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Abstract 

Previous studies have reported that real-time functional magnetic resonance imaging 

(fMRI) neurofeedback using motor imagery can modulate the activity of several 

motor-related areas. However, the differences in these modulatory effects on distinct 

motor-related target regions using the same experimental protocol remain unelucidated. 5 

This study aimed to compare neurofeedback effects on the primary motor area (M1) and the 

ventral premotor cortex (PMv). Of the included participants, 15 received blood oxygenation 

level-dependent (BOLD) signals from their left M1, and the other 15 received signals from 

their left PMv. Both groups were instructed to try to increase the neurofeedback score 

(NF-Score), which reflected the averaged activation level of the target region, by executing 10 

or imagining a right-hand clenching movement. The result revealed that during imagery 

condition, the left M1 was deactivated in the PMv-group but not in the M1-group, whereas 

the left PMv was activated in the PMv-group but not in the M1-group. Our finding 

indicates that neurofeedback from distinct motor-related regions has different effects on 

brain activity regulation. 15 

 

Keywords 

Neurofeedback; real-time fMRI; motor execution; motor imagery; primary motor cortex; 

ventral premotor cortex.  



3 

Introduction 

Neurofeedback using functional magnetic resonance imaging (fMRI-nf) allows for online 

data processing and information display. This helps participants use functional information 

from the blood oxygenation level-dependent (BOLD) signals from their brain to learn 

controlling their brain activity (Sulzer et al., 2013). Neurofeedback for motor-related 5 

regions has the potential to achieve primary goals of many current fMRI-nf studies: to train 

neural regulation, modify behavior (Thibault et al., 2018), or reduce clinical symptoms 

(Jeunet et al., 2019). Several studies have shown that fMRI-nf can modulate the activity of 

motor-related areas, such as the primary motor cortex (M1; e.g., Blefari, Sulzer, 

Hepp-Reymond, Kollias, & Gassert, 2015; Chiew, LaConte, & Graham, 2012), 10 

supplementary motor area (SMA; e.g., Lafleur et al., 2002; Scharnowski et al., 2015), and 

premotor cortex (PMC; e.g., Johnson et al., 2012; Marins et al., 2015), and the strategies 

used to activate motor-related regions include motor execution (ME) and motor imagery 

(MI; Berman, Horovitz, Venkataraman, & Hallett, 2012).  

However, the brain network involved in motor is complex (Hanakawa, 2016), and the 15 

difference in the modulatory effects of NF on different motor-related regions is still unclear. 

If the effects in motor-related regions are similar, researchers can feed information from 

any of these regions back to participants, regardless of the region they are primarily 

interested in, so it is valuable to compare different neurofeedback modulatory effects 

between different motor-related regions. Mehler (2019) asked participants to increase the 20 

M1 activity in five neurofeedback runs (M1 condition) and to increase SMA activity in five 

separate neurofeedback runs (SMA condition), and they found that neither M1 nor SMA 

activity showed a statistically significant difference between the two conditions. However, 
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Mehler (2019) aimed to compare the ability to self-regulate the M1 versus SMA among 

participants, while the inter-participant modulatory effects of motor-related areas using the 

same experimental protocol remain to be compared and are therefore unclear. 

Thus, our study focused on comparing the modulatory effects of neurofeedback between 

two distinct motor-related regions: the left M1 and the left ventral premotor cortex (PMv). 5 

Here we categorized participants into two groups—those receiving feedback from either the 

left M1 or the left PMv. Both groups were given the same instructions. Therefore, any 

different treatment effects between the two groups would indicate differences between the 

modulatory effects of the two target regions.  

 10 
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Materials and Methods 

Participants 

Thirty healthy volunteers [16 men; age (mean ± SD), 23.9 ± 3.07 years] participated in the 

experiment. The sample size was decided according to a review study suggesting that the 

mean participants for one group in previous fMRI-nf studies was 13.7 ± 7.35 (mean ± SD; 5 

Thibault et al., 2018). All participants were right-handed, as assessed by the Japanese 

version of the Edinburgh Handedness Inventory (Oldfield, 1971; Japanese version by Hatta 

and Nakatsuka, 1975). The experimental design received approval from the local ethics 

committee. Each participant provided written informed consent before the commencement 

of the study. 10 

Participants were randomly assigned into the following two groups, matched by gender: 

M1 group received BOLD signals from their left M1 as feedback (n = 15), and the 

PMv-group received signals from their left PMv (n = 15).  

