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Abstract: Ample evidence indicates that inhibitory control (IC), a key executive component referring to
the ability to suppress cognitive or motor processes, relies on a right-lateralized fronto-basal brain net-
work. However, whether and how IC can be improved with training and the underlying neuroplastic
mechanisms remains largely unresolved. We used functional and structural magnetic resonance imag-
ing to measure the effects of 2 weeks of training with a Go/NoGo task specifically designed to
improve frontal top-down IC mechanisms. The training-induced behavioral improvements were
accompanied by a decrease in neural activity to inhibition trials within the right pars opercularis and
triangularis, and in the left pars orbitalis of the inferior frontal gyri. Analyses of changes in brain anat-
omy induced by the IC training revealed increases in grey matter volume in the right pars orbitalis
and modulations of white matter microstructure in the right pars triangularis. The task-specificity of
the effects of training was confirmed by an absence of change in neural activity to a control working
memory task. Our combined anatomical and functional findings indicate that differential patterns of
functional and structural plasticity between and within inferior frontal gyri enhanced the speed of top-
down inhibition processes and in turn IC proficiency. The results suggest that training-based interven-
tions might help overcoming the anatomic and functional deficits of inferior frontal gyri manifesting in
inhibition-related clinical conditions. More generally, we demonstrate how multimodal neuroimaging
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investigations of training-induced neuroplasticity enable revealing novel anatomo-functional dissoci-
ations within frontal executive brain networks. Hum Brain Mapp 36:2527–2543, 2015. VC 2015 Wiley
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INTRODUCTION

Inhibitory control (IC) is a key component of executive

functions referring to the ability to cancel cognitive or

motor processes (Aron et al. 2004). An efficient suppres-

sion of unwanted responses allows maintaining well-

adapted goal-directed behaviors in new or changing situa-

tions (Aron 2007; Dillon and Pizzagalli 2007).
Ample evidence indicates that IC relies on a cortico-

subcortical brain network including the posterior right
inferior prefrontal gyrus (rIFG), the pre-supplementary
motor area (pre-SMA) and the basal ganglia (BG) (Aron
2007, 2011; Garavan et al. 1999; Majid et al. 2012). How-
ever, while current literature provides a clear picture of
the neural underpinnings of IC, whether and how this

function can be improved by training remains largely

unresolved. This lack of information on the effects of IC

training on behavior and on the anatomo-functional organi-

zation of the brain contrasts with the increasing number of

studies that has focused on the effects of training in other

executive functions (e.g., working memory: Klingberg 2010;

or attention: Kramer et al. 1995; Green and Bavelier 2012;

Slagter 2012). Beyond its conceptual importance, this ques-

tion has a clinical relevance as deficits in IC represent a core

component of several psychiatric disorders ranging from

addiction (Harle et al. 2014; Monterosso et al. 2005) to atten-

tion deficit hyperactivity disorder (ADHD; e.g., Johnstone

et al. 2012). Improving IC proficiency and the underlying

brain networks with training may, thus, help the rehabilita-

tion of inhibition-related brain disorders.
Behaviorally, significant IC performance improvements

have been reported after short-term (50 min; Manuel et al.
2010; Manuel et al. 2013; Verbruggen and Logan 2008) or

medium-term training (10h over 3 weeks in Berkman et al.

2014; 7.5 h over 25 days in Johnstone et al. 2012; 5 h over 20

days in Thorell et al. 2009, see Spierer et al. 2013 for review).
To our knowledge, only four studies addressed the func-

tional brain changes induced by IC training. Three of them
showed that repeated associations between response inhibi-
tion and specific stimuli either cueing or triggering stopping
led to an automatic triggering of inhibitory processes by the
rIFG (Berkman et al. 2014; Lenartowicz et al. 2011) or parie-
tal cortices in response to NoGo stimuli (Manuel et al. 2010).
Manuel et al. (2013) further observed a reinforcement of
top-down controlled forms of IC mediated by a decrease in
the response strength of a right fronto-striatal network

(including the inferior frontal gyrus (IFG)) to Stop signal
after a short Stop-Signal Task (SST) training.

