Post-hoc analysis revealed 

significantly higher oxy-Hb concentrations in CT + ES than in CT (p < 0.05). 

Right PrG: No significant main effects were observed in ANOVA. Post-hoc analysis showed 

significantly higher oxy-Hb concentrations in CT + ES than in CT (p < 0.05). 

Finally, no significant differences were observed in the EMG amplitudes of the left forearm 

(Figure 3). 

Table 1. Results of 2 × 3 repeated-measures ANOVA conducted on VC, ESC, and interaction effect for oxy-Hb 

changes of ROIs. 

 Main effect (VC) Main effect (ESC) 
Interaction effect (VC × 

ESC) 

Region of 

interest 
F p-value F p-value F p-value 

Left IFG 0.812 0.456 8.718 < 0.05* 4.661 < 0.05* 

       

Left SMA 0.889 0.421 3.684 0.073 0.738 0.486 

       

Left PrG 1.838 0.176 8.492 < 0.05* 0.898 0.417 

       

Left PoG 1.851 0.174 6.988 < 0.05* 0.355 0.619 

       

Left SMG 0.570 0.571 7.489 < 0.05* 1.330 0.274 

       

Left SPL 1.478 0.245 2.295 0.149 1.719 0.205 

       

Right IFG 0.800 0.500 4.244 0.073 0.179 0.837 

       

Right SMA 0.090 0.914 2.332 0.146 0.215 0.717 

       

Right PrG 0.276 0.760 2.214 0.156 0.362 0.639 

       

Right PoG 0.114 0.893 1.480 0.241 0.968 0.360 
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Right SMG 0.286 0.691 3.587 0.076 0.983 0.352 

       

Right SPL 0.823 0.448 1.584 0.226 1.336 0.27 

VC, visual condition; ESC, electrical stimulation condition; IFG, 

inferior frontal gyrus; SMA, supplementary motor area; PrG, 

precentral gyrus; PoG, postcentral gyrus; SMG, supramarginal gyrus; 

SPL, superior parietal lobule; F, F-measure; *Significant differences. 

Table 2. Results of the Bonferroni correction for multiple comparisons. 

Region of interest   Mean difference Standard error p-value 

Left IFG     

 ES + – ES- 0.005 0.002 < 0.05 

 MT + ES – MT 0.01 0.003 < 0.01 

Left PrG     

 ES + – ES- 0.003 0.001 < 0.05 

 CT + ES – CT 0.003 0.001 < 0.05 

 MT + ES – MT 0.004 0.002 < 0.05 

Left PoG     

 ES + – ES- 0.004 0.002 < 0.05 

 CT + ES – CT 0.004 0.001 < 0.01 

 RT + ES – RT 0.003 0.001 < 0.05 

Left SMG     

 ES + – ES- 0.005 0.002 < 0.05 

 CT + ES – CT 0.005 0.002 < 0.01 

 RT + ES – RT 0.003 0.001 < 0.05 

 MT + ES – MT 0.006 0.003 < 0.05 

Left SPL     

 CT + ES – CT 0.004 0.002 < 0.05 

 RT – CT 0.002 0.001 < 0.05 

Right IFG     

 CT + ES – CT 0.004 0.001 < 0.05 

Right PrG     

 CT + ES – CT 0.002 0.001 < 0.05 

ES, electrical stimulation; CT, circle task; RT, right hand task; MT, mirror task; IFG, inferior frontal gyrus; PrG, 

precentral gyrus; PoG, postcentral gyrus; SMG, supramarginal gyrus; SPL, superior parietal lobule. 
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Figure 3. Box-and-whisker plot of electromyographic activity recorded from the left forearm. 

