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Abstract
Introduction
The use of visual and proprioceptive feedback is a key property of motor rehabilitation techniques. This feedback can be used alone, for example, for vision in mirror or video therapy, for proprioception in focal tendon vibration therapy, or in combination, for example, in robot-assisted training. This Electroencephalographic (EEG) study in healthy subjects explored the distinct neurophysiological impact of adding visual (video therapy), proprioceptive (focal tendinous vibration), or combined feedback (video therapy and focal tendinous vibration) to a motor imagery task.

Methods
Sixteen healthy volunteers performed 20 mental imagery (MI) tasks involving right wrist extension and flexion under four conditions: MI alone (IA), MI + video feedback observation (IO), MI + vibratory feedback (IV), and MI + observation + vibratory feedback (IOV). Brain activity was monitored with EEG, and time-frequency neurophysiological markers of movement were computed. The emotions of the patients were also measured during the task.

Results
In the alpha band, we observed bilateral ERD in the visual feedback conditions (IO, IOV). In the beta band, the ERD was bilateral in the IA, IV and IOV but more lateralized in the IV and IOV. After movement, we observed strong ERS in the IO and IOV but not in the IA or IV. Embodiment was stronger in conditions with vibratory feedback (IOV > IV > IA and IO)

Conclusion
Conditions with visual feedback (IO, IOV) recruit the mirror neurons system (alpha ERD) and provide more accurate feedback of the task than IA and IV, which triggers motor validation pathways (beta rebound analysis). Vibratory feedback enhances the recruitment of the left sensorimotor areas, with a synergistic effect in the IOV (beta ERD analysis), thus maximizing embodiment. Visual and vibratory feedback recruits the sensorimotor cortex during motor imagery in different ways and can be combined to maximize the benefits of both techniques

Trial registration
https://​clinicaltrials.​gov/​study/​NCT04449328.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12984-024-01453-3.
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Introduction
Mental imagery (MI) is defined as the voluntary activation of a mental representation of a movement without the movement actually being performed [1]. It can be kinesthetic (the subject feels that he or she is performing a movement) or visual (the subject visualizes himself/herself in the first or third person performing a movement) [2]. For healthy subjects, MI allows the subjects to stimulate and maintain the cortical networks involved in motor function, particularly the motor, premotor, prefrontal and parietal regions [3]. MI has also been shown effective in addition to conventional rehabilitation in poststroke rehabilitation, with improvements in motor function of the upper limb, walking speed and functional independence [4, 5]. From a neurophysiological perspective, MI increases functional connectivity between motor and premotor regions [6], corticospinal excitability [7] and induces structural connectivity reorganization [8].
Current rehabilitation techniques propose enriching MI with various feedback, notably visual (visual feedback therapies: mirror therapy, virtual reality therapy) and kinesthetic feedback (i.e., tendinous vibration therapies), to facilitate motor imagery and to provide proprioceptive and/or visual feedback on a correctly performed action.
Visual feedback therapies (VfT) are diverse. Historically, mirror therapy (MT) was the first rehabilitation technique to offer patients subjective visual feedback of correct movement performed by a paretic limb [9, 10]. However, during the last decade, video observational therapy (VOT) has emerged as an alternative to mirror therapy. In this therapy, the subject observes on a screen a projection of the paretic limb performing the action. This projection is made using a prerecorded video of the healthy limb performing the action flipped on the horizontal axis (mirror image) and displayed on a screen (Fig. 1). The VOT provides the subject with the subjective visual illusion of a correctly performed movement without requiring the use of a healthy limb. The benefits of VfT have been widely demonstrated not only in motor rehabilitation for central nervous system impairments, such as stroke [11, 12], but also in peripheral nervous system rehabilitation, such as brachial plexus palsy [13].
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Fig. 1Video observational feedback therapy (IVS-3TM - Dessintey)


Vibratory feedback therapy consists of exciting muscle spindles by means of vibratory stimulation. These vibrations can be applied to the whole body or in a focal manner (focal vibration, FV). Vibratory stimulation devices are generally applied to tendons or related muscles (e.g., biceps brachialis and extensor radialis longus carpi). In stroke rehabilitation but also in other neurological disease rehabilitation (i.e., multiple sclerosis, cerebral palsy), FV has shown benefits for balance, motor function and spasticity [14, 15].
Visual and proprioceptive feedback, whether provided by video therapy devices, focal vibration, or other devices, is at the heart of modern rehabilitation techniques (i.e., robotic therapy seeks to provide somato-sensori feedback to the subject, along with a visual feedback of the moving arm). We know that visual feedback induces a rebalance of interhemispheric inhibition in healthy subjects [16] and stroke patients [17]. Similarly, we know that FV facilitates the recruitment of the sensory-motor regions of the subject [18, 19], with an improvement in the efficiency of the sensorimotor network [20]. However, the way each of these feedbacks might act precisely on the sensorimotor cortex remains imperfectly understood. Additionally, the synergy between visual and proprioceptive feedback remains to be explored. The addition of a vibration device to mirror therapy or virtual reality promotes the illusion of subjectivity of movements [21] as well as the perceived motor illusion of the subjects [22]. In electroencephalography (EEG), Le Franc et al. reported increased recruitment in sensory-motor regions under combined FV and VOT conditions compared to imaging conditions alone [23]. Interestingly, proprioceptive afferences alone [24] but also coupled to visual feedback [25] also enhance classification performances in motor imagery tasks in Brain Computer Interfaces training.
However, despite those results, a major challenge remains in to create a standardized and easily reproducible neurophysiological experiment in healthy subjects, that can be later extended to stroke patients, to specifically explore the integration of each type of feedback with the aim to personalize the rehabilitation therapy [26]. The aim of the study is to get a better understanding of the integration of visual, somato-sensory, and coupled feedback, along with a point of comparison for subsequent data for stroke patients.
To build this model, we recorded the EEG activity of healthy subjects performing motor imagery tasks of the right wrist under experimental conditions with visual, proprioceptive, or double feedback. For visual feedback, we chose the VOT since it enabled us to study the specific effect of visual feedback without being disturbed by the cortical activities inherent to the production of the movement of the other limb in the MT. For proprioceptive feedback, the FV allowed us to study the specific effects of proprioceptive feedback. Four experimental conditions were tested: [1] imagery alone—IA; [2] imagery with visual feedback observation—IO; [3] imagery with vibratory feedback—IV; and [4] imagery with visual and vibratory feedback—IOV; with the study of EEG alpha and beta desynchronization during the task and beta rebound after the task.