These studies suggest that when the stimulus-response
(S-R) mapping rules are held constant during training,
automatic stimulus-driven forms of IC develop and in
turn support the behavioral IC improvement. Recent
researches have indeed shown that after IC training on
Go/NoGo tasks with constant S-R mapping rules, NoGo
stimuli eventually automatically triggered inhibition pro-
cess via parietal cortices, which in turn minimized the con-
tribution of top-down IC processes during the task
(Manuel et al. 2010). In contrast, top-down controlled
forms of inhibition are reinforced when the upcoming
need for IC is not predictable and the S-R mapping rules
systematically vary in the task used to train IC. When the
mapping of the NoGo stimuli with the inhibition goals
systematically changes, the development of bottom-up
automatic forms of inhibition is prevented and top-down
frontal IC is repeatedly involved. In turn, frontal networks
are modified (Manuel et al. 2013; Spierer et al. 2013). Con-
sequently, as top-down frontal control processes are
largely domain-general (Aron et al. 2014) and that Go/
NoGo training with varying stimulus-response mapping
rules modify frontal structures, the effects of such training
regimen should generalize to untrained inhibition tasks
involving the same frontal control network.

Although the functional mechanisms underlying short
training-induced behavioral improvement in IC have been
identified, the effects of long-term training remain unre-
solved. Previous studies on IC plasticity involved indeed
only training periods shorter than 10 days. In addition,
recent evidence indicates that structural brain modifica-
tions might also be expected with executive function train-
ing (e.g., Thomas and Baker 2013 for review), but whether
microstructural brain modifications may be induced by IC
training in addition to functional changes has until now
not been investigated. Current literature on training-
induced grey matter (GM) changes mostly suggests that
behavioral improvements are supported by increases in
GM density (e.g., Draganski et al. 2004; Gaser and Schlaug
2003; May 2011 for review; although see Granert et al.
2011 and Hanggi et al. 2010 for decreases of cortical den-
sity when training in the motor domain.). Training-
induced increases in the strength of white matter (WM)
connectivity have been repeatedly observed within task-
relevant networks after training or in experts (e.g., Barnes
and Finnerty 2010; Lee et al. 2010; Roberts et al. 2010).

To address these questions, we trained healthy volun-
teers on a Go/NoGo task 1h on a daily basis for 14
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consecutive days. During training, stimulus-response map-
ping rules were systematically varied to prevent the devel-
opment of an automatized form of inhibition and reinforce
top-down frontal IC. Functional (hemodynamic responses)
and structural changes (grey and WM microstructure)
induced by the training were measured by recording mag-
netic resonance imaging (MRI) before and after the train-
ing. The task-specificity of the effects of training was
further controlled by recording fMRI responses during a
2-back working memory task.

We hypothesize that our training regimen will modulate
hemodynamic responses of the posterior parts of the right
inferior frontal cortex to inhibition trials, these regions
being central in IC (Aron et al. 2014). These functional
changes should be accompanied by an increase in right
IFG grey matter volume, and an increased fractional ani-
sotropy (FA) within the same area.

MATERIALS AND METHODS

Participants

Twenty-one healthy volunteers participated in this
study. Three participants were excluded from the behav-
ioral, BOLD and VBM analyses due to rapid head move-
ments during scanning, technical problems and to missed
responses in the Go/NoGo task greater than 2 standards
deviations from the group mean. Another participant was
excluded from the WM analysis due to movement-related
artefacts. He was replaced by a participant excluded from
the behavioral, functional and GM analyses, who, how-
ever, showed sufficient quality of the diffusion tensor
imaging (DTI) recording. Eighteen participants (10 female;
mean age 6 standard error of the mean (SEM): 25.1 6 0.67
years; range: 22–32) were included in the analyses (with a
swap between two participants for the white matter and
grey matter analyses).

All participants were right handed according to the
Edinburgh handedness inventory (Oldfield 1971) and had
normal or corrected-to-normal vision. No participant had a
history of neurological or psychiatric disease. Each partici-
pant provided written, informed consent to participate in
the study. All procedures were approved by the local
ethics committee.

