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Abstract

:

Repetitive passive movement (RPM) enhances reciprocal inhibition. RPM is more effective when performed rapidly and at wide joint angles. However, patients with limited joint range of motion may not receive the most effective RPM. Therefore, having an alternative method for performing RPM in patients who cannot perform actual exercise due to limited joint motion is necessary. This study investigated the effects of RPM on spinal excitability using a visual kinesthetic illusion. Participants included 17 healthy adults (7 women). Measurements were taken before, during, and immediately after the intervention. We established two intervention conditions: the control condition, in which participants focused their attention forward, and the illusion condition, in which participants watched a video about RPM. F-waves from the tibialis anterior and soleus muscles were measured, and F-wave persistence and F/M amplitude ratios were analyzed. Under the illusion condition, compared with the preintervention condition, the F/M amplitude ratio of the tibialis anterior increased by approximately 44% during the intervention (p < 0.05), whereas the F-wave persistence of the soleus decreased by approximately 23% from the immediate start of the intervention (p < 0.05). This study suggests that a visual kinesthetic illusion can increase the spinal excitability of the tibialis anterior, whereas reciprocal inhibition can decrease the spinal excitability of the soleus.
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1. Introduction


Passive movement is widely used in rehabilitation. This movement can activate various areas of the brain, including the primary motor cortex, primary somatosensory cortex, supplementary motor cortex, posterior parietal cortex, and secondary somatosensory cortex [1,2,3,4,5]. Previous studies on repetitive passive movement (RPM) have shown a decrease in motor evoked potentials (MEPs), which indicates reduced excitability of the corticospinal tract [6,7,8,9]. Additionally, a study reported a decrease in MEPs with increasing RPM speed, although the F-wave, a measure of spinal excitability, remained unchanged [8]. This could be attributed to the postexercise cortical depression resulting from RPM. However, notably, during RPM, primary motor cortex excitability reportedly increases when participants focus on the moving object [9]. Our research group has previously focused on spinal inhibitory function, revealing an enhancement in spinal reciprocal inhibition after RPM [10,11]. These findings suggest that RPM is an effective intervention for patients with upper motor neuron disorders, such as stroke and spinal cord injury, in which spinal reciprocal inhibition is impaired. Furthermore, we revealed that the most effective kinematic parameters of RPM include a speed of 160°/s and a range of motion of 40° [10,11]. However, limitations in range of motion and heightened stretch reflexes caused by upper motor neuron dysfunction and impaired inhibitory function may hinder the effective use of these kinematic parameters, making it challenging to perform RPM optimally.



Therefore, we focused on utilizing a visual kinesthetic illusion. This phenomenon is defined as a psychological experience in which a person at rest feels the urge to move a body part while observing a video of that body part in motion [12]. A functional magnetic resonance imaging (fMRI) study investigating brain activity during a visual kinesthetic illusion of the wrist joint revealed activation of the premotor cortex, supplementary motor area, inferior parietal lobule, insular cortex, putamen, and other motion-related regions [12]. Additionally, a study measuring MEPs during a visual kinesthetic illusion of the ankle joint reported an increase in MEP amplitude during the intervention [13]. In a recent clinical study, visual kinesthetic illusion regarding ankle dorsiflexion was shown to increase muscle activation and improve standing motion in patients after stroke [14].



Similarly, motor imagery (MI) did not involve actual movement. MI can be defined as a dynamic state in which an individual mentally simulates a given action [15]. A previous fMRI study reported activity in the primary motor cortex, premotor cortex, and inferior parietal lobule during MI [16]. Additionally, Bunno et al. reported increased spinal cord excitability during MI about voluntary contractions [17]. A previous study of post-stroke participants reported that those who engaged in MI and daily rehabilitation improved their Fugl–Meyer assessment scores and balance and gait function [18]. However, despite numerous studies on the effects of a visual kinesthetic illusion and MI on brain and spinal cord functions, no study has investigated spinal cord excitability during visual kinesthetic illusory interventions. The effect of MI is also affected by the participant’s imaging ability [19,20]. Alternatively, the visual kinesthetic illusion modulates neural activity without any real joint movement by focusing on a video on a monitor [13,21]. While looking at the presented video, if participants observe an action by others, it is called action observation, something shown to increase corticospinal tract excitability similar to the visual kinesthetic illusion [22,23]. However, corticospinal tract excitability increases more effectively with the visual kinesthetic illusion than with action observation [21]. Therefore, a visual kinesthetic illusion is better than any other intervention to modulate neural activity without any real joint movement independent of the participant’s ability. Moreover, as visual kinesthetic illusions involve interventions using two-dimensional images, they can show high experimental reproducibility in experiments and be easily applicable in clinical settings. In addition, these interventions can be extended to others involving three-dimensional images, such as virtual reality.