Materials and methods
Participants
We recruited right-handed healthy volunteers. We excluded subjects who presented with neurological, epileptic, or psychiatric illness and subjects who were receiving neuromodulatory treatments or neuromodulatory drugs. Participants signed a consent form prior to participating in the study. Participants underwent the Edinburgh Handedness Inventory test of laterality, and we also tested their visual imagery performance with the Movement Imagery Questionnaire-Revised (MIQ-RS) questionnaire [27].
The inclusions were conducted between January and April 2023. The STROBE guidelines were used to report our study. The study was registered at NCT (NCT04449328). The study was conducted in accordance with the Declaration of Helsinki and was approved by the ethics committee. Comité de protection des personnes Sud Ouest et Outre Mer IV” (04/12/2019. N°: CPP2019-11-084a / 2019-A01673-54 / 19.09.12.44858 with amendment N°: 19.01592.201984-MS03 allowing EEG data collection for healthy subjects).

Material
Visual feedback was provided using a VOT device (IVS-3™-Dessintey™). It consists of a large screen precisely placed between the subject’s eye and his trained hand. The device is equipped with a camera behind its screen that records a hand movement as if it were in first-person view. When a recorded video is displayed on the screen, it results in the illusion of subjective movement. Medical foam was placed under the wrist to sur-elevate the hand and make movements more comfortable. This device can easily provide congruent feedback with the visual axis, thus maximizing the subjective illusion (Fig. 2A).
Vibratory feedback was provided using the Vibrasens device (VB 115, Techno Concept™). The Vibrasens is composed of a generator with adjustable vibration frequency, as well as a vibrator with an interchangeable tip, which can be placed on the wrist of the subjects (Fig. 2A). The device was placed on the tendon of the extensor radialis longus carpi, with the adapted tip.
EEG data were recorded with a 32-channel ENOBIO™ device placed on the head of the subjects with Ag/AgCl electrodes. The data were sampled at 500 Hz, and the impedance was maintained below 5 kHz. The protocol displayed on the IVS panel was designed with OpenSesame software [28]. An OpenSesame Time To Live (TTL) trigger was sent on the EEG recording at the beginning of each experimental condition for accurate synchronization of the visual cues in further analysis.

Experimental device
During the experiment, the subjects were comfortably installed in a standardized position on a chair in front of a height-adjustable table on which they trained on VOT.
Before the beginning of the session and during the entire duration of the experiment, the subject’s right hand was positioned behind the screen of the VOT device. Then, the vibration device was applied to the subject’s right extensor radialis longus carpi tendon. For each subject, we searched the vibration frequency that maximized the subject’s self-declared kinesthesic illusion in a 70 to 100 Hz vibratory range [29]. The vibration amplitude was set to 1 mm [18]. We then recorded the following with VOT device:
	1.
A video of the subject’s hand performing a wrist extension and returning to a neutral position. The video was then manually extracted from the VOT device, shortened, and resampled for the whole movement to last exactly three seconds, with two seconds of pause before and after. The movement displayed and performed by the subjects consisted of a slow extension of the wrist and fingers (two seconds) immediately followed by quick flexion (one second). At rest, the wrist was in a neutral position on the axis of the arm and was completely relaxed. The amplitude of the movement and position of the hand on the screen were standardized due to the use of a transparent layer with angle markers placed on the screen during the recording of the video and removed afterward (Fig. 2B). The timing of the movement was as follows: two seconds of presentation of the arm with a white cross, 3 s of task (2 s of hand opening and one second of return to rest), and then 2 s of rest with the return of the cross, added to a randomized time of 500 to 1000 milliseconds. This video was used for the imagery + observation (IO) and imagery + observation + vibration conditions (IOV).

 

	2.
In the six-second video of the panel of the VOT device, we added the same cross as in the first video. This video was used for the imagery alone (IA) and imagery + vibration conditions (IV). We deliberately did not show a video of the subject’s immobile hand to prevent incongruent feedback interference (feeling of a hand movement while watching an immobile hand).

