
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2018 Fukuma et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license, which
permits unrestricted use, distribution and reproduction in any medium provided that the original work is properly attributed.

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Article: Methods/New Tools | Novel Tools and Methods

Real-time neurofeedback to modulate β-band power in the subthalamic
nucleus in Parkinson’s disease patients
Ryohei Fukuma1,2, Takufumi Yanagisawa1,2,3,4,5, Masataka Tanaka1, Fumiaki Yoshida3,5, Koichi

Hosomi1,6, Satoru Oshino1, Naoki Tani1 and Haruhiko Kishima1

1Department of Neurosurgery, Graduate School of Medicine, Osaka University, 2-2 Yamadaoka, Suita, Osaka
565-0871, Japan
2Department of Neuroinformatics, ATR Computational Neuroscience Laboratories, 2-2-2 Hikaridai, Seika-cho,
Kyoto 619-0288, Japan
3Endowed Division of Clinical Neuroengineering, Global Center for Medical Engineering and Informatics, Osaka
University, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan
4Center for Information and Neural Networks (CiNet), National Institute of Information and Communications
Technology (NICT), 1-4 Yamadaoka, Suita, Osaka 565-0871, Japan
5JST PRESTO, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan
6Department of Neuromodulation and Neurosurgery, Graduate School of Medicine, Osaka University, 2-2
Yamadaoka, Suita, Osaka 565-0871, Japan

https://doi.org/10.1523/ENEURO.0246-18.2018

Received: 19 June 2018

Revised: 21 November 2018

Accepted: 28 November 2018

Published: 17 December 2018

Author contributions: R.F., T.Y., M.T., F.Y., K.H., S.O., N.T., and H.K. performed research; R.F. analyzed
data; R.F. and T.Y. wrote the paper; T.Y. designed research.

Funding: http://doi.org/10.13039/100009619Japan Agency for Medical Research and Development (AMED):
Brain/MINDS. http://doi.org/10.13039/501100001700Ministry of Education, Culture, Sports, Science, and
Technology (MEXT): SRPBS. http://doi.org/10.13039/501100002241Japan Science and Technology Agency
(JST): JPMJPR1506; JPMJPR178C; JPMJCR18A5; JPMJER1801. KAKENHI: JP24700419; JP26560467;
JP22700435; JP15H05710; JP16K10787. http://doi.org/10.13039/501100008670Terumo Foundation for Life
Sciences and Arts; Japan Foundation of aging and health;

Conflict of Interest: The authors declare no competing financial interests.

R.F. and T.Y. These authors contributed equally to this work.

Correspondence should be addressed to: Takufumi Yanagisawa, E-mail: tyanagisawa@nsurg.med.osaka-
u.ac.jp

Cite as: eNeuro 2018; 10.1523/ENEURO.0246-18.2018

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully formatted version of
this article is published.



 

 1 

Real-time neurofeedback to modulate β-band power in the subthalamic nucleus in 1 

Parkinson’s disease patients 2 

Abbreviated title: Neurofeedback to modulate β-power in STN in PD 3 

Ryohei Fukuma1,2†, Takufumi Yanagisawa1–5†*, Masataka Tanaka1, Fumiaki Yoshida3,5, 4 

Koichi Hosomi1,6, Satoru Oshino1, Naoki Tani1, Haruhiko Kishima1 5 

  6 

1 Department of Neurosurgery, Graduate School of Medicine, Osaka University, 2-2 7 

Yamadaoka, Suita, Osaka 565-0871, Japan 8 

2 Department of Neuroinformatics, ATR Computational Neuroscience Laboratories, 9 

2-2-2 Hikaridai, Seika-cho, Kyoto 619-0288, Japan  10 

3 Endowed Division of Clinical Neuroengineering, Global Center for Medical 11 

Engineering and Informatics, Osaka University, 2-2 Yamadaoka, Suita, Osaka 12 

565-0871, Japan 13 

4 Center for Information and Neural Networks (CiNet), National Institute of Information 14 

and Communications Technology (NICT), 1-4 Yamadaoka, Suita, Osaka 565-0871, 15 

Japan 16 



 

