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Materials and Methods 
The complete experiment consisted of 4 stages: pre-test (1 day), fMRI decoder 
construction (1 day), induction (decoded fMRI neurofeedback, 5 days for 4 subjects and 
10 days for 6 subjects), and post-test (1 day) stages (Fig. 1A). Different stages were 
separated by at least 24 hours. 
 
Subjects 
Sixteen naïve subjects (20 to 38 years old; 11 males and 5 females) with normal or 
corrected-to-normal vision participated in the study. All the experiments and data 
analyses were conducted in Advanced Telecommunications Research Institute 
International (ATR). The study was approved by the Institutional Review Board of ATR. 
All subjects gave written informed consents.  
 
Pre- and post-test stages 
Only behavioral data were collected in the pre- and post-test stages. Oriented Gabor 
patches (spatial frequency=1 cycle/deg, contrast=100%, sigma of its Gaussian filter=2.5 
deg, random spatial phase) were presented within an annulus subtending 0.75 to 5 deg 
from the center of a gray screen and were spatially masked by noise, which was 
generated from a sinusoidal luminance distribution, at a certain signal to noise (S/N) ratio 
(21). For example, in the case of 12% S/N ratio, 88% of pixels of a Gabor patch were 
replaced by noise. 
 Subjects’ discrimination performance for the Gabor patches was measured (Fig. 
1B) before (pre-test stage) and after (post-test stage) the induction stage (see below). In 
each trial, one of three Gabor orientations (10, 70, 130 deg; Fig. 1C for examples) was 
presented at one of four S/N ratios (4, 6, 8, 12%). The order of presentations of the 
orientations and S/N ratios was randomly determined and counterbalanced across trials. 
Throughout the task, the subjects were asked to fixate their eyes on a white bull’s-eye on 
a gray disc (0.75 deg radius) at the center of the display. Each trial started with a 750-ms 
fixation period. Then, a Gabor patch was presented for 300 ms, after which the subjects 
were given 2 sec to report which of 3 possible Gabor orientations was presented by 
pressing one of 3 buttons on a keyboard. After each trial, a 500-ms inter-trial interval was 
inserted, consisting of a blank gray background. A brief break period was provided after 
each run of 50 trials. The subjects conducted 600 trials on each day. The magnitude of 
performance improvement was defined as the performance in the pre-test subtracted from 
the performance in the post-test. 
 
FMRI decoder construction stage 
The purpose of the fMRI decoder construction stage was to obtain the fMRI signals 
corresponding to each of three actual orientations, which would then be used to compute 
the parameters for the decoder used in the later induction stage.  
 First, we measured subjects’ retinotopic maps to delineate visual cortical areas 
individually using a standard retinotopic method with blood-oxygen-level dependent 
(BOLD) signal (see elsewhere (22-24) for more details; see MRI parameters below). In 
addition, the subjects were presented with a reference stimulus to localize the retinotopic 
regions in V1/V2 corresponding to the visual field stimulated by the Gabor patches. The 
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reference stimulus was composed of a colored checkerboard pattern presented within an 
annulus subtending 1 to 4.75 deg from the center of a gray screen. We used a smaller 
annular region for the reference stimulus than for the Gabor patches to avoid selecting 
voxels corresponding to the stimulus edges, which may contain information irrelevant to 
orientation (25).  
 Next, we measured subjects’ BOLD signal patterns (see MRI parameters below) 
for the three Gabor orientations (10, 70, 130 deg) used in the pre- and post-test stages at 
50% S/N ratio. Throughout the fMRI run, the subjects were asked to fixate their eyes on a 
white bull’s-eye on a gray disc (0.75 deg radius) presented at the center of the display. 
The subjects conducted 240 trials in a total of ten fMRI runs. A brief break period was 
provided after each run upon subjects’ requests. 