 

Task procedures 15 

The complete experimental protocol consisted of one practice period, six neurofeedback 

runs, and one questionnaire period (Figure 1A). Participants were instructed to attempt to 

increase the activity of their motor-related regions, and simultaneously perform hand 

movements or imagine hand movements in the execution or imagery condition, respectively. 

During the practice period, participants learned to clench and then release their right hand 20 

every time the number presented on the screen counted backward by 2 s from 10 (see 

feedback period in Figure 1B). The execution and imagery conditions were alternatively 

performed over six neurofeedback runs, with three runs per condition (Figure 1A). In both 
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conditions, each run first included 20 s to reach the T1 steady state, followed by eight 

blocks alternating between 20-s baseline and 20-s feedback periods. During the baseline 

periods, a fixation cross was presented on the screen. During the feedback periods, two 

horizontal line-segments and a white solid circle were presented on the screen (Figure 1C). 

The distance of the red line-segment from the solid circle represented 1% increase in the 5 

BOLD signal from the average signal intensity during the baseline period. The green 

line-segment was updated every 2 s (Figure 1B), and its distance from the solid circle was 

calculated from the activity of the participant’s target region at that time. 

-------------------- FIGURE 1 ABOUT HERE --------------------  

Participants were instructed to try to increase the height of the green line to reach the red 10 

line. We told participants that execution and imagery of hand movements could help them 

increase the height of the green line because it was calculated from their motor-related 

brain region. They were also instructed to find an effective way to increase their brain 

activity using the feedback information. In the imagery condition, participants were asked 

to do the same task as in the execution condition, except that they had to imagine clenching 15 

their right fist every 2 s instead of performing clenching. After the participants completed 

all MR scans, they were asked about the strategies they used in the neurofeedback period. 

This helped rate the sense of control (controllability) during execution runs and imagery 

runs on a 10-point scale, with higher scores corresponding to a better sense of control.  

All participants were given the same instructions before the practice stage, regardless of 20 

the group. Besides, they were informed of the delay in the feedback signal caused by the 

hemodynamic response and of relaxing as much as possible during the baseline period, 

because the height of the green line indicated the comparable increase from baseline 
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duration. After the experiment was completed, they received a debriefing about the aim of 

this experiment and from which part of the brain the feedback came from. 

 

MRI acquisition 

Images were taken using a Siemens (Erlangen, Germany) 3-Tesla Prisma scanner with a 5 

64-channel head coil at the Research and Education Center for Brain Science, Hokkaido 

University. BOLD signals were measured using echo-planar imaging sequence (volume 

repetition time, 2 s; echo time, 30 ms; flip angle, 90°). The entire brain was covered in 35 

axial slices paralleled to the AC-PC line, with a voxel size of 3 × 3 × 3 mm3. The first three 

scans of each run were discarded to avoid T1 equilibration effects. T1-weighted structural 10 

images covering the whole brain were acquired with a resolution of 0.83 × 0.83 × 0.8-mm3 

after acquiring functional images using a T1 MP-RAGE sequence (TR = 2300 ms, TE = 

2.41 ms, TI = 900 ms, FOV = 256 × 256 mm2, and an 8° flip angle).  

 

Online data analysis 15 

The functional data acquired from our experiments were exported to a shared destination 

folder within the local network assessed by OpenNFT software via TCP/IP. We used 

OpenNFT (opennft.org; Koush et al., 2017), an open-source software framework, to 

process online fMRI data and to present the stimuli. A cumulative GLM was used to correct 

linear drift and head motions in real-time, and an extension of a low-pass Kalman filter was 20 

applied to deal with high-frequency noise, and a first-order autoregressive model was used 

to deal with neurophysiological fluctuations (Koush et al., 2017).  

Regions of interest (ROIs; the left M1 for the M1-group and the left PMv for the 
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PMv-group) were identified in the functional images of individual participants' brains using 

a deformation module of SPM8 (Megumi et al., 2015). The template ROI files were defined 

in a standard brain (Mayka et al., 2006). Participants’ ROI voxels were individually 

identified using the first scanned image acquired before the first execution run. 

ROI activity levels (NF-Scores) were computed as a percentage of the average signal 5 

during the feedback period compared to the average during the baseline period directly 

preceding the feedback period. Sepulveda et al. (2016) suggested that reinforcing 

motivation could help brain self-regulation, and our preliminary experiment showed that 

participants felt frustrated when they were continuously receiving poor feedback. To 

prevent participants from feeling discouraged, we modified all negative NF-Scores to zero. 10 

Scores participants received were referred to as NF-Score, and the original scores were 

referred to as raw NF-Score. Since raw NF-Score reflected real-time brain activity, and the 

current study aimed to investigate whether the effects of different target regions differ in 

brain regulation, we analyzed raw NF-Score. 