Based on the above evidence, visual kinesthetic illusion interventions regarding RPM may enhance spinal function in patients who have difficulty performing RPM. Therefore, this study aimed to examine the effects of RPM without actual movement on spinal excitability using a visual kinesthetic illusion. We hypothesized that visual kinesthetic illusion involving the RPM increases spinal excitability in the tibial anterior (TA) muscle and soleus (Sol) muscle by increasing the number of descending pathways to anterior horn cells through the enhancement of primary motor cortex excitability.




2. Materials and Methods


2.1. Participants


In total, 17 healthy adults (10 men and 7 women; height, 164.8 ± 9.2 cm; weight, 55.1 ± 8.1 kg; age, 20.7 ± 1.2 years) were included in this study. We recruited the participants via e-mail sent to students at the Niigata University of Health and Welfare. The participants who had a history of lower extremity surgery, previous neuromuscular disease, psychiatric illness, or medication use were excluded from this study. The participants were fully informed about the research content and their rights, and written informed consent was obtained from them before study initiation. The study protocol was approved by the University’s Ethical Review Committee (18267-190918). The experiments were conducted in accordance with the ethical standards of the Niigata University of Health and Welfare and the 1964 Declaration of Helsinki and its later amendments.




2.2. Measurement Position


Measurements were conducted on the right lower limb, and the participants were asked to sit on a chair with 90° hip flexion, 60° knee flexion, and 20° ankle plantar flexion [10,11,24]. The lower limbs of the participants were fixed to the seat through the thighs and to the foot plate such that the limb position remained unchanged throughout the experiment (Takei scientific instruments, Niigata, Japan).




2.3. Electromyography (EMG)


Ag/AgCl electrodes (Blue Sensor, METS, Tokyo, Japan), at 20 mm between the electrodes, were used for EMG recording. The subjects were instructed to assume a prone position on the bed and perform ankle plantarflexion with the knee flexed to identify the soleus muscle. Next, the subjects were instructed to assume a supine position on the bed and perform ankle dorsiflexion to identify the tibialis anterior muscle. The electrodes were applied to the muscle belly of the right TA muscle and the muscle belly of the right Sol muscle, with the electrodes perpendicularly crossing the muscle fibers, according to SENIAM [25]. The skin underneath each electrode location was prepared and cleansed before sensor placement to reduce electrical impedance. A ground electrode was affixed between the stimulating electrode and the recording electrode of the TA muscle. Electromyographs were amplified 100-fold using an amplifier (FA-DL-720-140, 4Assist, Tokyo, Japan) and recorded on a personal computer at a sampling frequency of 10 kHz. The bandpass filter was set at 20–1000 Hz and raw waveforms were full-wave rectified. PowerLab 8/30 (AD Instruments, Colorado Spring, CO, USA) and LabChart 7 (AD Instruments) were used for analysis.




2.4. Experimental Procedure


We conducted a single-blind crossover study to investigate the effect of an intervention using a visual kinesthetic illusion involving RPM. All subjects participated at different times under both control and illusion conditions, but they were not informed about the conditions they were experiencing intervention. The experimental procedure is shown in Figure 1. To determine spinal cord excitability, F-waves were measured before (pre), during, and after (post) 10 intervention sets. A 50 s visual kinesthetic illusory intervention was followed by a 10 s rest period; each intervention set was performed for 1 min, resulting in a 10 min intervention. In previous studies on RPM, the intervention time was 10 min [6,8,10,11,24,26]. However, in the current study, considering the participants’ ability to concentrate during the illusion intervention, a break was provided during the intervention, resulting in 10 sets of interventions. There were two intervention conditions: no intervention (control condition) and illusion intervention (illusion condition). Our previous study found that focusing on the wall in front of them instead of the monitor during RPM did not influence spinal function [27]. Thus, in the control condition, the participants focused on a wall in front of them during the intervention. Conversely, in the illusion condition, the participants were exposed to a visual kinesthetic illusion during the intervention.