 




[image: ]
Fig. 2(A) Standardization of movement amplitude with a transparent layer. (B) Experimental setup, with a video-feedback therapy device, an EEG device and a vibratory feedback device


Each session was divided into four subsessions, separated by a one-minute pause, and proposed in a randomized order to each subject. In each subsession, the subject performed a motor imagery task of right wrist dorsiflexion twenty times and returned to rest (Fig. 3). The subsessions differed in the type of feedback offered in addition to the motor imagery task. In the IA subsession, the subject had to imagine only the MI task without visual or vibratory feedback. In the IO subsession, the subject performed the MI task while observing the movement performed on the VOT device. In the IV task, the subject had to perform MI with congruent vibratory feedback during wrist extension but without visual feedback. The vibratory feedback was manually synchronized with the action by the same operator in all the studies. In the IOV subsession, the subject had to perform MI, with vibratory feedback and visual feedback.
[image: ]
Fig. 3Experimental paradigm for the imagery alone (IA), imagery + observation (IO), imagery + vibration (IV), and imagery + observation + vibration (IOV) conditions


After each group of 20 movements for each condition, a one-minute break was observed. During this time, the subjects were asked to rate the intensity of their subjective imagery perception on a Likert scale ranging from 1 to 10. They were also asked to mimic the angle of movement felt with their right hand. The angle was measured with an electronic goniometer.

Data analysis
EEG
After filtering (0.5–70 Hz bandpass filter, 50 Hz notch filter), the data were segmented into 7-second epochs (2 s before the onset of movement and 2 s after the end of movement). The epochs containing a peak-to-peak voltage above 100 mV were considered too noisy and rejected. Then, a visual inspection of the data was conducted with rejection of the remaining noisy epochs, and bad channels were interpolated. Approximately 80% of the data in our study were considered valid. Ocular artifacts were removed with independent component analysis (ICA). This whole process was conducted using the MATLAB EEGLab Toolbox (UC San Diego, USA) [30]. The data were referenced to infinite sources using the REST algorithm [31]. After this preprocessing, for each epoch and each EEG channel, time-frequency maps were generated. We implemented time-frequency analysis by convolving the signal with a set of complex Morlet wavelets, defined as complex sine waves tapered by a Gaussian distribution. The frequencies of the wavelets ranged from 2 Hz to 40 Hz in 80 linearly spaced steps. The full width at half maximum (FWHM) ranged from 1000 to 200 ms [32, 33]. To avoid border effect artifacts during wavelet analysis, we removed 500 mS on each side of the epochs after wavelet convolution.
For each electrode, event-related desynchronization (ERD) and event-related synchronization (ERS) magnitudes were then expressed as percentages of the power in the defined time and frequency window relative to the power measured during the corresponding baseline [34] and were expressed as percent changes. The baseline was chosen between 1500 ms and 500 ms before the onset of the movement. We analyzed [1] alpha band power (8–12 Hz) during the task (2500–4500 ms) to obtain the alpha component of the mu motor rhythm, [2] beta band power (12–25 Hz) during the task (2500–4500 ms) to obtain the beta component of the mu motor rhythm, and [3] beta band power after the task (5000–6000 ms) to obtain the postmovement beta rebound power. The average of all the time-frequency maps for each condition and electrode was computed.


Statistical comparison
EEG data
For statistical analysis, we evaluated the modulations of alpha, beta ERD and beta ERS intensity values for each motor imagery task in two regions of interest, the C3 and C4 electrodes, which represent the activity over the left and right sensory-motor cortex, respectively. This allowed us to explore the effects of the different types of feedback. Statistical analysis over time-frequency regions of interest was conducted using a Friedman test to assess whether the means of illusion intensities differed significantly across the feedback conditions due to nonnormality of the data. Subsequently, to determine which pairs of conditions exhibited significant differences, post hoc tests were performed with a Wilcoxon signed-rank test with a significance threshold of p < 0.05.
To improve statistical relevancy, we also performed time-frequency mapping on C3, C4, CP5, CP6, and occipital region electrodes (mean of Oz, O1 and O2 maps) using permutation testing with 10,000 permutations under the null hypothesis, with a significance threshold of p < 0.05 for each test, followed by cluster-based correction to identify contiguous regions exhibiting significant differences [35]. The results of this permutation test, along with the time-frequency maps, are shown in the Supplementary Materials.


Kinesthetic illusion data
For kinesthetic illusion comparison between conditions, the statistical analysis was conducted at first with a Friedman test, to assess whether the means of illusion intensities declared by the subjects significantly differed across the four feedback conditions. If the Friedman test was positive (p < 0.05), a Wilcoxon signed-rank post hoc tests was performed to determine which pairs of conditions exhibited significant differences, with a significance threshold of p < 0.05 for each pairwise comparison.


Results
Participants
Sixteen healthy volunteers (age: 47.1 years +/- 14.9, with 9 females and 7 males) were recruited for the study from the University of Saint-Etienne. Fifteen subjects were right-handed, and 1 subject was left-handed.