 Each fMRI run consisted of 24 task trials (1 trial=12 sec; Fig. 1D), plus a 10-sec 
fixation period before the trials and 2-sec fixation after the trials (1 run=300 sec). The 
fMRI data for the initial 10 sec of each run were discarded due to possible unsaturated T1 
effects. Each task trial consisted of a stimulus period (6 sec) and a response period (6 
sec). At the beginning of each task trial, the color of the fixation point changed from 
white to green to indicate the start of the stimulus period, during which Gabor patches 
with one of the three orientations flashed at 1 Hz. Thus, during the stimulus period, the 
same Gabor orientation was presented 6 times. One of the three Gabor orientations was 
randomly assigned to each trial. In a half of 24 trials of each fMRI run, the spatial 
frequency of one of the flashing Gabor patches was slightly increased relative to the other 
5 Gabor patches. In the other half, the spatial frequency of the flashing Gabor patches did 
not change.  
 The stimulus period was followed by the response period, in which only the 
fixation point was presented. The color of the fixation point reverted to white. During the 
response period, the subjects were asked to respond as to whether there was any spatial 
frequency change in the Gabor patches presented in the prior stimulus period. The 
subjects were instructed to press the button with their right hand if they detected any 
spatial frequency change (for example, the second Gabor in Fig. 1D consists of a higher 
spatial frequency). If subjects did not detect any frequency change, they were instructed 
not to press the button. 
 Task difficulty was controlled according to subjects’ button responses using an 
adaptive staircase method (26) so that the task difficulty was kept constant throughout 
trials: the degree of spatial frequency change for the next trial was decreased by 0.02 Hz 
in the case of a correct detection (hit), and increased by 0.02 Hz in the case of a false 
alarm or miss. In the case of a correct rejection, the degree of spatial frequency change 
remained the same. The mean (±s.e.) degree of the spatial frequency change during the 
task was 0.1174±0.009 Hz, and the mean (±s.e.) task accuracy was 71.3±0.7% across the 
subjects. 
 Measured fMRI signals to Gabor orientations and to stimuli for retinotopy were 
preprocessed using BrainVoyager QX software. All functional images underwent 3D 
motion correction. No spatial or temporal smoothing was applied. Rigid-body 
transformations were performed to align the functional images to the structural image for 
each subject. A gray matter mask was used to extract fMRI data only from gray matter 
voxels for further analyses.  
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 We conducted a voxel-by-voxel conventional amplitude analysis (23, 24) to 
identify the retinotopic region of V1, V2, and the sub-region that corresponded to the 
reference stimulus within V1/V2 (the reference region). Once we identified the reference 
region, time-courses of BOLD signal intensities were extracted from each voxel in the 
reference region and shifted by 6 sec to account for the hemodynamic delay using the 
Matlab software. A linear trend was removed from the time-course, and the time-course 
was z-score normalized for each voxel in each run to minimize baseline differences 
across the runs. The data samples for computing the decoder were created by averaging 
the BOLD signal intensities of each voxel for 3 volumes corresponding to the 6-sec 
stimulus period. 
 We used a multinomial linear sparse logistic regression, which automatically 
selected the relevant voxels in the reference region within V1/V2 for decoding (27, 28), 
to construct a decoder for the induction stage. The input voxels were selected from the 
region of the 1.00 to 4.75 deg eccentricity within V1/V2. Thus, the voxels at the fovea 
and those that reflected stimulus edges were excluded from the analyses. Because of this 
exclusion and the usage of the Gabor stimulus with 5 deg radius, T-junctions were doubly 
avoided as a source of orientation information. We trained the decoder to classify a 
pattern of BOLD signals into one of three Gabor orientations (10, 70, 130 deg) using 240 
data samples obtained from 240 trials in the ten fMRI runs. As a result, the inputs to the 
decoder were the subjects’ moment-to-moment brain activations, while the outputs of the 
decoder represented the calculated likelihood of each Gabor orientation being presented 
to the subjects. The mean (±s.e.) number of voxels for decoding was 239±29 in V1/V2. 
 