4. Discussion 

In this study, we investigated the cortical hemodynamics during MVF alone and in combination 

with ES in healthy older adults using fNIRS. The findings can be summarized as follows. First, as a 

main effect, the addition of ES significantly increased oxy-Hb concentrations in the left IFG, left PrG, 

left PoG, and left SMG. Second, regarding interaction effects, a significant VC × ESC interaction was 

observed in the left IFG, with a particularly pronounced increase under the MT + ES condition. Third, 

the analysis of simple effects by condition revealed that CT + ES induced widespread activation 

extending to the left PoG, left PrG, left SMG, left SPL, right PrG, and right IFG, whereas RT + ES and 

MT + ES primarily enhanced activation in the left hemispheric MNS-related regions (IFG/SMG). 

Taken together, these results indicate that ES generally enhances MVF-related cortical responses 

in healthy older adults and that the pattern of enhancement varies depending on the VC. 

The widespread activation observed under the CT + ES condition is consistent with the 

Hemispheric Asymmetry Reduction in Older Adults, Compensation-Related Utilization of Neural 

Circuits, and Posterior–Anterior Shift in Aging models, which posit compensatory cortical 

recruitment associated with aging [36–38]. Given that no significant differences were found in the left 

forearm EMG during the tasks, it is plausible that the additional right hemisphere activation reflected 

excessive cortical activation induced by ES rather than increased peripheral motor output. Numerous 

fMRI studies have demonstrated greater activation of the M1, premotor, and prefrontal cortices 

during hand motor tasks in older adults than in younger adults [39,40]. Such widespread cortical 

activity in older adults has been observed in both cognitive and motor domains and has been 

interpreted to reflect either compensatory processes or de-differentiation [41]. 

Furthermore, Brodoehl et al. compared the sensory thresholds and brain activation in response 

to right upper limb somatosensory stimulation in younger and older adults [24]. Their results showed 

that sensory thresholds increased with age and that compared with younger adults, older adults 

exhibited activation not only in the contralateral sensory cortex but also in the ipsilateral M1 and 

SMA. These findings suggest that the excessive activation observed in older adults reflects not only 

compensatory recruitment to counteract age-related declines in brain function but also changes in the 

balance between interhemispheric excitatory and inhibitory mechanisms. In addition, fMRI studies 

have shown that in older adults, tactile processing of peripheral input spreads beyond the 

contralateral primary somatosensory cortex to the bilateral secondary somatosensory cortex and 

parietal association areas. Therefore, the extension of activation to the SMG and SPL observed in CT 

+ ES is consistent with this multiregional integration model [42]. 

In contrast, in the RT + ES and MT + ES conditions, where visual guidance was present, activation 

was primarily localized to the left hemisphere’s MNS-related regions (IFG/SMG). Motor observation 

and MVF can engage interhemispheric inhibition [43,44] and intracortical inhibition [45]. Such 

inhibitory mechanisms may suppress the spread of activity in the right hemisphere. 

Taken together, these findings suggest that although ES enhances MVF-related responses in 

older adults, the expression of this enhancement diverges depending on the presence of visual cues 

and the involvement of inhibitory mechanisms accompanying motor observation. 

When ES was combined with observation-based conditions (RT/MT), activation was observed 

in the left hemisphere MNS-related regions (IFG/SMG) and in the PrG. This finding can be interpreted 

as the integration of somatosensory inputs derived from the ES with MNS recruitment elicited by 

motor observation [46,47]. In the present study, no substantial differences were observed between 

MT + ES and RT + ES. Zhang et al. examined the differences in M1 activation following MVF and 

motor observation therapy in patients with stroke using TMS [48]. They reported that motor-evoked 

potentials (MEPs) in M1 significantly increased only after MVF. In our study, oxy-Hb concentration 

significantly increased in the left PrG in the MT + ES condition, suggesting the possibility of enhanced 

activation of corticospinal neurons. However, because MEPs were not measured in this study, further 

investigation is required. 
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Unlike in our previous study [22], the ES tasks in this study did not reduce oxy-Hb concentration, 

but instead increased it across the hemisphere corresponding to the stimulated muscles. Guirro et al. 

investigated the differences in sensory and motor thresholds for transcutaneous ES with respect to 

sex and age [49]. They found that motor thresholds were higher in older adults. Because older adults 

tend to have a higher fat-to-muscle ratio, the current resistance is likely to increase, which in turn 

may necessitate a greater stimulation intensity to excite the motor nerves. This suggests that age-

related changes in tissue composition are related to increased threshold intensity. In the present study, 

the ES intensity was set above the motor threshold but below the pain threshold. However, because 

the actual output levels were not measured, it remains unclear whether interindividual differences 

exist. However, this issue requires further investigation. 