 15 

Off-line data analysis 

Data analyses of self-reported controllability and NF-Scores were performed using 

MATLAB (MATLAB and Statistics Toolbox Release 2016b, The MathWorks, Inc., Natick, 

Massachusetts, United States). NF-score of PMv (PMv-Score) for the M1-group and M1 

(M1-Score) for the PMv-group were also calculated using the same algorithm of OpenNFT.  20 

 Brain imaging analyses were performed using the SPM12 statistical parametric mapping 

software package (Wellcome Department of Cognitive Neurology, 

http://www.fil.ion.ucl.ac.uk/spm). The preprocessing included motion correction, 
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realignment, co-registration, normalization to Montreal Neurological Institute (MNI) space, 

and smoothing with a Gaussian kernel with 6 mm full-width-at-half-maximum (FWHM). 

Using the general linear model (GLM), the execution and imagery condition were modeled 

as two separate regressors that were convolved with a canonical hemodynamic response 

function for each participant. Motion parameters were used as covariates to capture residual 5 

motion artifacts. Low-frequency noise was removed using a high-pass filter with a cut-off 

period of 128 s. Contrasts were generated between each condition and the baseline and 

between the execution and the imagery for each participant. A random-effects model of a 

one-sample t-test was then used for group analysis. The significantly activated regions were 

reported with a threshold at p < 0.05 corrected for family-wise error (FWE) using 10 

three-dimensional random field theory or with a threshold at p < 0.001 uncorrected for 

multiple comparisons. Activated clusters were considered significant if their spatial extent 

was greater than 15 voxels. 
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Results 

Self-reported Strategies and Controllability 

All participants reported that they were moving their hands during the execution runs and 

trying to increase the NF-Score by changing the power of hand movement. However, the 

strategies used in imagery runs were not limited to the imagery of the right-hand clenching 5 

every 2 s. Most participants explained that they changed strategies during the imagery 

condition because they failed to control the NF-Score by imagining right-hand clenching at 

the beginning of the neurofeedback period. To increase their NF-Score, they kept trying 

different strategies. For example, they imagined doing more complex actions with their 

right hand (e.g., playing tennis and writing) or clenching their hands while focusing on 10 

some trivial sensation (e.g., the movement of a small part of the muscle or one of the 

knuckles). 

A mixed-design analysis of variance (ANOVA) was used to compare the effects of group 

(M1-group and PMv-group) as a between-subjects factor and condition (execution and 

imagery) as a within-subjects factor on participants’ self-reported controllability (Figure 15 

2A). The ANOVA revealed a significant main effect on condition (F(1, 28) = 17.7, p < .001, 

ηp² = 0.39) and a marginally significant interaction effect between groups and conditions 

(F(1, 28) = 3.67, p = .066, ηp² = .12). Post hoc comparisons using the Holm–Bonferroni 

method showed that the simple effect of condition in the M1-group was significant (F(1,14) 

= 28.33, p < .001), whereas condition effects in the PMv-group were not significant 20 

(F(1,14) = 2, p = .18). We did not observe any difference between the groups in terms of 

execution condition (F(1, 28) = 0.43, p = .52) or imagery condition (F(1, 28) = 2.4, p = .13). 

These results indicated that the task condition had a significant effect on the self-reported 
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controllability in the M1-group but not in the PMv-group. 

-------------------- FIGURE 2 ABOUT HERE -------------------- 

 

NF-Score Regulation 

Averaged NF-Scores participants received were presented in Figure 2B, showing that 5 

M1-group was presented with visible higher NF-Scores during the execution condition.  

A one-sample t-test was conducted to determine if a difference existed between the brain 

activity during the feedback period and the baseline period by comparing raw NF-Scores 

with zero. The significance level for Student's t-test was 0.00625 (0.05/8), adjusted using a 

Bonferroni correction. For execution condition, both M1-Score and PMv-Score for both 10 

M1-group and PMv-group were significantly greater than zero (see details in Table 1 and 

Figure 2C & 2D). However, for imagery condition, the PMv-Score for the PMv-group was 

significantly greater than zero (t(14) = 3.69, p = .002, Cohen’s d = 0.953), and the 

M1-Score for the PMv-group was marginally significantly less than zero (t(14) = -2.99, p 

= .01, Cohen’s d = -0.773). 15 

An independent-samples t-test was then conducted to compare M1/PMv-Scores in 

M1-group and PMv-group. The results revealed no significant differences (see details in 

Table 2). 