F-waves were measured at preintervention, during intervention, and postintervention.



Interventions (control and illusion conditions) were conducted randomly, and postintervention measurements were obtained immediately after the end of the intervention.




2.5. F-Wave Measurement


Stimulation electrodes were applied to the tibial and deep peroneal nerves. To measure evoked EMG signals, surface EMG electrodes were applied to the TA and Sol muscles at the abovementioned positions [25]. After applying the EMG electrodes, the participants performed active dorsiflexion and plantarflexion movements against manual resistance from the examiner. This process ensured the correct placement of the EMG electrodes. A previous study found that it was possible that H-reflex contaminated F-waves by the weak stimulation intensities [28,29,30], but higher stimulation intensities than Mmax induced the F-wave more reliably [30]. Therefore, we set the intensity to 120% of Mmax to ensure stimulation with an intensity that is definitely above Mmax [8,17]. Using a square wave, we set the stimulus intensity to a stimulus frequency of 0.5 Hz and a stimulus duration of 0.2 ms. During the intervention, 10 stimuli were delivered from each stimulating electrode per set, resulting in a total of 20 stimuli. Additionally, electrical stimulation was randomly applied 10 times each to the tibial and deep peroneal nerves.




2.6. Visual Kinesthetic Illusion


In the illusion condition, a visual kinesthetic illusion was displayed on a monitor. A previous study showed a correlation between the subjective degree of illusion (hereafter referred to as vividness) and the excitability of corticospinal tracts [13]. A previous study reported that visual kinesthetic illusion occurred in a video of the individual’s body but apparently did not appear in a video of another person’s body [31]. Therefore, we provided the visual kinesthetic illusion via a video of the participant’s foot on the intervention side, with the video playback monitor positioned above the participant’s own right foot. To create a sensation that the feet in the images belonged to their own bodies, the participants were asked to set the position of the monitor to the position of the participant’s own foot.



To exclude any effect of RPM on spinal excitability during video recording, an interval of ≥2 days was allowed between video recording and the beginning of the experiment. During the intervention, the participants were provided the following instruction: “Keep your eyes on the ankle joint movement in the video”.




2.7. Assessment of the Visual Kinesthetic Illusion


After implementing the illusory intervention, the vividness of the visual kinesthetic illusion was evaluated according to a previous study [12]. The statement “I had a feeling that my foot is actually moving during watching the movie” was scored on a seven-point Likert scale and used as the vividness of the illusion: −3, strongly disagree; −2, disagree; −1, somewhat disagree; 0, neither agree nor disagree; 1, somewhat agree; 2, agree; and 3, strongly agree.




2.8. RPM


RPM was performed using a passive movement control device (movement device; Takei scientific instruments, Niigata, Japan) to set the movement speed and joint angle. Based on previous studies, the motion speed was set at 160°/s, the motion range was set from 30° plantar flexion to 10° dorsiflexion of the ankle joint, and the starting limb position was set at 30° plantar flexion [10,11].




2.9. Data Analysis


Waveforms with a latency of <40 ms and peak-to-peak value of ≥35 µV were defined as F-waves; the peak-to-peak value of these waveforms was considered the F-wave amplitude. F-wave persistence was defined as the number of F-waves for which F-wave amplitude values could be measured [32]. The analysis items included the F/M amplitude ratio, F-wave persistence, and vividness of the visual kinesthetic illusion. The mean value of each analysis item was calculated for each set of interventions. The F-wave amplitude of waveforms with peak-to-peak values of <35 µV was set to 0 µV, and F-wave persistence was not recorded. Data during the intervention were calculated over five periods (Period 1–Period 5), with the data of one period being the mean of every two sets of data. The mean ± standard deviation values were calculated for the responses of all participants regarding the vividness of the visual kinesthetic illusion.




2.10. Statistical Processing


Statistical procedures included tests of normality and repeated measures of two-way analysis of variance (ANOVA) for condition and time factors. As post-tests, the comparisons of preintervention with during intervention and postintervention were performed using paired t-tests with Bonferroni correction, a statistical method that rigorously controls the false discovery rate. Additionally, since this study focused on comparisons with the PRE, Bonferroni-corrected paired t-tests were performed as post hoc analyses. The significance level was set at 5% in all comparisons.