 2 

5 JST PRESTO, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan 17 

6 Department of Neuromodulation and Neurosurgery, Graduate School of Medicine, 18 

Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan 19 

 20 

† These authors contributed equally to this work. 21 

* Corresponding author: 22 

Takufumi Yanagisawa, M.D., Ph.D. 23 

Department of Neurosurgery, Graduate School of Medicine, Osaka University, 2-2 24 

Yamadaoka, Suita, Osaka 565-0871, Japan 25 

Phone: +81-66-879-3652 26 

Fax: +81-66-879-3659 27 

E-mail: tyanagisawa@nsurg.med.osaka-u.ac.jp 28 

 29 

Number of figures: 6 30 

Number of tables: 4 31 

Number of words for abstract: 244 32 



 

 3 

Number of words for introduction: 509 33 

Number of words for discussion: 466 34 

 35 

Conflict of interest: The authors declare no competing financial interests. 36 

Acknowledgment: This research was conducted under the Brain/MINDS by AMED. 37 

This research was also supported in part by SRPBS by MEXT and AMED; JST 38 

PRESTO (JPMJPR1506, and JPMJPR178C), CREST(JPMJCR18A5) and 39 

ERATO(JPMJER1801); Grants-in-Aid for Scientific Research from KAKENHI 40 

(JP24700419, JP26560467, JP22700435, JP15H05710, and JP16K10787); SICP from 41 

AMED; TERUMO Foundation for Life Sciences and Arts; and the Japan Foundation of 42 

Aging and Health. We thank the patients for their participation in this study. 43 

 44 

Abstract 45 

The β-band oscillation in the subthalamic nucleus (STN) is a therapeutic target for 46 

Parkinson’s disease. Previous studies demonstrated that L-dopa decreases the β-band 47 

(13–30 Hz) oscillations with improvement of motor symptoms. However, it has not 48 
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been elucidated whether patients with Parkinson’s disease are able to control the β-band 49 

oscillation voluntarily. Here, we hypothesized that neurofeedback training to control the 50 

β-band power in the STN induces plastic changes in the STN of individuals with 51 

Parkinson’s disease. We recorded the signals from STN-deep brain stimulation 52 

electrodes during operations to replace implantable pulse generators in eight human 53 

patients (three male) with bilateral electrodes. Four patients were induced to decrease 54 

the β-band power during the feedback training (down-training condition), whereas the 55 

other patients were induced to increase (up-training condition). All patients were 56 

blinded to their assigned condition. Adjacent contacts that showed the highest β-band 57 

power were selected for the feedback. During the 10-minute training, patients were 58 

shown a circle whose diameter was controlled by the β-band power of the selected 59 

contacts. Powers in the β-band during 5-minute resting sessions recorded before and 60 

after the feedback were compared. In the down-training condition, the β-band power of 61 

the selected contacts decreased significantly after feedback in all four patients (p < .05). 62 

In contrast, the β-band power significantly increased after feedback in two of four 63 

patients in the up-training condition. Overall, the patients could voluntarily control the 64 
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β-band power in STN in the instructed direction (p < .05) through neurofeedback. 65 

 66 

Significance statement 67 

Many studies have reported a relationship between the β-band power in the subthalamic 68 

nucleus (STN) and motor symptoms in Parkinson’s disease. Here, we have developed a 69 

novel neurofeedback technique using intracranial electrodes implanted in deep brain 70 

structures to modulate STN activity. We provided direct feedback of the β-band power 71 

as the size of a black disc to induce a sustainable change in β-band power. As a result, 72 

the neurofeedback training induced significant changes in the β-band power. This is the 73 

first report to demonstrate that human patients with Parkinson’s disease were able to 74 

voluntarily control their β-band power in STN to induce changes in the power. 75 

  76 
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Introduction 77 

Parkinson’s disease is characterized by abnormal neuronal oscillations in the 78 

subthalamic nucleus (STN). Electrophysiological examinations using electrodes for 79 

deep brain stimulation (DBS) have demonstrated that the β-band oscillations in the STN 80 

correlate with the symptoms of Parkinson’s disease (Little and Brown, 2012; Pavlides et 81 

al., 2015). In addition, treatment with dopaminergic (L-dopa) medication improves 82 

Parkinson’s disease symptoms, such as bradykinesia and rigidity, while simultaneously 83 

attenuating β-band power (Brown et al., 2001; Cassidy et al., 2002; Priori et al., 2004; 84 

