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Neurofeedback Training Induces Changes
in White and Gray Matter

J. Ghaziri1, A. Tucholka2, V. Larue1, M. Blanchette-Sylvestre1,
G. Reyburn1, G. Gilbert2, J. Lévesque1, and M. Beauregard1,2,3

Abstract
The main objective of this structural magnetic resonance imaging (MRI) study was to investigate, using diffusion tensor imaging,
whether a neurofeedback training (NFT) protocol designed to improve sustained attention might induce structural changes in
white matter (WM) pathways, purportedly implicated in this cognitive ability. Another goal was to examine whether gray matter
(GM) volume (GMV) might be altered following NFT in frontal and parietal cortical areas connected by these WM fiber pathways.
Healthy university students were randomly assigned to an experimental group (EXP), a sham group, or a control group.
Participants in the EXP group were trained to enhance the amplitude of their b1 waves at F4 and P4. Measures of attentional
performance and MRI data were acquired one week before (Time 1) and one week after (Time 2) NFT. Higher scores on visual
and auditory sustained attention were noted in the EXP group at Time 2 (relative to Time 1). As for structural MRI data, increased
fractional anisotropy was measured in WM pathways implicated in sustained attention, and GMV increases were detected in
cerebral structures involved in this type of attention. After 50 years of research in the field of neurofeedback, our study
constitutes the first empirical demonstration that NFT can lead to microstructural changes in white and gray matter.

Keywords
neurofeedback, structural magnetic resonance imaging, white matter, gray matter, sustained attention
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Introduction

Neurofeedback is an operant conditioning procedure in which

individuals learn to recondition their brain activity. There is

mounting evidence that EEG-based NFT can improve atten-

tional performance in individuals with attention deficit hyperac-

tivity disorder (ADHD).1,2 With respect to this issue, we have

previously demonstrated, in children with ADHD, that increas-

ing b1 frequency band (through NFT) can enhance the activity

in brain regions involved in various attentional processes.3,4

To date, a few EEG investigations have shown that b
activity is associated with sustained attention.5,6 This construct

refers to the top-down cognitive ability to maintain attention to

a specific stimulus or location over prolonged periods of time.7

Clinical studies indicate that damage to frontal and parietal

areas, primarily but not exclusively in the right hemisphere,

leads to sustained attention impairment.8

Findings from the recent diffusion tensor imaging (DTI) stud-

ies suggest that cognitive training can induce measurable

changes in white matter architecture. For instance, Takeuchi and

colleagues9 have shown in young, healthy individuals that work-

ing memory training can increase fractional anisotropy (FA)—

which is thought to reflect microstructural properties of WM

such as myelination, axon caliber, and fiber density10—in WM

areas adjacent to brain regions critically involved in this form

of memory. In addition, Lee et al.11 have found that long-term

trained Baduk players, relative to inexperienced controls, exhibit

increased FA values in brain areas implicated in cognitive func-

tions required to play this Korean game.

Along the same lines, there is also evidence that cognitive

training can lead to structural GM changes. In regard to this

question, Ceccarelli et al12 scanned 32 students at baseline, and

after 2 weeks using MRI. The students were divided into 2

groups, 13 defined as ‘‘students in cognitive training’’ (ie, they

underwent a 2-week learning period) and 19 ‘‘students not in

1 Centre de Recherche en Neuropsychologie et Cognition (CERNEC),
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cognitive training’’ (ie, they were not involved in any learning

activity). The GM changes were measured using tensor-based

morphometry. At follow-up, the students in cognitive training

compared to students not in cognitive training, had a significant

GMV increase in cortical regions involved in cognition. This

finding indicates that cognitive learning produces short-term

structural changes in brain’s GM.

In view of the results of the neuroimaging studies conducted

by Ceccarelli et al.12, Lee et al.11 and Takeuchi et al.9, we

decided to perform an exploratory MRI study to investigate

whether a NFT protocol designed—in principle—to improve

sustained attention might induce structural changes in WM

pathways, purportedly implicated in this cognitive ability. The

FA values of these pathways were assessed using DTI. A sec-

ondary objective of this study was to examine whether GMV

might be altered following NFT in frontal and parietal cortical

areas connected by these WM fiber pathways. Voxel-based

morphometry (VBM) was used to address this issue.