To investigate the effects of group and condition on the raw NF-Score (M1-Score for 

M1-group and PMv-Score for PMv-group), a mixed-designed ANOVA was performed. 20 

The main effect of group (F(1, 28) = 8.197, p = .008, ηp² = .226), the main effect of 

condition (F(1, 28) = 132.003, p < .001, ηp² = .825), and the interaction effect (F(1, 28) = 
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109.204, p < .001, ηp² = .796) were significant. Post hoc comparison using the t-test with 

Bonferroni correction showed that M1-group/execution (M = 19.4, SD = 4.239) was 

significantly different from M1-group/imagery (M = -1.893, SD = 6.529), and further, 

PMv-group/execution (M = 5.019, SD = 3.983) and M1-group/imagery was significantly 

different from PMv-group/imagery (M = 4.01, SD = 4.208), while the 5 

PMv-group/execution did not significantly differ from the PMv-group/imagery.  

A two-way repeated-measures ANOVA was conducted to examine the effect of condition 

and time (three runs each condition) on each participant’s average NF-Score. The result 

suggested that for the NF-Scores in the M1-group, the main effect of the condition was 

significant (F(2,28) = 174.247, p < .001, ηp² = .926; Figure 3A). While in the PMv-group, 10 

NF-Score in the execution runs tended to increase, whereas those in the imagery runs 

tended to decrease, which was reflected in the significant interaction effect of conditions 

and runs (F(2,28) = 3.57, p = .042, ηp² = .203; Figure 3B). No other main effects or 

interactions were significant (F(2,28) ≤ 1.478, p ≥ .245, ηp² ≤ .096). 

-------------------- FIGURE 3 ABOUT HERE -------------------- 15 

 

fMRI Mass-Univariate Analysis  

Regions activated significantly for all participants during execution and imagery periods 

compared with the baseline were reported because the analyses showed no difference 

between the groups. These comparisons revealed most of the activation in the lateral 20 

cerebellum, left postcentral gyrus, right opercular part of the inferior frontal gyrus, and 

right inferior parietal lobule during the execution condition, and the right precentral cortex, 

left SMA, left Rolandic operculum, and right inferior parietal lobule during the imagery 
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condition (Figure 4). Subsequently, we analyzed the contrasts (execution versus imagery) in 

both groups. Increased activation in the right cerebellum and left postcentral cortex in both 

groups were observed during execution compared with that during imagery. Also, the 

contrast of imagery versus execution showed selective activation in the right precentral 

cortex (cluster size, k = 51) in the PMv-group, while no significant differences were 5 

observed in the M1-group.  

-------------------- FIGURE 4 ABOUT HERE -------------------- 

 

 

10 
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Discussion 

The primary aim of this study was to compare the modulatory effects of neurofeedback 

from different motor-related regions—the left M1 and the left PMv. Our results showed that 

during the imagery condition, the M1-Score was marginally significantly less than zero in 

the PMv-group but was not in the M1-group. This result suggested that the left M1 was 5 

deactivated in the PMv-group but was not in the M1-group, indicating that the M1-group 

regulated their left M1 activity in a positive direction. Furthermore, the PMv-Score was 

significantly greater than zero in the PMv-group but was not in the M1-group, indicating 

that PMv-group succeeded in increasing their PMv activity while M1-group did not. 

Consider that participants in both groups were provided with the same instructions, were 10 

performing the same tasks, and were receiving real and task-related neurofeedback from 

their own brain, our results indicated that neurofeedback rather than the mental task, i.e., 

motor imagery in this study, has effects on brain activity regulation and neurofeedback 

from different motor-related regions has a different impact on the brain regulation. 

Moreover, NF-Scores showed a significant interaction effect over conditions and runs in 15 

the PMv-group. Previous studies have indicated that PMv plays a crucial role in hand 

movements (e.g., Rizzolatti, Fogassi, & Gallese, 2002) and motor imagery (e.g., Binkofski 

et al., 2000). Moreover, greater activation of PMv during imagery versus execution 

condition (Guillot et al., 2008), and the increase of premotor activation after a one-week 

physical practice of hand movements (Lacourse et al., 2005) were found. We thus 20 

hypothesized the change of PMv-Scores during neurofeedback training would show an 

interaction effect between conditions. Our study suggested that the trends of PMv-Scores 

were different between conditions, indicating that the role played by PMv during the 
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neurofeedback training process in different conditions is different. 