Kuhn et al., 2006a; Weinberger et al., 2006; Hammond et al., 2007; Ray et al., 2008). 85 

Similarly, DBS in the STN suppresses β-band oscillation (Eusebio et al., 2011). 86 

Moreover, recent studies have demonstrated that an adaptive DBS using β-band 87 

oscillation improved Parkinson’s disease symptoms better than the continuous use of 88 

DBS. These improvements were correlated with the attenuation of β-band oscillations 89 

(Little et al., 2013; Tinkhauser et al., 2017), so β-band oscillation in the STN may be a 90 

therapeutic target for clinical interventions such as rehabilitation.  91 

 92 
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However, it has not been revealed whether patients with Parkinson’s disease voluntarily 93 

modulate the β-band oscillation in the STN for rehabilitation. Because the β-band 94 

oscillation in the STN is a part of the cortico–basal ganglia–thalamocortical network, it 95 

is affected by various voluntary activities such as motor intentions (Blumenfeld and 96 

Bronte-Stewart, 2015). Previous studies have demonstrated coherent oscillations, 97 

including β-band throughout the network, such as STN and internal globus pallidus 98 

(GPi) (Brown et al., 2001), GPi and cortex (Williams et al., 2002), STN and thalamus 99 

(Hanson et al., 2012), and STN and cortex (Litvak et al., 2011; Whitmer et al., 2012; de 100 

Hemptinne et al., 2013). It has also been reported that not only actual hand movement 101 

but also mental imagery to move the hand changes the β-band power in the STN of 102 

patients with Parkinson’s disease (Kuhn et al., 2006b), which is affected by the cortical 103 

activations linked to the basal ganglia (Raffin et al., 2012; Blumenfeld and 104 

Bronte-Stewart, 2015). Voluntary modulation of β-band oscillation in the STN might, 105 

therefore, induce some plastic changes in activities.  106 

 107 

Neurofeedback has been demonstrated to induce plastic changes in various cortical 108 
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activities (Emmert et al., 2016), including those in Parkinson’s disease (Beuter et al., 109 

2014). Studies using real-time monitoring of cortical activities demonstrated that 110 

neurofeedback could induce changes in cortical activity and function (Ganguly et al., 111 

2011; Wander et al., 2013; Orsborn et al., 2014). For some patients after strokes, 112 

neurofeedback with magnetoencephalography and electroencephalography successfully 113 

modulated the α or β power of the cortical current such that the patients’ symptoms 114 

improved (Buch et al., 2008; Ramos-Murguialday et al., 2013; Chaudhary et al., 2015). Hence, 115 

the β-band oscillation in the STN of patients with Parkinson’s disease might be 116 

modulated through the neurofeedback training. Here, we hypothesized that patients with 117 

Parkinson’s disease could control the intensity of the β-band oscillation of the STN 118 

using real-time feedback of the STN recordings. Moreover, the motor symptoms of the 119 

patients were evaluated by electromyograms (EMGs) of their upper limbs to examine 120 

the relationship with the β-band oscillation of the STN. 121 

 122 

Subjects and Methods 123 

Patients 124 
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Eight patients with bilateral STN-DBS electrodes (three males and five females) were 125 

recruited in the Neurosurgery Department of [Author University] Hospital at a location 126 

which will be identified if the article is published (Table 1; for DBS parameter settings, 127 

see Table 2). The ethics committee of [Author University] Hospital approved this study 128 

(no. 14448), and it was performed in accordance with approved protocols. All patients 129 

gave written informed consent to participate prior to the experiment. 130 

 131 

Signal measurement 132 

During operations with local anesthesia for replacement of implantable pulse generators, 133 

signals from bilateral DBS electrodes were measured at 10 kHz by 134 

electroencephalograph (EEG; NIHON KOHDEN, Shinjuku-ku, Tokyo, Japan). The 135 

DBS electrode was 1.27 mm in diameter and had four contacts on its tip in the axial 136 

direction (Model 3389, Medtronic, CA, USA). Each contact was 1.5 mm long, and the 137 

spacing between contacts was 0.5 mm. EMG from the flexor digitorum superficialis and 138 

the extensor digitorum communis of each hand were also measured at the same time to 139 

evaluate symptoms. These muscles were selected as the antagonistic muscle pairs that 140 
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were accessible even during the operation. 141 