Materials and Methods

Participants

Thirty students from University of Montreal (mean age: 22.2;

standard deviation [SD]: 2.4; range: 18-30), with no history

of neurological or psychiatric disorders, were recruited. Partici-

pants were randomly assigned to an experimental group

([EXP], NFT; n ¼ 12, 9 females; mean age: 22.4; SD: 1.6), a

sham group ([SHAM], n ¼ 12, 9 females; mean age: 22.0;

SD: 3.1), or a control group ([CON]; to control for the passage

of time; n ¼ 6, 3 females; mean age: 20.7; SD: 1.0).

The NFT Protocol

Participants in the EXP group were trained to enhance the

amplitude of their b1 activity (15-18 Hz) in the right

hemisphere. A double channel montage was used with a total

of 5 electrodes, 1 on each ear lobe, the ground electrode on the

tragus, and the 2 main electrodes at F4 and P4. According to the

3-dimensional (3D) probabilistic anatomical craniocerebral

correlation via the international 10/20 System, F4 corresponds

to the right middle and superior frontal gyri, while P4

corresponds to the right superior parietal lobule (SPL).13 The

relevant frequencies were extracted from EEG recordings and

fed back, using an audiovisual online feedback loop in the form

of a video game. A sampling rate of 128 Hz with 2-second

epochs was utilized. The NFT was conducted over a period

of 13.5 weeks (40 sessions, 3 training sessions per week). Each

session was subdivided in 10 tryouts of 3 minutes (first 20 first

sessions) and 6 tryouts of 5 minutes (last 20 sessions). Each

session lasted for 30 minutes. The NFT was provided using the

Procomp 2 and Biograph software (version 5.1.2, Thought

Technology Ltd, Montreal, Canada).

Before starting the sessions, the impedance of the electrodes

was checked and had to be below 5 kΩ. Sessions started with a

1-minute recording at rest that was used as a comparison mea-

sure and as an objective to beat during the tryouts. This

procedure was also used to determine the training threshold.

On the computer screen, 2 columns were displayed, represent-

ing the EEG activity of the electrodes at F4 and P4, respec-

tively. Participants could choose a song and an animated

image from a list, which were later used as feedback informa-

tion. On the left side of the screen, F4 feedback was shown, and

when the activity was above the threshold, the column turned

green and the animation was played; when the activity was

under the threshold, the column turned red and the animation

was stopped. The P4 feedback was provided on the right side

of the screen. When the activity was above the threshold, the

column turned green and the song was played; when the

activity was under the threshold, the column turned red and the

song stopped playing. Participants had to find their own mental

strategies to self-regulate their EEG activity. During each

session, technicians motivated participants and gave them tips

regarding their progression after each tryout. Depending on the

participants’ results, the animation could be changed and the

threshold could be increased to keep the NFT demanding.

The sham NFT was also conducted over a period of 13.5

weeks (40 sessions, 3 training sessions per week). Participants

in the SHAM group were trained following the exact same pro-

tocol as the NFT group, except that they received the feedback

of registered sessions from members of the EXP group (each

member of the SHAM group was randomly paired to a member

of the EXP group). Technicians also motivated the participants

in both the EXP and the SHAM groups. Participants in both the

EXP and the SHAM groups were asked not to consume coffee,

tea, or energy drinks at least 3 hours before NFT. Participants in

the CON group did not receive any intervention.

The MRI Data Acquisition

We acquired the data on a 3-T Achieva scanner (Philips, the Neth-

erlands). The diffusion-weighted images were acquired with a

single-shot spin-echo echo-planar pulse sequence (TR ¼ 7.96

milliseconds; TE ¼ 77 milliseconds; flip angle ¼ 90�; slices ¼
68; field of view¼ 230 mm; matrix¼ 128� 126; voxel resolution

¼ 1.8 mm � 1.8 mm � 1.8 mm; readout bandwidth ¼ 19.6 Hz/

pixels; echo-planar imaging direction bandwidth ¼ 1572.5 Hz;

8-channel head coil; SENSE acceleration factor ¼ 2). One pure

T2-weighted image (b¼ 0 second/mm2) and 60 images with non-

collinear diffusion gradients (b ¼ 1500 second/mm2) were

obtained. In addition, T1-weighted images were acquired using

3D T1 gradient echo (scan time¼ 8.11 minutes; TR¼ 8.1 milli-

seconds; TE ¼ 3.8 milliseconds; flip angle ¼ 8�; slices ¼ 176;

voxel size ¼ 1 mm � 1 mm � 1 mm). The MRI data were

obtained at Time 1 (ie, 1 week before the beginning of NFT or

sham treatment) and Time 2 (ie, 1 week after the end of NFT or

sham treatment).