Time-frequency analysis during motor imagery
Alpha band desynchronization
In the alpha band, the time course analysis of the signal over the C3 electrode (Fig. 4A) revealed quick desynchronization in the IA condition (approximately one second) rather than maintained desynchronization during the other three conditions (IO, IV, IOV).
We found no clear desynchronization in the global map analysis under the IA condition. However, we highlighted bilateral desynchronization during IO conditions, centered over the C3 and C4 electrodes, which was completed with bilateral centro-parietal (CP5, CP6) desynchronization. During the IOV condition, we also observed bilateral desynchronization, which was much stronger than that in the other conditions and was mainly centered over the centro-parietal regions and frontal regions. Interestingly, we observed parieto-occipital hypersynchrony in the conditions without visual feedback (IA, IV), which was absent in the conditions with visual feedback (IO, IOV) (Fig. 4B).
A statistical comparison of conditions with a Friedman test revealed a significant difference in desynchronization strength across conditions over C3 (χ² (3) = 5.4, p = 0.021) and C4 (χ² (3) = 8.76, p = 0.032). Post hoc analysis over C3 showed stronger desynchronization over the C3 electrode in the IO, IV and IOV conditions than in the IA condition. Other comparisons over C3 did not show differences between conditions. At the C4 electrode, there was greater desynchronization in the IO and IOV than in the IA and greater desynchronization in the IOV than in the IV (Fig. 4C).
The time-frequency maps of the central (C3, C4), occipital (mean of O1, Oz and O2) and central-parietal (CP5, CP6) regions and the results of the statistical analysis with permutation testing can be found in Tables 1, 2, 3, 4 and 5 of the Supplementary Material.
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Fig. 4(A) ERS and ERD time course over the C3 electrode in the alpha band expressed as percent change; the motor imagery task lasted between 2 and 5 s. (B) Time-frequency cortical maps in the alpha band during the motor imagery task with different feedbacks. (C) Statistical analysis of C3 and C4 electrodes between conditions (IA: Motor Imagery Alone, IO: Motor Imagery and Action Observation, IV: Motor Imagery and Focal Vibration, IOV: Motor Imagery and Action Observation and Focal Vibration). For statistical comparison, * indicates significant results



Beta band desynchronization
In the beta band, the time course analysis of the signal over the C3 electrode showed that in all conditions, desynchronization was maintained throughout the task (Fig. 5A).
In the IA condition, we found weak desynchronization over C3. In the IO condition, there was bilateral desynchronization centered over the C3 and C4 electrodes as well as the left prefrontal and bilateral parietal electrodes. In the IV condition, there was strong left centro-parietal desynchronization, which also involved left precentral electrodes, and weak desynchronization over the right central region (C4). In the IOV condition, the desynchronization was bilateral, much stronger than that in the other conditions, and was mainly centered in bilateral centro-parietal electrodes (CP5, CP6) and left prefrontal electrodes. There were no changes in the occipital electrodes (Fig. 5B).
Statistical comparison of conditions with a Friedman test revealed a significant difference in desynchronization strength across conditions over C3 (χ² (3) = 13.96, p = 0.03) and C4 (χ² (3) = 10.36, p = 0.015). Post hoc statistical analysis revealed a significant change in C3 in the IO, IV, and IOV conditions compared to the IA condition. Desynchronization was also greater in the IV group than in the IO group. At the C4 electrode, desynchronization was greater in the IO and IOV than in the IA. Desynchronization was also greater in the IOV group than in the IV and IO groups (Fig. 5C).
The time-frequency maps of the central (C3, C4) and centro-parietal (CP5, CP6) regions and the results of the statistical analysis with permutation testing can be found in Tables 1, 2, 3, 4 of the Supplementary Material.
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Fig. 5(A) ERD time course (2 to 5 s) over the C3 electrode in the beta band expressed as percent change; the motor imagery task lasted between 2 and 5 s. (B) Time-frequency cortical maps in the beta band during the motor imagery (MI) task with different feedbacks. (C) Statistical analysis of C3 and C4 electrodes between conditions (IA: motor imagery alone, IO: motor imagery and action observation, IV: motor imagery and focal vibration, IOV: motor imagery and action observation and focal vibration)




Time-frequency analysis after motor imagery
The beta band ERS time course over the C3 electrode can be seen in Fig. 5A between 5 and 6 s.
After the movement (Fig. 6A, B), there was no ERS (or beta rebound) in the IA condition. With visual feedback (IO, IOV), there was a rebound centered above the C3 electrode, which was stronger in the IOV than in the IO. Under IV conditions, we did not observe any rebound but rather prolonged desynchronization. Analysis of the power time course over C3 showed that in IV, this desynchronization lasts approximately 1 s after the end of the task and then returns to baseline with no rebound. Statistical comparison of conditions with a Friedman test revealed a significant difference in desynchronization strength across conditions over C3 (χ² (3) = 21.246, p < 0.0001) and C4 (χ² (3) = 11.72, p = 0.008). Post hoc statistical analysis of C3 (Fig. 6C) revealed significant differences between all conditions except for the IA × IO comparison. At the C4 electrode, differences were found in the IOV compared to all other conditions.
[image: ]
Fig. 6(A) ERS time course (5 to 6 s) over the C3 electrode in the beta band expressed as percent change; duration of the motor imagery task ranged between 2 and 5 s. (B) Time-frequency cortical maps in the beta band after the motor imagery (MI) task with different feedbacks. (C) Statistical analysis of C3 and C4 electrodes between conditions (IA: motor imagery alone, IO: motor imagery and action observation, IV: motor imagery and focal vibration, IOV: motor imagery and action observation and focal vibration)