Procedure and Task

The experiment was divided into three sessions: Pre-
training; training; and post-training, for a total duration of
16 days.

Pre- and post-training sessions

During the pre- and post-training MRI sessions, two
functional MRI runs were recorded while the participants
performed first an IC Go/NoGo task and then a working
memory 2-back task. A tapping condition was performed

after the Go/NoGo and after the 2-back task. DTI was
recorded between the two functional runs and a structural
MRI scan at the end of the session.

Go/NoGo task

In the Go/NoGo task, the stimuli were five consonants
(S, T, M, H, X) and four vowels (A, E, I, O) presented in
black on a white screen. Each trial started with the pre-
sentation of a centered black cross for a duration that
randomly varied between 1,200 and 2,200 ms (100 ms
steps). Immediately after the offset of the cross, one of
the nine letters was presented in a pseudorandom fash-
ion for 500 ms. Participants had a maximum of 1,700 ms
to respond.

Participants were instructed to reply as fast as possible
by a button press with their right index finger each time a
letter was shown on the screen, except for the letter “X”.
When the letter “X” was presented, participants had to
withhold their response. To increase response prepotency,
the probability of trial occurrence in each block was of
P 5 0.3 for the No Go (“X”) and P 5 0.7 for the Go. For the
Go trials, the probability was equally distributed among
the four other consonants (S, T, M, H) and the four vowels
(A, E, I, O).

Each participant performed five blocks of 3 min, each
including 80 trials. Twenty-five seconds rest periods sepa-
rated each block. After each rest period, the instructions
were again presented to the participant for 3 s to inform
them that a new block was going to start (Fig. 1).

Working memory task

In the working memory 2-back task, the stimuli, number
of trial per block, timing, and stimuli presentation parame-
ters were the same as for the Go/NoGo task, except that
each letter was presented with the same probability and
the maximum response time was of 2,700 ms. When the
letter “X” was presented, participants were instructed to
remember the penultimate letter and press a response but-
ton with their right index finger if this letter was a conso-
nant and on another button if the letter was a vowel. As
the letters were presented randomly, it could be that the
penultimate letter was also an “X”, so that the “X” was
the cue and the target at the same time. Consequently, in
the working memory task, possible responses could be
five consonants (S, T, M, H, X) and four vowels (A, E, I,
O). This unbalance could have biased the decision toward
responding a consonant because the probability of being
correct by (randomly) responding “consonant” would
have been higher than by responding “vowel”. To prevent
this bias, we added the vowel “U” to our set of stimuli so
that each condition was equiprobable (Fig. 1). The task ini-
tially included five blocks, but after three participants we
realized that it was too long and induced fatigue; the
length of the task was, thus, reduced to four for the
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remaining participants (only the first four blocks were ana-
lyzed in the three first participants).

Tapping condition

The tapping condition consisted in the presentation of
the picture of a hand for 500 ms 30 times on the screen
over a period of 67 s, with the same intertrial interval as
for the Go/NoGo and working memory tasks. Participants
were instructed to press on the button with their right

index finger each time the picture of a hand was pre-
sented. The tapping condition enabled isolating the motor
brain activity related to button press, to eventually sub-
tract it from the Go trial in the Go/NoGo task as well as
from to the 2-back task (see the MRI analyses section).

For the Go/NoGo, tapping and working memory tasks,
stimulus delivery and response recording were controlled
using E-Prime 2.0 software (Psychology Software Tools,
Sharpsburg, PA). The total duration for the Go/NoGo

Figure 1.

Functional MRI experimental procedures and tasks. A1 and A2:

Experimental procedures. B: Experimental tasks. B1: In the inhib-

itory control (IC) Go/NoGo task, participants had to withhold

their responses to a given letter (here, “X”) while responding as

fast as possible to all other letters. B2: In the working memory

2-back task, when the letter “X” was presented, participants

were instructed to remember the penultimate letter and press a

response button with their right index finger if this letter was a

consonant and on another button if the letter was a vowel. B3:

In the tapping task, participants had to respond to each picture

of a hand. ISI: Inter stimulus interval.
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functional run was of 18 min 30 and 15 min for the 2-back
functional run. The total duration of an MRI session was
about 45 min.