White Matter/Diffusion Data

Data were preprocessed, using the Diffusion Toolbox (FDT,

v.2.0) from the FSL package (version 4.1, www.fmrib.ox.ac.

uk/fsl). Diffusion data were corrected for eddy-current
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distortions and head motion using affine registration to the

nondiffusion-weighted volume (b ¼ 0). Brain extraction tool

(BET)14 was used to remove nonbrain tissue (ie, skull and

scalp15) from the nondiffusion-weighted volume and to create

a brain mask. The FA map was obtained by fitting a tensor

model to the corrected diffusion data at each voxel.

Voxel-wise analysis of multiparticipant diffusion data was

performed using Tract-Based Spatial Statistics.16 First,

nonlinear registration was applied on all FA images to a 1 �
1 � 1 mm standard space. The target image was automatically

chosen from the most representative participant in the study. It

was then affined-aligned into the Montreal Neurological

Institute (MNI)152 standard space. Next, every image was

transformed by combining the nonlinear transform to the target

FA image with the affine transform from that target to MNI152

space. Mean FA was thresholded to >0.2 to remove non-WM

tissues. The resulting image was then skeletonized to represent

the most common WM pathways. The skeletonization proce-

dure aimed at improving the interindividual WM registration.

Then the FA map of each participant was projected on the

mean-FA skeleton, resulting in a 4-dimensional skeletonized

FA image. Next, for each group, the data acquired at Time 1

and Time 2 were compared, using voxel-wise cross-

participant statistics with a paired t test within the FSL rando-

mize tool (version 2.1, 5000 permutations). Correction of mul-

tiple comparisons was carried out using the threshold-free

cluster enhancement (TFCE) method.17

A mask separating the WM pathways was manually created

with ITK-SNAP (www.itksnap.org)18, using the FA-skelet

onized data. P values were then extracted for each WM tract.

The pathways were identified, using FSLview integrated

atlases JHU ICBM-DTI81 White-Matter Labels and JHU

White-Matter Tractography Atlas. We also utilized anatomist

from the BrainVisa toolbox (www.brainvisa.info) and home-

made scripts for verification and visualization.

The WM pathways of interest were those purported to be

involved in attentional processes. The pathways connect the fron-

toparietal networks (eg, superior longitudinal fasciculus [SLF],

inferior longitudinal fasciculus [ILF], and cingulum bundle

[CB]), or are implicated in interhemispheric processing within

parietal areas (eg, splenium of the corpus callosum [SCC]).19,20

Gray Matter/VBM

The GM analysis was conducted using FSL-VBM, a VBM

style analysis21,22 with FSL tools.23 Structural images were

brain-extracted using BET.14 Segmentation was then carried

out using FAST4.24 The resulting GM partial volume images

were then aligned to the MNI152 standard space using the

affine registration tool FLIRT,25,26 which was followed by a

nonlinear registration using FNIRT27,28 (this program uses a

b-spline representation of the registration warp field29). Images

were then averaged to create a study-specific template, to

which the native GM images were then nonlinearly

reregistered. The registered partial volume images were then

modulated (to correct for local expansion or contraction) by

dividing using the Jacobian of the warp field (this procedure

allows to compare the absolute amount of tissue). The modulated

segmented images were then smoothed with an isotropic Gaus-

sian kernel (full width at half maximum¼ 7 mm). Finally, regions

were extracted from FreeSurfer gyri atlas30,31 and a voxel-wise

GLM TFCE-based analysis, permutation-based nonparametric

testing (5000 permutations), and correction for multiple compar-

isons across space. A homemade script was then used to extract

the number of significant voxels in each region. For each group,

GMV changes between Time 1 and Time 2 were assessed using

a paired t test. Based on previous studies, and given the explora-

tory nature of the present investigation, a lower height threshold

(P < .05 cluster uncorrected for whole brain, minimum cluster

size: 5 or more voxels) was accepted for the following regions

of interest: inferior, middle, and superior frontal gyri; SPL; infer-

ior and superior temporal gyri; and thalamus (THAL). These cor-

tical regions were selected on the basis of their previously

demonstrated involvement in sustained attention and the location

of the training electrodes.