 142 

Experimental design 143 

The experiment was performed with patients lying on the surgical bed and 2–3 hours 144 

after medication was administered. Each patient participated in three sessions in the 145 

following order: pre-feedback session, feedback session, and post-feedback session. In 146 

the 5-minute pre- and post-feedback sessions, the patients were instructed to close their 147 

eyes and not to fall asleep. During the 10-minute feedback session, patients were 148 

instructed to make the radius of a black circle on a computer screen smaller by using 149 

their thoughts somehow, without moving their bodies (Figure 1). The computer screen 150 

was fixed in front of the patient’s face, about 20–40 cm away, so that the patient could 151 

comfortably see the black circle, which had a maximum radius of approximately 10 cm. 152 

Movements of the body were visually monitored; in addition, those of the hands were 153 

also monitored using EMG. The radius of the circle was controlled by β-band power 154 

scaled in the range of 0 to 1, in two directions (for the scaling method, see the 155 

subsection on “Real-time feedback”). For four patients in the down-training group, the 156 
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radius was proportional to the normalized power so that the scaled power of 0 showed 157 

no black circle, and that of 1 gave the maximum radius of the circle. In contrast, for the 158 

other four patients in the up-training group, the radius was negatively correlated to the 159 

scaled power to give the maximum radius with the value of 0. 160 

 161 

Real-time feedback 162 

During the pre-feedback and feedback sessions, β-band power was calculated in 163 

real-time using a script running on MATLAB (Mathworks, Natick, MA, USA). 164 

Measured signals were first transferred from EEG to MATLAB via TCP/IP. At 50-ms 165 

intervals, the last 500-ms bipolar signals from adjacent contacts were applied with a 166 

Hamming window and fast Fourier transformation to obtain the power spectrum. The 167 

power spectrum within the β-band was averaged, and the square root was calculated to 168 

find the β-band power. In this series of procedures, Mathworks functions were used to 169 

calculate power. Adjacent contacts that showed the highest β-band (13–30 Hz) power 170 

during the pre-feedback session were selected for the contacts to control the circle 171 

during the subsequent feedback session. During the feedback session, the β-band power 172 
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of the selected adjacent contacts, calculated in real-time, was scaled into a range of 0 to 173 

1 to control the radius of the feedback circle. The scaling was performed so that lower 174 

limit (0) and upper limit (1) of the range corresponded to the minimum and maximum 175 

power, respectively of the same contacts during the pre-feedback session. If the scaled 176 

power exceeded the range of 0 to 1, the scaled power was clipped within the range so 177 

that the maximum and minimum radius of the circle was limited. The radius of the 178 

feedback circle was sent via serial port to another computer, on which the feedback 179 

circle was displayed using in-house custom software. 180 

 181 

Signal processing 182 

To evaluate the changes induced by the feedback training, the β-band power of the 10 183 

kHz sampled DBS signals was calculated from the signals recorded during the pre- and 184 

post-feedback sessions. At first, noisy portions of the recordings were discarded based 185 

on visual inspection before further analysis, and the clean signals were divided into 186 

non-overlapping 1-second time windows. For each time window, the DBS signals from 187 

the selected contacts for the feedback training were applied with a Hamming window 188 
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and fast Fourier transformation to obtain a power spectrum. The β-band power of each 189 

time window was obtained as the square root of the averaged spectrum between 13 and 190 

30 Hz. 191 

 192 

The power of the EMG signals measured from the forearm contralateral to the selected 193 

DBS contacts was also calculated to evaluate the effect of feedback training on the 194 

symptoms. The EMG signals were processed in the same manner as the DBS signals, 195 

except the power spectra were averaged between 4 and 10 Hz from the flexor digitorum 196 

superficialis and the extensor digitorum communis to calculate the EMG power. 197 

 198 

The β-band power of the DBS signals from the selected contacts, and the EMG power 199 

from the contralateral forearm were also calculated using the recording during the 200 

feedback training. Calculations of both powers were performed in the same manner as 201 

in that of the rest sessions, except the signals during the feedback task were divided into 202 

600 non-overlapping 1-second time windows. 203 

 204 
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Statistics 205 

The β-band power of the selected DBS contacts was compared between the pre- and 206 

post-feedback sessions to evaluate the effect of feedback training. For each patient, the 207 