3. Results


The background EMG for TA and Sol for each intervention condition and measurement time are shown in Table 1.



Regarding the F/M amplitude ratio of Sol, the results of repeated measures two-way ANOVA showed no main effect of condition (F[1, 16] = 0.687, p = 0.419, partial η2 = 0.041), no main effect of time (F[6, 96] = 0.409, p = 0.871, partial η2 = 0.025), and no interaction between the two factors (F[6, 96] = 0.940, p = 0.470, partial η2 = 0.055). Regarding the F/M amplitude ratio of TA, the results of repeated measures two-way ANOVA showed no main effect of condition (F[1, 16] = 0.182, p = 0.675, partial η2 = 0.011) and no main effect of time (F[6, 96] = 0.758, p = 0.605, partial η2 = 0.045) but showed an interaction between the two factors (F[6, 96] = 3.534, p = 0.003, partial η2 = 0.181).



Regarding F-wave persistence of Sol, the results of repeated measures two-way ANOVA showed no main effect of condition (F[1, 16] = 3.139, p = 0.096, partial η2 = 0.164) but showed a main effect of time (F[6, 96] = 2.792, p = 0.015, partial η2 = 0. 149). However, the results showed no interaction between the two factors (F[6, 96] = 3.736, p = 0.070, partial η2 = 0.112). Regarding F-wave persistence of TA, the results of repeated measures two-way ANOVA showed no main effect of condition (F[1, 16] = 0.057, p = 0.814, partial η2 = 0.004), no main effect of time (F[6, 96] = 0.263, p = 0.953, partial η2 = 0.016), and no interaction between the two factors (F[6, 96] = 1.724, p = 0.124, partial η2 = 0.097). The vividness of the visual kinesthetic illusion was 1.1 ± 0.3 on a seven-point Likert scale.



The values of the F/M amplitude ratio for each intervention condition and measurement time are presented in Table 2 and Figure 2.



The mean ± standard error of the F/M amplitude ratio of TA and Sol (Left, control condition; right, illusion condition). The vertical and horizontal axes indicate the F/M amplitude ratio and the results from pre- to postintervention, respectively. Data were analyzed by comparing the F/M amplitude ratio in PRE with the F/M amplitude ratio at each measurement time under the same intervention conditions. The F/M amplitude ratio of TA was significantly higher in Period 1 than in PRE (p < 0.05); * p < 0.05.



The F-wave persistence for each intervention condition and measurement time are presented in Table 3 and Figure 3.



Data were analyzed by comparing F-wave persistence in PRE with F-wave persistence at each measurement time under the same intervention conditions. The F-wave persistence in Sol was significantly lower in periods 1, 3, 4, 5, and POST than in PRE (p < 0.05); * p < 0.05.




4. Discussion


This study examined the effects of a visual kinesthetic illusion about RPM on spinal excitability. This study revealed two main findings. First, in the illusion condition, the F/M amplitude of TA significantly increased immediately after the start of the intervention. Second, the F-wave persistence of Sol significantly decreased during and after postintervention. The F/M amplitude and F-wave persistence indicate the excitability of spinal motoneurons [33,34,35,36]. Thus, the spinal excitability of TA significantly increased immediately after the start of the intervention, whereas that of Sol significantly decreased during the intervention. No previous studies had reported spinal cord excitability during a visual kinesthetic illusion, and a previous study examining spinal cord excitability before and after an illusory intervention reported no change in spinal cord excitability [37]. Thus, the current study provides new insights into spinal cord excitability during a visual kinesthetic illusory intervention.