The result that participants were able to activate the left M1 during execution runs is 

congruent with previous studies investigating the modulatory effect of neurofeedback using 

motor-related cortex as target region to facilitate the hand motor task performance (Berman 

et al., 2012; DeCharms et al., 2004). Furthermore, fMRI univariate analysis suggests that 5 

the right M1 of the PMv-group during the execution condition was deactivated compared 

with that during the imagery condition. This result can be explained by the interhemispheric 

interactions between left M1 and right M1 that increased M1 activation in one hemisphere 

induces reduced M1 activation in the opposite hemisphere (Hamzei et al., 2002; Newton et 

al., 2005). Moreover, the result that participants could not activate the left M1 during 10 

imagery runs is congruent with a meta-analysis study of motor imagery (Hétu et al., 2013), 

suggesting motor imagery did not consistently activate contralateral M1. Since our results 

showed that the activity of left M1 is related to motor execution but not motor imagery, as 

Mehler et al. (2019) suggested, contralateral M1 is not an evaluable option for motor 

imagery-based fMRI neurofeedback training. 15 

The limitation of the current study is the sample size. A sample size of 84 participants per 

group is needed to detect a difference between the two independent groups with 80% power, 

using a two-sample t-test and assuming a two-sided α of 0.05 and an effect size d of 0.386 

(see Table 2), calculated by using G*Power3 (Faul, F., Erdfelder, E., Lang, A. G., & 

Buchner, 2007). Thus, we cannot conclude that there was no difference between the two 20 

groups under a sample size of 15 participants.  

In summary, we found left M1 was deactivated in the PMv-group but not in the M1-group, 

whereas the left PMv was activated in the PMv-group but not in the M1-group during 
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imagery condition. Moreover, only in the PMv-group, raw NF-Scores showed a significant 

interaction effect over conditions and runs. These results indicated that neurofeedback from 

distinct motor-related regions has different effects on brain activity regulation. 
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Figures 

 

Figure 1:  

The procedure of the main experiment. A) Stages of the experiment. B) The example 

timeline of one block in the neurofeedback runs. Each block consisted of a 20-s baseline 5 

period and a 20-s feedback period. During the feedback period, the screen was updated 

every 2 s. C) The screen during the feedback period, with a solid white circle, a red target 

line-segment, a green neurofeedback line-segment, and a number showing how many sets 

of hand movements were left in this block.  
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Figure 2:  

 

Averaged scores of the two groups. A) Averaged self-reported controllability of M1-group 

and PMv-group during the execution and imagery conditions. B) Averaged NF-Score that 

participants received during the execution and imagery conditions. C) Averaged raw 5 

M1-Score during the execution and imagery conditions. D) Averaged raw PMv-Score 

during the execution and imagery conditions. Error bars denote the standard error of the 

mean. +: p < .125, *: p < 0.00625, **: p < 0.00125, ***: p < 0.00013. 

  



24 

Figure 3: 

 

Averaged time series. A) Averaged raw NF-Scores of the M1-group across runs; B) 

Averaged raw NF-Scores of the PMv-group across runs.  

  5 
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Figure 4:  

 

fMRI univariate analysis results. Red: Areas activated in the motor execution condition. 

Green: Areas activated in the motor imagery condition. Activation was reported with a 

threshold of p < 0.05 corrected for multiple comparisons for family-wise error (FWE) with 5 

an extent threshold of 15 voxels. L, left hemisphere; R, right hemisphere. Figures are 

displayed in the horizontal plane with Z denoting locations in the MNI coordinates. 
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Tables 

Table 1: Two-tailed one-sample t-test results for raw M1-Score and PMv-Score for 

M1-group and PMv-group. 

NF-Score group condition Mean SD t(14) p    
Cohen's 

d 

  M1- Execution 19.408 4.239 17.732 < .00013 *** 4.578 

M1- group Imagery -1.893 6.529 -1.123 0.28  -0.29 

Score PMv- Execution 17.172 7.007 9.491 < .00013 *** 2.451 

  group Imagery -2.987 3.866 -2.992 0.01 + -0.773 

  M1- Execution 4.641 3.751 4.792 < .00125 ** 1.237 

PMv- group Imagery 2.511 5.569 1.747 0.103  0.451 

Score PMv- Execution 5.019 3.983 4.88 < .00125 ** 1.26 

  group Imagery 4.01 4.208 3.691 0.002 * 0.953 

 +: p < .125, *: p < 0.00625, **: p < 0.00125, ***: p < 0.00013. 
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Table 2: Two-tailed independent samples t-test results for the effect of group on the raw 

M1-Score and PMv-Score during execution and imagery conditions. 

NF-Score condition t(28) p  Cohen's d 

M1- Execution 1.057 0.299 0.386 

Score Imagery 0.558 0.581 0.204 

PMv- Execution -0.268 0.791 -0.098 

Score Imagery -0.832 0.413 -0.304 

 