β-band powers of the 1-second time windows during the two rest sessions were 208 

compared with a one-tailed unpaired t-test to evaluate whether each patient successfully 209 

induced changes in the β-band powers in the instructed direction. Moreover, to test 210 

whether the patients could control the β-band power according to the instructions as a 211 

group, the difference of the averaged β-band power during the two rest sessions was 212 

evaluated. For the down-training group, the difference was calculated as the power of 213 

pre-feedback session subtracted from that of post-feedback session (post − pre); for the 214 

up-training group, the power of the post-feedback session was subtracted from that of 215 

pre-feedback session (pre − post). By applying one-sample t-test to the differences, the 216 

t-value was calculated; a one-tailed permutation test was performed to examine the 217 

significance of the t-value by comparing it with a distribution of the t-values expected 218 

by chance. The chance distribution was obtained by randomly shuffling the powers of 219 

the two rest sessions for the same patient before taking their average, 10,000 times. The 220 
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effect of the feedback training on the symptoms was also evaluated in the same manner 221 

as the β-band power using the EMG powers, which were calculated from the EMG 222 

signals of the flexor digitorum superficialis and the extensor digitorum communis, and 223 

within the frequency range of 4–10 Hz. 224 

 225 

The relationship between the EMG power and the β-band power during feedback 226 

training was evaluated using Pearson’s correlation coefficient. For each patient, the 227 

correlation coefficient between the EMG and β-band power was calculated. Correlation 228 

coefficients expected by chance were also calculated by randomly shuffling the order of 229 

the power within each patient. The true and chance correlation coefficients were Fisher 230 

z-transformed and tested using a two-tailed unpaired t-test. 231 

 232 

Results 233 

The signals from the DBS electrodes implanted in the patients demonstrated 234 

characteristic β-band signals during the resting state. Figure 2 shows an example of the 235 

signals before the feedback training, and β-band oscillation was shown in the example. 236 
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The power spectra of the DBS electrodes were evaluated during the resting states before 237 

and after the feedback training. After the first recording of the resting state, we selected 238 

the pair of adjacent DBS contacts showing the greatest β-band power during the resting 239 

state for each patient (Table 1). The power spectra from these contacts showed peaks 240 

around the β band (13–30 Hz), as shown in Figure 3.  241 

 242 

The neurofeedback training induced changes in the β-band power of the selected DBS 243 

contacts. The representative example of the signals demonstrated that the characteristic 244 

frequency and the amplitude changed during the neurofeedback training (Figure 2). 245 

Figure 3 shows that the β-band power of the selected DBS contacts changed after the 246 

feedback training. For all patient except patients 5 and 7, the β-band power was 247 

significantly changed in the targeted direction after the 10-minute feedback, during 248 

which the radius of the black circle was controlled in proportion or in inverse proportion 249 

to the normalized β-band power in the STN evaluated online (p < .05, one-tailed 250 

unpaired t-test, Table 3a). Notably, for all patients in down-training group, the β-band 251 

power was significantly decreased after the training, whereas only two out of four 252 
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patients in the up-training group showed a significant increase in the β-band power. On 253 

the whole, the β-band power was significantly changed in the targeted directions after 254 

the feedback training (Figure 4; p = .009, one-tailed permutation test, Table 3b). The 255 

powers in other frequency bands—such as θ, α, low γ—did not, however, change 256 

significantly before and after the neurofeedback training (Figure 5). 257 

 258 

We recorded the EMG signals of the forearm contralateral to the selected contacts 259 

during the resting state. For patients 1, 2, and 3, the power spectrum of the EMG 260 

demonstrated peaks between 4 and 10 Hz, which corresponded to the tremor (Figure 6). 261 