As shown in the results, the F/M amplitude ratio of the TA showed no significant differences in the control condition; however, a significant difference was observed in Period 1 compared with PRE in the illusion condition. Therefore, the interaction in the F/M amplitude ratio of the TA results from an increase in the F/M amplitude ratio in the illusion condition. An explanation for these results is that the illusion of RPM may have simulated an RPM intervention with foot gazing. In this study, the visual kinesthetic illusory intervention involved a video about RPM of the ankle joint. Tsuiki et al. reported that RPM can increase corticospinal tract excitability by gazing at the intervention target [9]. Gazing has been reported to decrease SAI [38]. SAI represents inhibition of the primary motor cortex excitability due to sensory input [39] and involves GABAergic activity [40]. Supporting this evidence, short-interval intracortical inhibition [41,42], which is associated with GABAergic inhibitory mechanisms, reportedly decreases with gazing. On the basis of this evidence, it is possible that the visual kinesthetic illusion of RPM led to an increase in primary motor cortex excitability due to a decrease in cortical inhibitory circuits caused by the focus on the dorsal area of the foot displayed on the monitor. Similar to the current study, a previous study using a visual kinesthetic illusion about active plantar and dorsiflexion motion of the ankle joint reported significantly increased MEP amplitude of TA after the illusion [13]. On the other hand, the MEP amplitude of Sol does not change significantly after the illusion of ankle plantarflexion [13]. In this study, an increase in spinal excitability was observed only in the TA, suggesting that enhancement of the MEP amplitude may appear in the specific area that is focused on during the visual kinesthetic illusion. The subjective evaluation of the vividness of the illusion in the dorsal flexion and flexion directions was conducted using a visual analog scale; a moderate correlation was reported between the vividness of the visual kinesthetic illusion in the dorsiflexion direction and corticospinal tract excitability [13]. In addition, the vividness of the visual kinesthetic illusion in the current study is similar to that reported in a previous study [13]. Based on these findings, we suggest that a highly vivid illusion of ankle dorsal flexion resulted in increased attention on the dorsal foot, which in turn led to increased spinal excitability of the TA by decreasing the intracortical inhibitory circuit excitability. Individual differences in the effect of the visual kinesthetic illusion of RPM on spinal excitability may be attributed to variations in the vividness of the illusion, which could affect the degree of motor cortical excitability.



The present study results differed from our hypothesis regarding the significant decrease in the F-wave persistence of Sol immediately after the initiation of the intervention. According to this result, we suggest that the increase in the spinal excitability of TA observed during the visual kinesthetic illusion using RPM videos causes reciprocal inhibition on Sol. Previous studies on RPM reported enhancement of reciprocal inhibition 5 to 15 min after the intervention [10,11,24]. However, in a previous study examining the effects of transcranial direct current stimulation (tDCS) on spinal reciprocal inhibition, reciprocal inhibition was enhanced immediately after the start of tDCS [11,24]. Thus, in RPM, the muscle spindle firing signal from voluntary movement ascends to the brain, causing a delay until the occurrence of reciprocal inhibition enhancement. Conversely, this process does not occur when the brain is stimulated, and the enhancement of reciprocal inhibition can occur immediately. Thus, the present study suggests that spinal reciprocal inhibition is associated with increased spinal excitability of TA because the visual kinesthetic illusion may have decreased the spinal excitability of Sol over the following 10 min.



Our results suggest that a visual kinesthetic illusion can modulate spinal excitability without real joint movement and indicate the possibility of enhancing reciprocal inhibition. Future research should explore the optimal duration of interventions, identify parameters that sustain effects after treatment, and investigate whether or not motor function improves in patients with upper motor neuron disorders.



This study has several limitations. First, the sample size was determined on the basis of power analysis estimates. In addition, as only healthy young adults were recruited, recruitment bias was possible. To address these limitations, future research should include a large sample size, including older adults. Second, given the lack of a sham condition in the intervention condition, the effects of gazing at the monitor displaying the foot on spinal excitability remain unclear. In addition, subjects may have developed potential biases regarding the intervention condition. Therefore, future studies should consider including a sham condition. Third, whether the modulation of spinal function is attributable to gazing at the dorsal part of the foot remains unclear. Fourth, because the spinal excitability of TA and Sol were investigated concurrently and over different periods, fewer stimuli were used than in previous studies on F-wave measurements. Future research will involve a more detailed evaluation of the illusion and the presence or absence of enhanced reciprocal inhibition.




5. Conclusions


This study investigated the effect of a visual kinesthetic illusion regarding RPM for spinal excitability in the TA and Sol. The results showed that a visual kinesthetic illusion regarding RPM increased the spinal excitability of TA but decreased it for Sol. The visual kinesthetic illusion and focus on the monitor increased supraspinal excitability and modulated spinal function. In the future, research focusing on the effects of visual kinesthetic illusions on the inhibitory functions of the central nervous system may reveal the potential of visual motion illusions regarding RPM as a clinical intervention to improve the joint range of motion and enhance motor function in patients with limited physical activity.
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Figure 1. Experimental procedure. 
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Figure 2. F/M amplitude ratio. 
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Figure 3. F-wave persistence. Mean ± standard error of the F-wave persistence of TA and Sol (Left, control condition; right, illusion condition). The vertical and horizontal axes indicate the F-wave persistence (times) and results from pre- to postintervention, respectively. 