Training session

Participants were asked to practice on the Go/NoGo
task on a computer of their choice in a quiet room for 1 h
each day, every day for fourteen consecutive days. The
Go/NoGo task was programmed on the java-based Tatool
open-source programming framework (von Bastian et al.
2013). At the end of the pretraining MRI session, partici-
pants were provided with oral and written instructions on
how to run the application on their computer. The stimuli
presentation parameters were the same as for the MRI

Go/NoGo task. During the training, the Go/NoGo task
was composed of eight blocks of 150 trials, each separated
by six 1-min and one 3-min self-managed breaks. At the
same time each day, the participants received via e-mail a
new executable module containing a new version of the
paradigm: The task remained the same but the letter to
which response had to be inhibited changed every day.
The NoGo stimuli were modified each day according to a
pseudorandomized order to control that there were no
series of 2 or more days with the same NoGo stimuli. Par-
ticipant’s compliance and comprehension of the instruc-
tions were systematically checked by the experimenter
after each session. The output of each training session was
sent by the participant to the experimenter via e-mail. The
latter immediately checked that the right number of trials

Figure 2.

Functional neuroimaging results. The second level ANOVA con-

trasting responses to Go and NoGo trials for the pre- and

post-training sessions are presented on a normalized single-

subject brain in the MNI space. A significant reduction of BOLD

activity after training in response to NoGo trials has been iden-

tified within a network involving the right (a) and left (b) inferior

frontal gyri (rIFG, lIFG), (see Table I for additional results). Con-

trasts are represented at P< 0.001 uncorrected at the voxel

level and FDR corrected at the cluster level (min cluster

size 5 100). Histograms on the right indicate the amplitude of

the effect (Arbitrary Unit (AU)) for each conditions at clusters’

local maxima. Tri: Triangularis; Orb.: Orbitalis. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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had been performed, and that the missed trials and false
alarm rate was conform to our previous data on the topic
(e.g., Manuel et al. 2010).

The delay between the first scan and the first training
session varied between 0 and 10 days (mean 6 SEM
3.8 6 0.7). The post-training MRI recording was always
conducted the day after the last training session. The post-
training MRI session was conducted as the pretraining
session.

MRI Acquisition and Processing

Data acquisition

For MRI data acquisition, we used a 3T MRI scanner
(Discovery MR750; GE Healthcare, Waukesha, WI) with a
32-channel standard head coil. Participants were posi-
tioned in the scanner with their head stabilized by sound-
attenuating memory foam to reduce head movements. Vis-
ual stimuli were presented on an LCD screen at 60 Hz
with a resolution of 640 3 480 pixels (3200 NNL liquid crys-
tal display (LCD) Monitor, NordicNeuroLab, Bergen, Nor-
way), with visual angles of 1.34� (height) and 1.2� (length)
on a screen located at the foot of the MRI bed visible for
the participants via a mobile mirror system.

The structural T1-weighted anatomical scans were
acquired with coronal slice orientation. Acquisition param-

eters were: FSPGR BRAVO sequence, voxel size: 0.86 3

0.86 3 1 mm, matrix size: 256 3 256, Field of View (FOV):
22 cm, number of slices: 276, repetition time (TR) 5 7300
ms, echo time (TE) 5 2.8 ms, flip angle 5 9�, parallel imag-
ing acceleration factor of 1.5 with an intensity correction
(SCIC).

Functional T2*-weighted Echo Planar images (EPI; with
a Gradient Echo sequence) were recorded using blood
oxygenation level-dependent contrast (BOLD, Kwong et al.
1992) to assess for local changes in brain activity. A total
of 552 dynamic volumes were acquired during the first
run (Go/NoGo task) and 447 during the second run (2-
back task). The tapping condition was performed during
the 34 last volumes of each run. The EPI images were
acquired with the following parameters: axial slice orienta-
tion, sequential ascending acquisitions, voxel size: 2.3 3

2.3 3 3 mm, acquired matrix size: 96 3 96, FOV: 22 cm,
number of slices: 37, inter slice spacing 5 0.2 mm,
TR 5 2,000 ms, TE 5 30 ms, Flip angle 5 85�, parallel imag-
ing acceleration factor 2. Each session was preceded by 6 s
of dummy scans to ensure a steady-state magnetization of
the tissues.