Induction stage 
In the induction stage, which consisted of 5 or 10 daily sessions (but not necessarily 
consecutive), the subjects were instructed to regulate activation in the posterior part of the 
brain without any actual visual stimuli presented except for the central fixation point. 
Debriefing interviews conducted after the experiment confirmed that the subjects were 
naïve about the function of the posterior part of the brain. 
 During each neurofeedback day, subjects participated in up to 12 fMRI runs. The 
mean (±s.e.) number of runs in each day was 10.8±0.3 across days and subjects. Each 
fMRI run consisted of 15 trials (1 trial=20 sec) preceded by a 30-sec fixation period (1 
run=330 sec). The fMRI data for the initial 10 sec were discarded to avoid unsaturated T1 
effects. Throughout a run, the subjects were instructed to fixate their eyes on a white 
bull’s-eye at the center of a gray disc (0.75 deg radius) presented at the center of the 
display. After each run, a brief break period was provided upon a subject’s request. 
 Each trial (Fig. 1E) consisted of an induction period (6 sec), a fixation period (6 
sec), a feedback period (2 sec), and an inter-trial interval (6 sec) in this order. During the 
induction period, the color of the fixation point changed from white to green. No visual 
stimulus except the fixation point was presented during the induction period. The subjects 
were instructed to regulate the posterior part of their brains, with the goal of making the 
size of a solid green disc presented in the later feedback period as large as possible. The 
experimenters provided no further instructions or strategies. During the fixation period, 
the subjects were asked simply to fixate on the central point. This period was inserted 
between the induction period and the feedback period due to the known hemodynamic 
delay, which we assumed lasted 6 sec, during which V1/V2 activation patterns were 
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calculated in time for a green disc to be shown in the subsequent feedback period. During 
the feedback period, the green disc was presented for 2 sec. The size of the disc presented 
in the feedback period represented how much a momentary BOLD signal pattern in 
V1/V2 obtained in the prior induction period corresponded to the pattern induced by the 
presentation of the real and specific targeted Gabor orientation, collected through the 
above-mentioned fMRI decoder construction stage. The green disc was always enclosed 
by a larger green concentric circle (5 deg radius), which indicated the disc’s maximum 
possible size. The feedback period was followed by an inter-trial interval that lasted 6 
sec, during which the subjects were asked to fixate on a central white point. This period 
was followed by the start of the next trial. 
 The target Gabor orientation was randomly selected from one of the three 
orientations (10, 70, 130 deg) and assigned to each subject without informing the subjects 
about the assigned target orientation. The remaining two orientations were rotated from -
60 deg and +60 deg from the target orientation. The size of the disc presented during the 
feedback period was computed during the fixation period in the following manner. First, 
measured functional images during the induction period underwent 3D motion correction 
using Turbo BrainVoyager. Second, time-courses of BOLD signal intensities were 
extracted from each of the voxels identified in the fMRI decoder construction stage, and 
were shifted by 6 sec to account for the hemodynamic delay. Third, a linear trend was 
removed from the time-course, and the BOLD signal time-course was z-score normalized 
for each voxel using BOLD signal intensities measured for 20 sec starting from 10 sec 
after the onset of each fMRI run. Fourth, the data sample to calculate the size of the disc 
was created by averaging the BOLD signal intensities of each voxel for 6 sec in the 
induction period. Finally, the likelihood of each orientation was calculated from the data 
sample using the decoder computed in the fMRI decoder construction stage. The size of 
the disc was proportional to the likelihood (ranging from 0 to 100%) of the target 
orientation assigned to each subject. The target orientation was constant throughout the 
induction stage.  
 In addition to a fixed amount of the compensation for participation in the 
experiment, a bonus of up to $30 was paid to the subjects based on the mean size of the 
disc in each day. 
 
After post-test stage 
When the subjects were asked what they tried to do to increase the size of the feedback 
disc, the most common reply was: “I tried various things since I had no idea of the correct 
way”. The strategies each subject reported to use were as follows: 
Subject 1 “ I tried to remember various scenes from one famous animated movie.” 
Subject 2 “I tried to remember various things that had happened yesterday, or to image I 
am moving my fingers.” 
Subject 3 “I tried to keep switching my attention between the two eyes or to imagine a 
big green disc.” 
Subject 4 “I tried to focus my attention on the fixation point at the center of the display.” 
Subject 5 “I tried to obtain and keep an image of a big green disc.” 
Subject 6 “I tried to keep my attention on the back part of my brain.” 
Subject 7 “I tried to focus my attention on the color of the fixation point at the center of 
the display.” 
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Subject 8 “I tried to imagine a big green disc.” 
Subject 9 “I tried to imagine a big green disc.” 
Subject 10 “I tried to remember old memories or to perform numerical calculation.” 
 
Apparatus and stimuli 
Visual stimuli were presented on a LCD display (1024 × 768 resolution, 60 Hz refresh 
rate) during the pre- and post-test stages and via a LCD projector (1024 × 768 resolution, 
60 Hz refresh rate) during fMRI measurements in a dim room. All visual stimuli were 
made using Matlab and Psychtoolbox 3 (29) on Mac OS X. 
 