This study has some limitations. First, it was restricted to healthy older adults, all of whom were 

right-handed and employed a simple wrist flexion task; therefore, caution should be exercised when 

generalizing the findings to patients with stroke or to more complex ADL-like movements. Second, 

the final analysis included only 17 participants, and the number of participants varied across ROIs 

(e.g., right IFG), leaving uncertainty in the effect estimation and the potential risk of Type II error. 

Third, fNIRS measurements are limited to the superficial cortical regions and cannot fully eliminate 

contamination from skin blood flow or systemic physiological noise. Fourth, although stimulation 

intensity was individually adjusted to “above motor threshold and below pain threshold,” actual 

stimulation parameters (e.g., mA, pulse width, total charge) and subjective intensity ratings were not 

recorded, making it difficult to fully control for interindividual variability in afferent sensory input. 

5. Conclusions 

In this study, we compared the cortical hemodynamics during MVF alone and MVF combined 

with ES in healthy older adults using fNIRS. The results demonstrated that the addition of ES 

generally enhanced MVF-related responses; however, the expression of this enhancement varied 

depending on the visual context. Specifically, ES predominantly increased activation in left 

hemisphere MNS-related regions, whereas under conditions with limited visual cues (CT + ES), 

activation extended to somatosensory–attentional/integration networks. In contrast, under 

observation-based conditions (RT/MT), the activation was primarily confined to the left hemisphere, 

suggesting the involvement of inhibitory mechanisms in motor observation. As no differences in 

EMG were observed during the tasks, these differences are interpreted as reflecting not variations in 

effort but rather the requirements of visuoafferent integration and age-related patterns of cortical 

recruitment. 

Taken together, these findings suggest that combining ES with MVF is a promising approach for 

enhancing sensorimotor network recruitment in older adults. Moreover, the design of visual cues 

(e.g., the presence or richness of mirrored feedback) may allow the modulation of the extent of cortical 

activation. Future studies should aim to establish the clinical utility of this approach by quantifying 

the dose–response relationships of ES, directly examining the underlying mechanisms through the 

combined use of TMS and EEG, and evaluating functional transfer effects (motor performance and 

ADL) in patient populations. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ADL Activities of daily living 

MVF Mirror visual feedback 

ES Electrical stimulation 

VR 

SMD 

CI 

fMRI 

MNS 

IFG 

M1 

TMS 

EEG 

fNIRS 

ETES 

FCR 

EMG 

CT 

RT 

MT 

oxy-Hb 

deoxy-Hb 

total-Hb 

PrG 

PoG 

SMG 

SMA 

SPL 

ESC 

VC 

MEPs 

ROI 

Virtual reality 

Standardized mean difference 

Confidence interval 

Functional magnetic resonance imaging 

Mirror neuron system 

Inferior frontal gyrus 

Primary motor cortex 

Transcranial magnetic stimulation 

Electroencephalography 

Functional near-infrared spectroscopy 

EMG-triggered electrical stimulation 

Flexor carpi radialis 

Electromyographic 

Circle task 

Right hand task 

Mirror task 

Oxygenated hemoglobin 

Deoxygenated hemoglobin 

Total hemoglobin 

Precentral gyrus 

Postcentral gyrus 

Supramarginal gyrus 

Supplementary motor area 

Superior parietal lobule 

Electrical stimulation condition 

Visual condition 

Motor-evoked potentials 

Region of interest 
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