Although the β-band power changed significantly in the targeted direction, the EMG 262 

power between 4 and 10 Hz measured from the contralateral hand to the selected 263 

contacts did not change consistently after feedback (p = .627, two-tailed permutation 264 

test, Table 3c; for EMG change of each patient, Figure 6). 265 

 266 

According to the patients’ reports after feedback training (Table 4), some patients tried 267 

to control the radius of the feedback circle through strategies relating to movement 268 
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intentions. However, we observed no apparent movements or EMG activity caused by 269 

movements during the feedback training, and there were no consistent relationships 270 

between the β-band power and the EMG power during the training (p = .466, two-tailed 271 

unpaired t-test, Table 3d). 272 

 273 

Discussion 274 

The β-band power of STN was demonstrated to be voluntarily modulated through 275 

feedback training by patients with Parkinson’s disease. Moreover, the induction of the 276 

alteration in the β-band power of STN was not significantly correlated to the motor 277 

intention during the training and the EMG power during the resting states.  278 

 279 

It should be noted that the β-band power was successfully decreased for all patients in 280 

the down-training group and for two out of four patients in the up-training group. The 281 

patients with Parkinson’s disease may have had difficulty increasing the β-band power 282 

during the resting state because the β-band power was already high due to the 283 

pathophysiology of the disease. 284 
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 285 

Although the β-band power during resting state was successfully changed by the 286 

feedback training, the patients’ symptoms, especially tremor, had no apparent change. 287 

The 10-minute feedback training might not be long enough to induce symptomatic 288 

alterations. Long-term effects of neurofeedback are expected with more frequent and 289 

longer feedback training using the adaptive DBS system that can transmit signals 290 

wirelessly. It might also be possible that the β-band power does not cause the tremor 291 

symptoms directly. Recent studies suggested that the phase-amplitude coupling between 292 

β-phase and high-γ amplitude in the primary motor cortex causes the characteristic 293 

tremor of Parkinson’s disease rather than the simple β-band power (de Hemptinne et al., 294 

2013; de Hemptinne et al., 2015). Neurofeedback training using the phase-amplitude 295 

coupling might improve this symptom. Neurofeedback training with online evaluation 296 

of the abnormal oscillation may be used to demonstrate the pathophysiological 297 

relationship between the abnormal oscillation and symptoms. 298 

 299 

In our experiments, we instructed patients to control the circle without moving their 300 
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bodies. Patients were unaware that the circle was related to the STN activities that are 301 

modulated by movement. However, one patient reported that he tried a strategy relating 302 

to limb movement. It is possible that patients involuntarily thought about movements 303 

during training, but failed to report these thoughts afterward (either because they forgot 304 

or they simply wished to conform to the instructions not to move the body). However, 305 

we did not observe any apparent movement during the feedback training, nor did we see 306 

a consistent correlation between β-band power in STN and forearm EMG power. Thus, 307 

the data indicate that explicit motor intention had little effect on controlling the 308 

feedback circle in this training, and our results demonstrate that the neurofeedback 309 

system was able to induce a significant alteration in the β-band power during a resting 310 

state regardless of the explicit movement intentions.  311 

 312 

Conclusion 313 

Our feedback training successfully demonstrated that the β-band power of the STN 314 

could be modulated to increase or decrease based on the patients’ voluntary control. The 315 

neurofeedback training may be an effective method for revealing the pathophysiological 316 
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role of the abnormal oscillations and for developing a novel treatment for Parkinson’s 317 

disease. 318 

 319 
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Figure Legends 416 

Figure 1. Feedback system overview. Signals from the DBS electrodes were acquired in 417 

real time. The radius of the black circle on the computer screen was controlled based on 418 

the β-band power of the acquired bipolar signals from adjacent contacts that were 419 

selected in the pre-feedback session. 420 

 421 

Figure 2. Representative DBS signals. DBS signals of patient 2 during pre-feedback 422 

session, and at the beginning and the ending of feedback session were shown. For 423 

higher readability, the signals were bandpass filtered between 4 and 80 Hz. 424 

 425 

Figure 3. Power spectra during pre- and post-feedback sessions. Blue and red lines 426 

denote the power spectrum of DBS signals during resting state before and after the 427 

feedback training, respectively. Shaded areas represent the estimated 95 % confidence 428 

interval of the power spectrum among 1-s time-windows. The horizontal line above the 429 

data curves shows the range of β-band used for feedback training. Frequency is shown 430 

on a log scale. 431 
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 432 

Figure 4. The difference in β-band power between the pre- and post-feedback sessions. 433 

The circular markers and red lines denote the down-training condition, whereas the 434 

square markers and blue lines indicate the up-training condition. 435 

 436 

Figure 5. Comparison of powers between the pre- and post-feedback sessions. In 437 

common frequency bands other than β-band, difference of powers between two sessions 438 

was shown. The circular markers and red lines denote the down-training condition, 439 

whereas the square markers and blue lines indicate the up-training condition. 440 