Motor illusion assessment
Double feedback (IOV) maximized the embodiment in the task (Fig. 7A) and the perceived angle of movement (Fig. 7B). Vibratory feedback also provided a strong kinesthesic illusion (31°, 6/10 illusion intensity), whereas visual feedback alone and motor imagery alone provided weaker embodiment in the task. A statistical comparison of conditions with a Friedman test revealed a significant difference in the perceived intensity of the illusion across the four sensory feedback conditions (χ² (3) = 21.41, p < 0.001). Subsequent pairwise comparisons using the Wilcoxon signed-rank test indicated that participants perceived a significantly greater illusion intensity in IV compared with IA (Z = -2.34, p = 0.006), IOV compared with IA (Z = -3.2, p = 0.001), IV compared with IO (Z = -2.27, p = 0.02), IOV compared with IO (Z = -3.04, p = 0.002) and IOV compared with IV (Z=-2.47, p = 0.01). However, we found no significant difference in IO compared with IA (Z = -1.98, p = 0.04) (Fig. 7A, B).
We found a good correlation between the subjects’ self-declared kinesthesic illusion intensity and the measured angle of their hand mimicking the movement (R2 = 0.81) (Fig. 7C).
We found no significant correlation between the improvement in the illusion angle during IO and the MIQ-RS visual imagery score (R2 = 0.12, Fig. 7D). We found a correlation between embodiment in vibratory therapy and kinesthetic imagery scores on the MIQ-RS (R2 = 0.57, Fig. 7E). However, we found no significant difference between the improvement in the illusion angle in IOV and the MIQ-RS global imagery score (R2 = 0.21, Fig. 7F). Compared with neurophysiological data, we did not find any correlation between desynchronization intensity and global motor imagery abilities on the MIQ-RS (R2 = 0.07) or between desynchronization intensity and perceived motion angle (R2 = 0.009).
[image: ]
Fig. 7(A) Mean perceived kinetic illusion amplitude on a Likert scale from 0 (no movement) to 10 (maximum illusion) with standard deviation (red line) in the different conditions. (B) Measured mimicked illusion angle after the task with standard deviation (red line) in the different conditions. (C) Measured illusion angle versus perceived illusion intensity for each condition. (D) Improvement in the illusion angle in the IO condition versus the IA condition (IO angle - IA angle) according to visual imagery performance. (E) Improvement in illusion angle in the IV condition versus the IA condition (IV angle - IA angle) according to kinesthetic imagery performance. (F) Improvement in the illusion angle in the IOV condition versus the IA condition (IOV angle - IA angle) according to global imagery performance (IA: imagery alone, IO: imagery and observation, IV: imagery and vibration, IOV: imagery and observation and vibration)




Discussion
The main aim of this study was to highlight brain activation topographic differences among four different conditions of neurofeedback during motor imagery: no feedback, visual feedback, proprioceptive feedback, and combined feedback (visual and proprioceptive).
Visual feedback favors the recruitment of neurons to the visual cortex and mirror system
In the alpha band, we observed strong desynchronization in conditions with visual feedback (IO, IOV) above the bilateral central and parietal regions. In conditions without visual feedback (IA, IV), this desynchronization was much more lateralized in central regions contralateral to the imagined hand movement. In addition, we observed strong parieto-occipital hypersynchrony (increase in alpha activity) in conditions without visual feedback. In contrast, this hypersynchrony was not observed in conditions with visual feedback.
Concerning the modulations of alpha activity in the parieto-occipital regions, we know that these regions support the occipital alpha rhythm, which is well known to electrophysiologists. Indeed, alpha occipital is a brain rhythm. Its power increases when people’s eyes are closed, and occipital alpha activity can be used as an index of the degree to which visual brain activity is subjected to inhibition [36]. Occipital alpha activity also reacts to retinotopic amplitude modulation during shifts in visual attention [37], and it is strongly associated with reductions in visual attention [38, 39]. It also acts as a clock on visuo-temporal processing [40]. In sEEG, the occipital alpha rhythm is localized over a large portion of the visual cortex, in the cuneus and calcarine cortex, to a lesser extent in the superior parietal lobule, and in the temporal regions [41]. It originates from the basal ganglia, more specifically in the pulvinar nucleus of the thalamus [42]. Thus, we can reasonably consider that the presence of strong occipital alpha activity in conditions without visual feedback (IA, IV) reflects a relative resting of the occipital cortex and, more specifically, visual areas compared to conditions with visual feedback (IO and IOV) that require visual attention.
The dynamics of alpha desynchronization above central regions correspond to different brain rhythms. Conditions with visual feedback (IO, IOV) are associated with bilateral centro-parietal alpha desynchronization. Above the sensory-motor regions, alpha band desynchronization is generally associated with Mu desynchronization [43]. The Mu rhythm is a well-known EEG rhythm containing two independent components, one in the alpha band and one in the beta band, encoding different parameters related to motricity [44]. In the alpha band, although it supports a wide range of activities, Mu desynchronization is generally a good marker of the activity of the mirror neuron system (MNS) [45]. This activity is present not only during action observation, motor imagery, and motor execution but also in other more complex tasks recruiting mirror neurons, notably in social cognition [46]. Mu rhythms are generated around bilateral centro-parietal regions [47]. We thus assume that the bilateral alpha desynchronization (absent in IA) we observed corresponds to Mu desynchronization and is proof of the recruitment of the mirror neuron system specific to visual feedback conditions, whereas the lateralized alpha desynchronization in the IV condition is due to another mechanism that we will describe later. This bilateral recruitment has also been observed in other works in healthy subjects [48, 49] and stroke subjects [50]. This hypothesis of MNS recruitment is also supported by the recruitment of the visual cortex in both the IO and IOV conditions (no occipital alpha hypersynchrony), which is a prerequisite for MNS recruitment. This MNS recruitment during visual feedback therapies has already been documented for MT after stroke [1].