Measurement of Attentional Performance

The attentional performance of all participants was assessed at

Time 1 and Time 2 using the Integrated Visual Auditory (IVA)

continuous performance test (BrainTrain, 727 Twin Ridge Lane,

Richmond, Virginia32). This computerized, continuous test mea-

sures mostly sustained attention and combines 2 types of contin-

uous performance subtests for visual and auditory modalities.

During the IVA, ‘‘1’’s and ‘‘2’’s were presented in a pseudoran-

dom combination of visual and auditory stimuli. The participants

were requested to click the computer mouse only when they heard

or saw the target (the number 1), and not to click when they saw or

heard the nontarget item (the number 2). This test lasted for 15

minutes. For each group of participants, the scores on the IVA

at Time 2 and Time 1 were compared using a paired t test.

Results

The IVA Data

In the EXP group, the scores on the IVA full scale attention

quotient (which is based on measures of both visual and

auditory attention) significantly increased at Time 2, compared

to Time 1 (P < .005). Scores on auditory attention were also

significantly higher (P < .005) following NFT. For participants

in the SHAM group, scores on visual attention were greater

(P < .005) at Time 2 relative to Time 1. No difference in

attentional performance was noted at Time 2, compared to

Time 1, for members of the CON group.

The FA Changes in WM Pathways Following NFT

With respect to DTI data, in the EXP group, comparisons

between Time 2 and Time 1 scans revealed significant

increases in FA in the right CB (x ¼ 12, y ¼ �11, z ¼ 31;

P < .05 corrected), right anterior corona radiata (ACR; x ¼
24, y ¼ 22, z ¼ 20; P < .05 corrected), and the SCC (x ¼
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�14, y ¼ �26, z ¼ 27; P < .05 corrected). Increased FA was

also measured in the left SLF (x ¼ �33, y ¼ �9, z ¼ 33;

P < .05 corrected), left ILF (x ¼ �26, y ¼ �58, z ¼ 33; P <

.05 corrected), left anterior limb of the internal capsule (ALIC;

x ¼ �20, y ¼ 15, z ¼ 10; P < .05 corrected), and left CB (x ¼
�20, y ¼ �52, z ¼ 35; P < .05 corrected; see Figure 1).

Post hoc analyses revealed positive correlations between

enhanced visual attention score and increases in FA in the left

SLF (r ¼ .68, P < .05) and the left ALIC (r ¼ .66, P < .05).

In SHAM and CON groups, no significant change in FA was

measured at Time 2, relative to Time 1, with regard to

WM pathways.

The GMV Alterations Related to NFT

At Time 2 compared to Time 1, significant GMV increases

were found in the EXP group in the right middle frontal gyrus

(MFG; x¼ 26, y¼ 32, z¼ 50; Brodmann area [BA] 9; P < .01;

size: 5 voxels; and x¼ 48, y¼ 2, z¼ 52; BA 6; P < .01; size: 7),

right inferior temporal gyrus (ITG; x ¼ 50, y ¼ �26, z ¼ �32;

BA 20; P < .01; size: 8), right middle occipital gyrus (MOG;

x¼ 46, y¼�86, z¼�10; BA 19; P < .01; size: 132), and right

THAL (x ¼ 16, y ¼ �22, z ¼ 18; P < .05; size: 99). Increased

GMV was also noted in the left superior frontal gyrus (SFG;

x ¼ �22, y ¼ 8, z ¼ 68; BA 6; P < .01; size: 12), left inferior

frontal gyrus (IFG; x ¼ �54, y ¼ 28, z ¼ �6; BA 47; P < .01;

size: 238), left superior temporal gyrus (STG; x¼�50, y¼ 16,

z¼ �6; BA 22; P < .01; size: 190), and left SPL (x¼�28, y¼
�86, z ¼ 42; BA 7; P < .01; size: 19; see Figure 2).