DTI data was acquired using an echo planar imaging
sequence (voxel size: 2 3 2 3 2 mm, acquired matrix size:
128 3 128, FOV: 26 cm, number of axial slices acquired:
60, interslice spacing gap 5 0.2 mm, TR 5 8,000 ms, TE 5 83
ms, parallel imaging acceleration factor 2, number of
acquired noncollinear directions 5 30, with b-value 5

1,000 s/mm2; one b 5 0 image was also acquired).

Functional MRI analysis

Pre- and post-training MRI data were analyzed using
the Statistical Parametric Mapping software (SPM8, the
Welcome Trust Centre for Neuroimaging, Institute of Neu-
rology, University College London, http://www.fil.ion.ucl.
ac.uk/spm) running on Maltab 2012b (MathWorks,
http://www.mathworks.com/, MA). The functional
images were prepared following a preprocessing proce-
dure for longitudinal designs. In a first step, the origin of
the image was manually set on the anterior commissure
for better registration. Volumes from the pre-and the post
training sessions were then jointly spatially realigned. The
T1-weighted images of the pre- and post-sessions were
also realigned. In a next step, the average of the two real-
igned T1 was coregistered to the mean of the fMRI image.
Standard preprocessing procedures were applied to the
functional images (Friston et al. 2007): acquisition delays
corrected by slice timing procedure; spatial registration to
the Montreal Neurological Institute (MNI) space with
3 3 3 3 3 mm3 voxel size using the spatial registration
parameter estimates computed from the mean T1-
weighted images within the “unified segmentation” proce-
dure (Ashburner and Friston 2005); and finally, smoothing
with an isotropic 8-mm full width at half-maximum
(FWHM) Gaussian kernel. The Artrepair toolbox was used
on these images to detect presence of rapid movement

TABLE I. Locations of clusters local maxima for the

functional MRI interaction

Anatomical region Vx
MNI

coordinates Z P

A
Right inferior frontal
pars triangularis

272 39 32 16 4.30 <0.001

Right inferior frontal
pars opercularis

42 17 13 4.22 <0.001

Right inferior frontal
pars triangularis

36 23 13 4.12 <0.001

B
Left superior temporal 623 239 8 226 4.82 <0.001
Left inferior frontal
pars orbitalis

230 23 211 4.68 <0.001

Left insula 233 14 217 4.49 <0.001
C

Right superior temporal 290 51 225 1 4.27 <0.001
Right temporal* 48 243 25 4.26 <0.001
Right middle temporal 60 249 1 3.54 <0.001

Stereotaxic brain MNI coordinates for peak-voxels of the func-
tional interaction Session (Pre, Post) * Stimulus (NoGo, Go).
Results are represented at P< 0.001 uncorrected at the voxel level
and FDR corrected at the cluster level (min cluster size 5 100).
The table is organized by activation clusters with 3 local maxima
more than 8mm apart. Vx 5 voxel size, Z 5 Z-value, and P 5 P-
value of the voxel. An asterisk (*) indicates the nearest GM for
this particular peak.
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between scans (one subject was excluded from BOLD anal-
ysis because more than 10% of scans showed rapid motion
above 0.5 mm/TR for both sessions, see the “Participants”
section).