Visual feedback enhances motor validation mechanisms
After movement, we observed a stronger beta rebound over the C3 electrode in conditions with visual feedback than in the IA condition. Beta rebound corresponds to hypersynchrony in the beta band following movement [34, 51]. It originates in the motor cortex and can be measured throughout the precentral gyrus [52, 53]. Beta rebound was described as participating in the maintenance of an idling state in sensorimotor regions. However, its interpretation has been broadened: beta rebound is modulated by motor validation phenomena and temporal integration of somatosensory and motor parameters [54] and is related to post-movement motor validation mechanisms. For example, the observation of an erroneous movement modulates beta rebound [55], as can the introduction of errors in a motor task [56]. It is possible that this modulation of beta rebound emerges following the detection of a mismatch between the forward model and the sensory afferents, allowing an update of the motor pattern [57]. The very weak or absent rebound in the IA task may be related to the absence of sensory afference (visual or kinesthetic) to compare with the motor imagery forward model. In contrast, in the IO and IOV conditions, the visual feedback provided to the subjects, with the precise parameters of the movement, allows this forward model versus sensory afferential comparison, leading to the emergence of a beta rebound. Interestingly, the double feedback condition, which also leads to the strongest embodiment, leads to stronger beta rebound.
Concerning beta rebounds, another point of interest is the absence of beta rebound in the IV condition and the pursuit of desynchronization for approximately 1 s before returning to baseline. Proprioceptive feedback has also been shown to modulate beta rebound, as abolition of proprioceptive feedback leads to a suppression of beta rebound [58]. The presence of beta rebound has been documented after tendinous focal vibration [59], but it is not clear whether, in this experimental paradigm, the subject was allowed to watch his arm during the illusion. In our study, this delay in desynchronization may have been caused by inertia when the vibration device was stopped. However, this hypothesis does not seem valid because the vibration is stopped at the end of the wrist extension phase (at 4 s). Moreover, in the IOV condition, the rebound appears at the end of the movement. Furthermore, even after the return to baseline, between 6 and 7 s, we observed no beta rebound in the IV condition. It is possible that long desynchronization is related to a remanent effect of vibration on sensory-motor regions due to the intensity of vibratory feedback and incongruent signals of neuromuscular bundles that cannot be evened by visual observation. Another hypothesis would be that vibratory feedback alone is insufficient to trigger beta rebound in the absence of visual feedback during motor imagery; indeed, vibration offers a single, continuous sensory afference modality on a single tendon, which is hardly congruent with the actual feeling of a subject who breaks down all the phases of a movement with his hand involving numerous muscles and different movements. One method of testing this hypothesis would be to evaluate beta rebound modulations in two tendon vibration situations: one where the subjects can see their vibrated hand and one where the hand is invisible. We believe that the rebound would be present but weak in the situation where the hand is visible, but this hypothesis remains to be demonstrated.

Vibratory feedback enhances sensorimotor cortex recruitment
When assessing the correlation between the EEG signal intensity of the IV and differences between the IA and IO conditions during the task, we found that there was strong and very lateralized left central (C3) and left centro-parietal (CP1, CP5) desynchronization in both the alpha and beta bands in the IV condition. Having no visual feedback in the IV condition and a different and very lateralized ERD topography, we cannot interpret this desynchronization as the recruitment of the MNS system, as we observed in IO and IOV. Previous work also demonstrated that when combining MT to FV, stronger alpha desynchronization over C3 occurred under vibration conditions [21]. In fact, in the alpha band, this very lateralized desynchronization in IV during upper limb FV has also been observed in acute stroke patients with an enhancement of alpha ERD (but not beta) over the C3 electrode during right limb FV, suggesting a specific effect of vibration on contralateral S1–M1 excitability [60]. For healthy subjects, vibrotactile vibration is also significantly associated with vibration intensity in the alpha band [61]. For the IV condition, we thus hypothesize that the strong and lateralized desynchronization in the alpha band we observed could be due to specific recruitment of the contralateral sensorimotor cortex due to the right wrist FV.
In the beta band, IV desynchronization is also very lateralized. Beta ERD corresponds to disinhibition of somatomotor neuronal populations [44], with a correlation between motor response intensity and desynchronization strength in stroke patient populations [62]. Beta ERD is also correlated with M1 excitability [63]. For upper limb movements, beta ERD is classically mainly localized on the sensorimotor cortex opposite to the moving limb [64]. These data suggest that the beta band ERD observed in our study during IV conditions reflects strong, specific, and lateralized recruitment of the sensorimotor cortex and primary motor cortex induced by FV therapy. This strong C3 beta ERD is also present in the IOV condition (but more lateralized probably due to the addition of visual feedback effects), which is still consistent with this interpretation.