In SHAM group, GMV increases were measured in the right

MFG (x ¼ 34, y ¼ 52, z ¼ 28; BA 10; P < .01; size: 79) and

SFG (x¼ 10, y¼ 14, z¼ 72; BA 6; P < .01; size: 13). Increased

GMV was also detected in the left MFG (x ¼ �42, y ¼ 50, z ¼
16; BA 10; P < .01; size: 28), left cuneus (x ¼ �12, y ¼ �106,

z ¼ 4; BA 18; P < .01; size: 222), and left THAL (x ¼ �4,

y ¼ �6, z ¼ 12; P < .01; size: 77; see Figure 3).

No change in GM was noted for members of the CON

group.

Discussion

In agreement with the results of our previous studies,3,4

increasing b1 frequency band via NFT significantly enhanced

visual and auditory sustained attention performance (as

measured with the IVA). This finding provides further support

for the view that there is a functional relationship between b1

Figure 1. Significant increase in fractional anisotropy ([FA] displayed in red-yellow) in white matter pathways following neurofeedback training
(NFT). The horizontal background T1-weighted images are sections of the MNI template shown in radiological convention.
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activity and sustained attention.5,6 It is noteworthy that scores on

sustained visual attention increased at Time 2, relative to Time 1,

in the SHAM group. No difference in attentional performance

was noted at Time 2, compared to Time 1, in the CON group.

Given this, it seems likely that this improvement in sustained

visual attention is related to the fact that for approximately 20

hours, participants in the SHAM group had to undergo a

perceptual-cognitive ‘‘training’’, consisting of staring at the

computer screen and staying focused with respect to the anima-

tion displayed on that screen. The members of this group also

received hours of personal coaching to pay attention visually.

Increased FA values of the right CB, right ACR, and SCC

were found in the EXP group following NFT. The results are

particularly striking considering that these WM pathways are

known to be associated with sustained attention.33–35 The CB

connects the anterior cingulate cortex with the dorsolateral pre-

frontal cortex (DLPFC) and the posterior portion of the parietal

cortex. Relative to healthy controls, smaller FA values have

been reported in the CB in adults with childhood ADHD.36

Moreover, decreased FA has been found in the ACR—which

connects the frontal cortex and the brainstem—in children and

adolescents with this developmental disorder.37,38 As for the

SCC, this tract may be implicated in the coordination of inter-

hemispheric processing across parietal areas that are part of

attention networks.20 A volumetric reduction of this posterior

area of the corpus callosum is one of the most consistent find-

ing in children with ADHD.39 In addition, DTI studies have

reported lower FA in the SCC in individuals with ADHD,

compared to healthy people.38

In the left hemisphere, NFT also led to increased FA in the

CB, SLF, ILF, and ALIC. Furthermore at Time 2, positive

correlations were found between enhanced visual attention

scores and increases in FA in the left SLF and left ALIC. These

results might seem a bit peculiar at first blush. Indeed, frontal

and parietal cortical areas, located predominantly in the right

hemisphere, have been most frequently found to be activated

in response to sustaining attention tasks in visual, auditory, and

somatosensory modalities.7,8 Nonetheless, there is electrophy-

siological (EEG),40 clinical neuropsychological,41 and func-

tional neuroimaging data (see the references below) indicating

that the left hemisphere is implicated in sustained attention.

The SLF and ILF are putatively involved in the transmission

of information between frontal and posterior areas of the

brain.34 Anatomically, the SLF runs between superior frontal

and parietal areas. This pathway is believed to provide a means

enabling the prefrontal cortex to supervise the allocation of

attentional ressources.42 In regard to the ILF, this tract traverses

frontotemporal and occipitoparietal regions and is part of the

visual attentional network. In regard to the ALIC, this pathway

contains fibers connecting the THAL with the DLPFC.43

Recently, a DTI study conducted in healthy participants

demonstrated a positive correlation between FA values in the

ALIC and performance on a sustained attention task.19 More-

over, in line with the results of the present study, other DTI

investigations carried out in individuals with ADHD have evi-

denced significantly reduced FA values, in the left hemisphere,

in the CB, SLF, ILF, and ALIC.37,38,44,45

As already noted, F4 corresponds to the right middle and

superior frontal gyri, whereas P4 corresponds to the right pos-

terior superior area of the parietal lobe, according to the 3D

probabilistic anatomical craniocerebral correlation.13 Because

of this, it is conceivable that the simultaneous training of b1

activity at F4 and P4 in the EXP group stimulated neuronal

communication between frontal and parietal regions within the

right hemisphere and between homologous frontal and parietal

regions in both the hemispheres.