MRI parameters 
The subjects were scanned in a 3T MR scanner with a head coil in the ATR Brain 
Activation Imaging Center. Retinotopy, fMRI signals for the fMRI decoder construction 
and induction stages were acquired using a gradient EPI sequence. In all fMRI 
experiments, 33 contiguous slices (TR=2 sec, voxel size=3 × 3 × 3.5 mm3, 0 mm slice 
gap) oriented parallel to the AC-PC plane were acquired, covering the entire brain. For an 
inflated format of the cortex used for retinotopic mapping and an automated parcellation 
method (30), T1-weighted MR images (MP-RAGE; 256 slices, voxel size=1 × 1 × 1 
mm3, 0 mm slice gap) were also acquired during the decoder construction stage. 
 
Control experiment 
The purpose of the control experiment was to test whether participating in the pre- and 
post-test stages alone was sufficient to improve subjects’ discrimination performance, 
without an induction stage. Thus, the control experiment consisted only of the pre- and 
post-test stages. The procedure was otherwise identical to that of the main experiment. 
Since the average interval between the pre- and post-test stages in the main experiment 
with 10-day induction stage was 28 days, the interval between the pre- and post-test 
stages in the control experiment was also set to this length.  
 
Offline tests 
We conducted two offline tests for the following 5 additional brain areas: V3, V4, the 
intraparietal sulcus (IPS), the lateral prefrontal cortex (LPFC), and the combined region 
from V3 to LPFC. Localizations of V3 and V4 were determined based on individual 
retinotopic maps. Localizations of IPS and LPFC were determined based on anatomical 
landmarks derived from an automated brain parcellation method (30). LPFC was 
anatomically defined as the middle frontal gyrus plus the inferior frontal sulcus. 

In the first offline test, a sparse linear regression (31) was applied to predict a 
neurofeedback signal (i.e., likelihood of the target orientation in V1/V2 during the 
induction stage) from an activation pattern in each of the 5 areas mentioned above for 
each trial of the induction stage, and an activation pattern from the V1/V2 itself as a 
control. Note that the output of the sparse logistic regression decoder (i.e., likelihood of 
the target orientation in V1/V2; ranging from 0 to 100%) had been computed using a 
non-linear function (logistic function) (28). Thus, before applying the sparse linear 
regression for each area, the likelihoods in V1/V2 were linearized using an arc hyperbolic 
tangent function. A predicted value was obtained as the linearly weighted sum of the 
voxel activities in each area. Prediction accuracy was defined as a coefficient of 
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determination and evaluated by a leave-one-day-out cross validation procedure. That is, 
the pair of the V1/V2 likelihoods and the activation patterns for each area measured on 
one day during the induction stage were treated as the test data while those measured on 
the remaining days were used for training the sparse linear regression decoder to predict 
trial-by-trial likelihoods in V1/V2. Five or ten cross-validation sets were generated. A 
coefficient of determination here indicates the proportion of variability in the likelihoods 
on a trial-by-trial basis in V1/V2 that is explained by voxel activities in each area. The 
coefficient of determination for each area was first averaged over the cross-validation sets 
and then across the subjects and is shown in Fig. S9A. The coefficient for V1/V2 itself 
was 71% and high, but those for the other 5 areas were les than 5%. The numbers of 
voxels selected by the sparse algorithm to obtain the predicted values were 371±32 
(V1/V2), 203±13 (V3), 259±11 (V4), 629±24 (IPS), and 812±67 (LPFC), respectively. 

In the second offline test, we constructed five multinomial sparse logistic 
regression decoders (28) for V3, V4, IPS, LPFC, and the combined region from V3 to 
LPFC. The entire procedure was the same as described for the fMRI decoder construction 
stage in the main text. Using the same procedure as for V1/V2, decoding accuracy was 
evaluated using a leave-one-run-out cross validation procedure for each of the 5 areas. 
Ten cross-validation sets were generated for each area, and accuracies for the sets were 
first averaged over the cross-validation sets and then across the subjects. Fig. S9B shows 
the results of these 5 areas as well as that from V1/V2 as a control. The numbers of 
voxels selected by the sparse algorithm for decoding were 239±29 (V1/V2), 178±25 
(V3), 194±15 (V4), 235±30 (IPS), and 223±13 (LPFC), respectively. 
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Fig. S1. Performance of a decoder for V1/V2. A leave-one-run-out cross validation 
procedure (28) confirmed that the decoder successfully predicts the Gabor orientations 
presented to the subjects based on the fMRI datasets measured in the fMRI decoder 
construction stage. The mean accuracy (±s.e.) for each orientation was significantly 
higher than the 33% chance level (t(9)>6.98, P<10-4). 
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Fig. S2. The mean (±s.e.) likelihood of each of three orientations in the first 30 trials of 
the first day in the induction stage. 
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Fig. S3. Results of decoding analysis to the overall mean activation pattern. We also 
applied the same decoder to the overall mean activation pattern, rather than trial-by-trial 
activation patterns, in V1/V2 during the induction stage for each subject. Consistent with 
the results of trial-by-trial decoding, the mean target-orientation likelihood was 
significantly higher than chance level (t(9)=2.69, P=0.02). 
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Fig. S4. The percentages of orientations chosen as the target orientation by subjects. The 
percentages were statistically undistinguishable from what would be expected from 
chance (Chi-square test, χ2=0.20, P=0.90). 