Kinesthetic feedback is a prerequisite for strong motor illusions in healthy subjects
When assessing motor illusion, it appears that subjects feel more embodiment (declared illusion and measured illusion angle) in conditions with vibratory feedback (IV, IOV) compared with conditions without vibratory feedback (IA, IO), with a good correlation between self-declared illusion and measured illusion angle, increasing the reliability of the data. We found a relatively good correlation (R2 = 0.58) between the kinesthesic motor imagery score on the MIQ-RS and the measured illusion angle in the IV condition. However, we found no such correlation between the visual imagery score on the MIQ-RS and the measured illusion angle in the IO condition (R2 = 0.12) or between the global imagery score on the MIQ-RS and the measured illusion angle in the double feedback condition (R2 = 0.21).
The sense of limb position depends on a convergence of visual and proprioceptive cues [65], and both occipital and somatosensory cortexes are involved in the constitution of feelings of body ownership and the sense of agency in relation to multisensory regions (fronto-parietal cortex), the precuneus and the insular cortex [66]. Our result may seem unexpected because we would have thought that subjects with stronger visual imagery scores would feel more embodiment in the visual feedback condition and that subjects with kinesthesic imagery scores would feel more embodiment in the vibratory feedback condition.
We explain this difference by the presence of a visual-proprioceptive mismatch in the visual feedback (IO) condition, which could diminish the embodiment of the subjects in the task. Indeed, in the IV condition, the subject’s hand is masked; thus, he relies exclusively on proprioceptive feedback to build a sense of agency. This finding explains the good correlation between kinesthesic motor imagery performance and the measured illusion angle. In contrast, in the IO condition, the subject can see the hand’s movement on the screen but also receives proprioceptive feedback from his or her nonmoving hand, thus creating a visuo-proprioceptive mismatch that reduces embodiment. Adding vibratory feedback to the IO condition (IOV) corrects this visuo-proprioceptive mismatch and thus provides maximal embodiment during therapy.
We did not find any significant correlation between global motor imagery performance on the MIQ-RS and illusion performance in the IOV condition. Furthermore, the addition of the two feedbacks in the IOV condition did not lead to the maximum illusion effect for all the subjects. This may be due to qualitative aspects of the feedback, which may not perfectly reproduce the imagined movement but possibly to the imaging task needed. Subjects may also have different strategies to interpret both proprioceptive and visual feedback. Some subjects reported that they were helped by the feedback, whereas others reported that they were disturbed by it during their motor imagery. Notably, these points remain to be explored through the study of incongruent proprioceptive feedback.

Building a global understanding model
Based on the literature and the results of this research, we propose a general theoretical model for the integration of visual and vibratory feedback in healthy subjects (Fig. 8).
In video feedback therapy, visual feedback is integrated into the occipital cortex and visual areas (no alpha hypersynchrony). This visual feedback of subjective movement recruits mirror neurons (bilateral alpha desynchronization), the involvement of which has been described in visual feedback therapies (MT, virtual reality therapy, etc.) [67–69]. This recruitment of mirror neurons by action observation is also accompanied by the recruitment of sensory-motor regions [67], with an increase in the excitability of the M1 cortex [70–72], connectivity changes [73], and a shift in the interhemispheric balance in healthy subjects and patients in MT [16, 17]. Interestingly, this modulation of M1 by the MNS has been demonstrated in other situations, such as disturbed versus undisturbed movements [74], also suggesting this relationship between the MNS involved in the direct matching model mechanism during action observation [68] and M1 recruitment [75]. This visual feedback also enables the subject to concentrate and work on the fine parameters of movement, which results in a greater beta rebound than during motor imagery alone because the subject is provided with feedback on the movement. Beta rebound relations with the mirror neuron system and Mu rhythms have been explored in autism [76], but we have few points of comparison for healthy subjects or neurological patients. A pitfall of visual feedback therapy alone is that the visual illusion seems to conflict, at least for some subjects, with the proprioceptive feedback of the immobile limb, which diminishes the movement illusion at the group level.
In FV therapy, feedback integration is mediated by a different pathway involving somatosensory cortex recruitment (alpha desynchronization) [60], leading to global recruitment of sensory-motor regions (beta desynchronization) in healthy subjects [77] and stroke patients [78]. This recruitment may also be accompanied by modulation of corticospinal excitability, although this point is still discussed in the literature [18, 79, 80]; corticospinal plasticity [81]; connectivity changes and improvement of efficiency parameters in stroke patients [19, 20]; and remnant and additive effects of M1 excitability immediately following the end of vibrations [60]. This recruitment also favors the emergence of a strong kinesthetic illusion, at least in situations where visual feedback is hidden, with a good correlation between the subjects’ kinesthetic imagery abilities and their sensation of embodiment. However, vibration of a single tendon does not provide the subject with a precise model of the movement on which to base his motor imagery (on/off vibration of a single tendon) and may therefore not favor the emergence of beta rebound and postmovement validation mechanisms. However, further studies are needed to study beta rebound after vibration therapy.
In the double feedback condition, these two pathways are solicited concomitantly (strong bilateral desynchronization, but that also seems reinforced over the left central regions) with probable potentiation because we observe a statistically significantly reinforced rebound (visual pathway) along with a strong sensation of embodiment (vibratory pathway). A stronger sense of embodiment has also been documented when combining MT and vibrotactile stimulation [82, 83], leading to strong M1 excitability [84], which is a function of the vividness of the kinesthetic illusion perceived by the subjects [85]. Congruent visuo-proprioceptive feedback induces strong M1 excitability, whereas simple tactical stimulation coupled with action observation alone does not. This study focused on healthy subjects. However, in our view, these data suggest that during neurological rehabilitation (stroke, brachial plexus palsy, etc.), the types of feedback should be adapted for each subject while remaining as varied as possible for stimulating both integration pathways.
[image: ]
Fig. 8Global model for visual and vibratory feedback with cortical recruitment consequences and neurophysiological correlates