Following NFT, GMV increases were found in the EXP

group in the right (MFG BA 9, inferior temporal gyrus (ITG)

Figure 2. Increases in gray matter volume (GMV) found in the experimental (EXP) group following neurofeedback training (NFT).
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BA 20, MOG BA 19, THAL) and left (SFG BA6, IFG BA 47,

STG BA 22, SPL BA 7) hemispheres. Interestingly, these brain

regions have been shown activated, in the right and/or left

hemispheres, during various types of sustained attention

tasks.46–54 The MFG and the SFG may mediate attentional con-

trol,7 whereas the IFG and the THAL may be linked to the reg-

ulation of vigilance. Other lines of evidence suggest that the

ITG plays a crucial role in the analysis complex images,55

whereas the STG seems to be involved in auditory sustained

attention.53 As for the SPL, it has been proposed that this com-

ponent of the posterior attentional system is associated with

visual vigilance.46,49

Intriguingly, at Time 2 compared to Time 1, GMV increases

were detected in the SHAM group in the right MFG (BA 10),

right SFG (BA 6), left MFG (BA 10), left cuneus, and left

THAL. It appears reasonable to assume that these GMV

increases were somehow related to the perceptual and cognitive

processes associated with the sham procedure, and to personal

coaching of visual attention. It should be noted here that the

GMV changes seen in the SHAM group were not as robust

or extensive as those observed in the EXP group. Furthermore,

the fact that the sham condition produced GM and performance

changes in the direction of the experimental effects, suggests

that it may be difficult to isolate the impact of NFT protocols

in randomized controlled trials.

A recent investigation showed that EEG-based NFT can

lead to changes in human cortical excitability.56 Given this, the

NFT protocol used in this study might have enhanced neural

transmission in networks mediating sustained attention. It has

been proposed that alterations in WM microstructural proper-

ties might support cognitive enhancement by changing conduc-

tion velocity.57 Additionally, it has been demonstrated that

electrical activity within an axon can modulate its myelination

over a period of weeks.58,59 In other respects, there is evidence

that myelination is still sensitive to experience during

adulthood.60 In this context, it is possible that NFT led to

enhanced conduction velocity in sustained attention-related

neural networks which, in turn, increased the myelination of

axons in these networks.

The cellular processes mediating the GMV increases in

cerebral structures associated with sustained attention remain

unclear at this time. Regarding this question, synaptogenesis61

and changes in dendritic spine morphology62 have been shown

to be associated with motor skill learning in rodents. In view of

these findings, it does not seem too farfetched to speculate that

the GMV changes measured at Time 2 might have been related

to alterations in synaptogenesis and/or spine formation.

The main limitation of this study is the small sample size.

Given this, the present results should be interpreted with

caution until being replicated in larger samples. Despite this lim-

itation, however, FA increases in WM pathways were relatively

robust following NFT. Another limitation is related to the fact

that for the VBM analysis, an uncorrected threshold of P < .05

was used (such a threshold has been utilized in previous explora-

tory VBM studies). Nevertheless, in the EXP group, the GMV

increases induced by NFT were found in areas involved in sus-

tained attention. In our view, this is quite revealing, especially

given the rather small sample size of this investigation.

In summary, our results show that a NFT protocol aimed at

enhancing b1 activity can enhance visual and auditory sus-

tained attention performance. Importantly, our results indicate

that this protocol can induce modifications in WM pathways

implicated in sustained attention. Furthermore, such a proto-

col can produce GMV alterations in brain regions involved

in this kind of attention. After 50 years of research in the field

of neurofeedback, our study constitutes the first empirical

demonstration that NFT can lead to microstructural changes

in WM and GM.

Figure 3. Regions that showed a gray matter volume (GMV) increase at Time 2 (relative to Time 1) in the SHAM group.
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It is remarkable that our results were obtained from training

‘‘normal’’ healthy individuals. One may wonder whether NFT

could lead to even greater changes in clinical populations.

Regarding this question, it would be important to replicate this

study with clinical and EEG subtypes of attention deficit

disorder/ADHD.
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