 
 

12 
 

 

Fig. S5. The mean (±s.e.) d’ improvements for the target orientation at 6% S/N ratio. 
Significant improvements were found for both subjects who participated in 5-day 
induction stage (left, t(3)=3.38, P=0.04) and the subjects in 10-day induction stage (right, 
t(5)=5.36, P<10-2). No significant difference was found between the two groups (left, 
t(8)=1.81, P=0.11). 
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Fig. S6. Results of the pre- and post-tests in the control experiment (n=6) with no 
induction stage. This plot shows the mean (±s.e.) discrimination accuracies across 10 deg, 
70 deg, and 130 deg in the pre- and post-tests as a function of the S/N ratio. Two-way 
(test stage x S/N ratio) ANOVA with repeated measures indicate no significant effect of 
test stage (F(1, 5)=3.25, P=0.13) or interaction of test stage and S/N ratio (F(3, 15)=1.71, 
P=0.21). 
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Fig. S7. Histograms of decoder weights for the target orientation in V1/V2 voxels for 
each subject. Multinomial sparse logistic regression automatically selected relevant 
voxels, which were informative (decoder weights not being zero) to decode the Gabor 
orientations, based on fMRI datasets in the fMRI decoder construction stage. The 
histograms show that about 13% of voxels were assigned to non-zero decoder weights, 
which were distributed to both positive and negative values. Thus, the high likelihoods 
computed for the target orientations cannot be obtained simply by increasing global 
activation in V1/V2. 
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Fig. S8. The mean (±s.e.) number of voxels that showed significant activation during the 
induction stage. On average, 85 voxels were assigned to non-zero weight (black bar), and 
52 of those voxels had significant activation (white bar; t-test, P<0.05, corrected by the 
number of voxels). Approximately, half of the significant voxels were activated 
positively (red bar) while the other half were activated negatively (blue bar). 



 
 

16 
 

 

Fig. S9. Results of two offline tests. (A) The mean (±s.e.) coefficient of determination 
(goodness of fits between the likelihood in V1/V2 and its predicted value for each area, 
multiplied by 100) for the sparse-linear-regression prediction by each of activation 
patterns in V3, V4, intraparietal sulcus (IPS), lateral prefrontal cortex (LPFC), and V3-
LPFC combined region during the induction stage, and from the V1/V2 itself as a control. 
The mean coefficients of determination were less than 5% in the 5 areas other than 
V1/V2. (B) Performance of a multinomial sparse regression decoder for each of the 6 
areas including V1/V2 in the fMRI decoder construction stage. Two-way (orientation x 
area) ANOVA with repeated measures showed significant effect of area (F(5, 45)=15.01, 
P<10-4) but no significant effect of orientation (F(2, 18) = 1.70, P = 0.21) and interaction 
between area and orientation (F(10, 90)=1.19, P=0.31) on decoding accuracies. Thus, the 
accuracies for the 3 orientations were averaged. Results indicated that the decoder 
successfully predicted the Gabor orientations presented to the subjects based on the fMRI 
datasets measured in the fMRI decoder construction stage for the areas V1/V2 (t(9)=6.98, 
P=10-4), V3 (t(9)=6.25, P < 10-3), V4 (t(9)=4.42, P<10-2), IPS (t(9)=7.50, P<10-4), LPFC 
(t(9)=2.69, P=0.02), and V3-LPFC combined region (t(9)=4.81, P<10-3). 
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