Figure 3. F-wave persistence. Mean ± standard error of the F-wave persistence of TA and Sol (Left, control condition; right, illusion condition). The vertical and horizontal axes indicate the F-wave persistence (times) and results from pre- to postintervention, respectively.



[image: Healthcare 12 01696 g003]







 





Table 1. Background EMG (µV).
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	PRE
	Period 1
	Period 2
	Period 3
	Period 4
	Period 5
	POST





	Sol
	control
	4.2 ± 0.5
	4.5 ± 0.6
	4.3 ± 0.5
	4.1 ± 0.5
	4.1 ± 0.5
	4.9 ± 1.0
	3.4 ± 0.5



	
	illusion
	4.3 ± 0.6
	5.0 ± 0.8
	4.6 ± 0.6
	4.7 ± 0.6
	4.7 ± 0.6
	7.4 ± 3.3
	4.3 ± 0.6



	TA
	control
	10.6 ± 1.7
	10.5 ± 1.7
	8.0 ± 1.6
	10.5 ± 1.7
	10.6 ± 1.7
	10.7 ± 1.7
	10.7 ± 1.7



	
	illusion
	22.8 ± 9.8
	14.0 ± 1.4
	14.1 ± 1.4
	13.7 ± 1.5
	13.7 ± 1.5
	13.7 ± 1.5
	13.5 ± 1.7







Data are presented as the mean ± standard error. TA background EMG (µV) (EMG 30–50 ms before test stimulus).













 





Table 2. F/M amplitude ratio.
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	PRE
	Period 1
	Period 2
	Period 3
	Period 4
	Period 5
	POST





	Sol
	control
	6.6 ± 1.2
	7.3 ± 1.4
	7.1 ± 1.4
	7.3 ±1.4
	7.1 ± 1.4
	7.1 ± 1.3
	7.6 ± 1.6



	
	illusion
	6.8 ± 1.5
	5.0 ± 1.4
	6.3 ± 1.5
	5.3 ± 1.7
	6.1 ± 1.9
	6.0 ± 1.9
	7.0 ± 2.1



	TA
	control
	10.9 ± 1.6
	8.9 ± 1.8
	9.3 ± 1.8
	11.0 ± 2.4
	9.2 ± 1.7
	9.2 ± 1.7
	11.5 ± 2.0



	
	illusion
	9.5 ± 3.4
	13.7 ± 3.8 *
	9.8 ± 2.4
	9.4 ± 2.2
	12.2 ± 3.2
	11.1 ± 3.4
	9.1 ± 3.0







Data are presented as the mean ± standard error. The table presents the result of each measurement time for each intervention condition. The value is the F-wave/Mmax. * p < 0.05 (Paired t-test with Bonferroni correction)













 





Table 3. Sol F-wave persistence.
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	PRE
	Period 1
	Period 2
	Period 3
	Period 4
	Period 5
	POST





	Sol
	control
	6.8 ± 0.8
	6.8 ± 0.8
	6.5 ± 0.9
	6.9 ± 0.7
	6.5 ± 0.8
	6.6 ± 0.8
	6.1 ± 1.0



	
	illusion
	6.5 ± 0.8
	4.9 ± 0.8 *
	5.7 ± 0.8
	5.0 ± 0.9 *
	5.2 ± 0.8 *
	5.1 ± 0.8 *
	5.1 ± 0.9 *



	TA
	control
	3.8 ± 0.6
	3.2 ± 0.6
	3.0 ± 0.6
	3.4 ± 0.6
	3.5 ± 0.6
	2.1 ± 0.6
	3.9 ± 0.7



	
	illusion
	3.3 ± 0.7
	3.3 ± 0.7
	3.5 ± 0.7
	3.5 ± 0.6
	3.4 ± 0.8
	3.6 ± 0.8
	2.8 ± 0.7







Data are presented as the mean ± standard error. The table presents the result of each me