 441 

Figure 6. Power spectra of EMG during the pre- and post-feedback sessions. Solid and 442 

dashed lines denote the power spectra during resting state before and after the feedback 443 

training, respectively. Frequency is shown on a log scale. Each plot shows the patient ID 444 

in the title and the difference of β-band power at the selected DBS contacts in the 445 

post-feedback session compared to the pre-feedback session. The plots are ordered from 446 

left to right, then upper panels to lower panels, so that the differences of β-band power 447 
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are sorted in ascending order. 448 

 449 

  450 
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Table 1. Patients and feedback conditions. 451 

Patient ID 
Age (y) Duration  

of DBS (y) 
UPDRS-III (On) 

Feedback condition 

Sex Contacts Group 

1 
53 

11 27 Lt 1–2 Down-training 
M 

2 
70 

4 29 Lt 1–2 Down-training 
M 

3 
68 

6 7 Lt 1–2 Down-training 
F 

4 
52 

5 20 Lt 0–1 Down-training 
F 

5 
62 

4 26 Lt 0–1 Up-training 
F 

6 
66 

9 27 Rt 1–2 Up-training 
M 

7 
67 

9 82 Rt 1–2 Up-training 
F 

8 
66 

4 31 Rt 1–2 Up-training 
F 

UPDRS-III: Unified Parkinson’s Disease Rating Scale part III, Rt: Right, Lt: Left. 452 

  453 
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Table 2. DBS parameter settings. 454 

Patient ID Contacts Frequency [Hz] Pulse width [μs] Voltage [V] 

1 
Lt 1− 2− C+ 

130 
60 3.4 

Rt 2− 3− C+ 60 3.5 

2 
Lt 2− 3− C+ 

130 
90 3.0 

Rt 2− 3− C+ 90 2.4 

3 
Lt 2− C+  

60 
60 3.9  

Rt 0− C+ 90 3.8 

4 
Lt 0− 1− C+ 

60 
90 3.2 

Rt 0− C+ 90 3.2 

5 
Lt 1− C+ 

60 
90 4.1 

Rt 1− C+ 90 4.1 

6 
Lt 2− 3− C+ 

125 
60 2.7 

Rt 2− C+ 90 2.6 

7 
Lt 2− C+ 

60 
90 3.9 

Rt 2− C+ 90 4.0 

8 
Lt 2− 3− C+ 140 60 3.2 

Rt 1− 2− 3− C+ 130 90 2.8 

Rt: Right, Lt: Left. 455 

  456 
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Table 3. Statistical table. 457 

Data structure Type of test Statistics 

a 
Normal 

distribution 

One-tailed 

unpaired t-test 

Patient 1: t(598) = 3.286, p < .001 

Patient 2: t(598) = 2.762, p = .003 

Patient 3: t(598) = 3.013, p = .001 

Patient 4: t(598) = 4.644, p < .001 

Patient 5: t(598) = −1.241, p = .108 

Patient 6: t(338) = −3.852, p < .001 

Patient 7: t(598) = 0.743, p = .771 

Patient 8: t(598) = −1.763, p = .039 

b No assumption 
One-tailed 

permutation test 
p = .009 

c No assumption 
Two-tailed 

permutation test 
p = .627 

d 
Approximate 

normal distribution 

Two-tailed 

unpaired t-test 
t(14) = 0.749, p = .466 

 458 

  459 
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Table 4. Patients’ reports about feedback training. 460 

Patient ID Patients’ comments after training 

1 I tried to make the circle smaller by narrowing my eyes. 

2 (This patient did not report.) 

3 
Doing something hard, but not to the extent of moving my body, made the 

circle smaller. I think the circle became small. 

4 I was expecting the end of the task. I could not find any control strategy. 

5 
It seemed that narrowing my eyes made the circle smaller.  

I think I performed fairly well. 

6 

Movements of right limbs seemed to make the circle smaller.  

However, neither moving my eyes nor focusing on an emotion such as 

happiness or sadness changed the size of the circle.  

7 
I saw two fixation points.  

Attempting to merge the points into one made the circle smaller. 

8 
I have no idea how I could make the circle smaller; but I think the circle 

became small. I was expecting the end of the task. 

 461 