From healthy subjects to neurological patients
Since this study was conducted on healthy subjects, we must exercise caution when applying these results to a pathological population, as they may have significantly different brain rhythms and functional cortical dynamics [86]. Ho However, some general conclusions can be drawn.
Firstly, this study confirms that both visual and proprioceptive feedback enhance the recruitment of the sensorimotor cortex compared to motor imagery tasks alone. This effect is even more pronounced in the double feedback condition. Based on these results, which demonstrate stronger cortical recruitment in the double feedback condition, as well as findings from the literature showing better functional outcomes with double feedback [87], we recommend providing patients with combined feedback whenever possible.
Another point of interest is the presence of different feedback integration networks, which are based on distinct anatomical structures. Although the exact mechanisms by which visual and proprioceptive feedback recruit the motor cortex are still debated, we can speculate that specific lesions in these pathways may impair feedback integration in pathological subjects. For instance, the modulation of cortical recruitment varies according to lesion topography in focal vibration [88], with a stronger recruitment observed in patients with basal ganglia ischemia and other subcortical ischemia, compared to those with cortical strokes. There are few comparable studies in the literature for visual feedback therapies. In a context where patients often engage with various rehabilitation devices indiscriminately, determining which type of feedback most effectively promotes motor cortex recruitment for each patient may be crucial for personalizing therapies [26].

Limitations
The main limitation of this study lies in the small number of subjects included. Although statistically significant results were obtained in the areas of interest, these findings need to be validated in a larger sample. Furthermore, this study included only right-handed subjects. It would be interesting to investigate the effect of feedback lateralization on handedness in a larger cohort (e.g., left-hand motor imagery and feedback for right-handed subjects). Finally, it will be necessary to test these results with other rehabilitation methods (such as virtual reality, robotic therapy, etc.), both in healthy subjects and patients, to confirm the validity of this model.
Additionally, we did not include a sham condition for the vibration to distinguish between the specific recruitment of the sensorimotor cortex caused by tendinous vibration and the recruitment induced by the sensation of the vibratory device’s movements. Indeed, both proprioceptive and sensory feedback have correlates in the alpha and beta bands [89], which can be confounded in the analysis. Given the strong motor illusion reported by the subjects, we believe the cortical effects were primarily due to the proprioceptive aspect of the feedback. However, further research should investigate this point and include a vibratory sham condition.
Finally, a longer time at the beginning of the epochs should also be considered. Indeed, our baseline may also have been contaminated by some motor-preparation rhythms. Statistical comparison was performed between time- frequency maps with different baselines (500-1500ms baseline versus 500-1200ms baseline) and found no difference. Even if this did not change the overall significancy of our results, further studies should include at least three seconds of pause at the beginning of each epoch.


Conclusion
This study compared differences in cortical activation around sensory-motor regions during a motor imagery task with different neurofeedback modalities: no feedback, visual feedback, tendon vibration feedback, and visual and vibratory feedback.
We found differences in cortical recruitment, indicating different modalities of integration of visual and proprioceptive feedback. Visual feedback leads to the recruitment of the MNS, favors motor validation mechanisms, and recruits sensorimotor areas but does not provide a strong movement illusion. Vibratory feedbacks recruit sensorimotor areas and enhances the illusion of movement but does not specifically favor motor validation. Double feedback combines the effects of both techniques, strongly recruits the sensorimotor cortex with a potentiation effect and maximizes post-movement validation and the feeling of embodiment.
In this work, we propose a specific model for studying the visual and proprioceptive afferents involved in all motor rehabilitation techniques. Our next step is to study this model on a larger set of healthy subjects and in a pathological situation (i.e., stroke) to evaluate how these afferences are integrated on the assumption that, in a pathological situation, certain patients would be more receptive to one type of feedback than another.

Acknowledgements
The EEG device and disposable were funded by the Association AIRE (St-Etienne, France) and by the Foundation Neurodis (St-Etienne, France). The funders had no role in the study design, data collection and analysis, decision to publish or preparation of the manuscript. This article was edited for proper English language at AJE: EB03-07F6-62DD-8C91-4298.

Author contributions
AA and RD performed the experiments. AA analyzed the data, with help of SL. AA wrote the paper with BH and OE. AA, RD and GP conceived the study. GP supervised the study. All the authors contributed to the editing of this paper.

Funding
The EEG device and disposable were funded by the Association AIRE (St-Etienne, France) and by the Foundation Neurodis (St-Etienne, France). The funders had no role in the study design, data collection and analysis, decision to publish or preparation of the manuscript.

Data availability
The datasets supporting the conclusions of this article are available upon reasonable request.

Declarations
Ethical approval
The study OPTIVIBE was registered and approved by the ethics committee CPP: “Comité de protection des personnes Sud Ouest et Outre Mer IV” (04/12/2019. N°: CPP2019-11-084a / 2019-A01673-54 / 19.09.12.44858 with amendment N°: 19.01592.201984-MS03 allowing EEG data collection for healthy subjects). The study was conducted in accordance with the Declaration of Helsinki.

Human ethics and consent to participate
Written consent was obtained from all the subjects for participation and publication.

Competing interests
The authors declare no competing interests.


Abbreviations
	EEG
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	Event Related Desynchronization
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	fMRI
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	FV
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	FWHM
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	MI
	Mental Imagery
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	Mirror Neuron System

	IA
	Mental Imagery Alone condition

	IO
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	IV
	Mental Imagery + Focal Vibration condition
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	MT
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	VfT
	Visual Feedback Therapies

	VOT
	Video Observational Therapy

	VR
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