Fixed effect analyses were performed on the prepro-
cessed volumes (i.e., subject-level analysis) using the gen-
eral linear model applied on each voxel (Friston 1995;
Worsley and Friston 1995). The Go/NoGo and 2-back task
were processed in two separate models, and the control
tapping condition was present in each of them. Data for
the first and second recording session were combined in
each model. For the Go/NoGo task, each stimulus onset
was modeled as a delta function, convolved with the
hemodynamic response function (HRF; Model 1). Only
correct Go and NoGo trials were considered in the analy-
sis (misses and false alarms were modeled as condition of
no interest). Stimuli in the 2-back task (Model 2) and in
the Tapping condition (models 1 and 2) were modeled as
blocks convolved with the HRF independently of the accu-
racy of the response. Movement parameters were intro-
duced as covariate of noninterest only in Model 1. Indeed,
the inclusion of these parameters in Model 2 is not advisa-
ble as it is modeled as a block design (Johnstone et al.
2006). Time series from each voxels were high-pass filtered
with a 1/250 Hz threshold in both cases, to remove low
frequency noise and signal drifts. In addition, an autore-
gressive function (AR(1)) was applied to correct for tempo-
ral correlations between neighboring voxels in the whole
brain.

A second, group level analysis was performed sepa-
rately for the Go/NoGo and the 2-back tasks.

For the Go/NoGo task, the experimental conditions
were modeled in a 2 3 2 flexible factorial model (Stimulus
(NoGo; Go)* Session (Pre-; Post-training)). As there was a
manual response in the Go but not in the NoGo condition,
we subtracted the activation during the Go/NoGo tapping
block from the responses to the Go trials by contrasting
them (Go> tapping) to prevent motor activity from the
button press to contaminate the results. This contrast, as
well as the simple NoGo versus baseline contrast were
computed as fixed effect analyses and then submitted to
second level analyses. In the random effect analysis, the
main effects of factors Session (Pre vs. Post) and Stimulus
(NoGo vs. Go), as well as the interaction term were ana-
lyzed in both directions by t-contrasts.

For the 2-back task, the experimental condition was
modeled in a paired T-test model to compare brain activ-
ity between the two sessions. As for Go trials, the tapping
block was subtracted from the 2-back condition to prevent
motor activity from the button press to contaminate the
contrasts.

The significance threshold for the functional results was
P< 0.001 at the voxel level, corrected for multiple compari-
son with an extended cluster threshold size of 100 contigu-
ous voxels (pcluster< 0.05; false discovery rate (FDR)
corrected for topological analysis (Chumbley and Friston
2009)).

An additional region of interest (ROI) analysis was per-
formed over all participants to test for the task-specificity
of the effects of training by comparing changes in the IFG
responses between the Go/NoGo and the 2-back task
using the Marsbar toolbox (http://marsbar.sourceforge.
net/). Differences in brain activity between Pretraining
(Nogo – Go) vrsus Post-training (Nogo – Go) and Pretrain-
ing (2-back – tapping) versus Post-training (2-back – tap-
ping) was assessed with a two-sample paired t-test model
within the AAL rIFG ROI (Tzourio-Mazoyer et al. 2002).
Results were extracted from the marsbar statistical table
for this contrast.

The clusters’ maxima were localized in the Montreal
Neurological Institute and Hospital (MNI) space. The
WFU pickAtlas software (Maldjian et al. 2003; Maldjian
et al. 2004) was used to determine their anatomical loca-
tions based on the AAL atlas (Tzourio-Mazoyer et al.
2002). The results are displayed according to the neurolog-
ical convention.

Voxel-based morphometry

Prior to automated processing all T1-weighted images
were visually inspected to detect artifacts or anatomical
abnormalities. Voxel-based morphometry (VBM; Ash-
burner and Friston 2000) was performed using the pair-
wise longitudinal registration toolbox, part of SPM12b
(v5918, http://www.fil.ion.ucl.ac.uk/spm). This frame-
work enables optimal data processing of longitudinal MRI
data combining diffeomorphic and rigid-body registration,
as well as correcting for intensity inhomogeneity (Ash-
burner and Ridgway 2012). The computed Jacobian change
map describes the rate of changes between time points,
normalized by the time span inbetween. The mean T1
images of each participants stemming from the previous
procedure were segmented in GM, WM and cerebrospinal
fluid using the default segment procedure implemented in
SPM12. This algorithm proposes an improved version of
the “unified segmentation” method present in a previous
version of SPM (Ashburner and Friston 2005; Streitburger
et al. 2014). The GM and WM of the whole dataset were
nonlinearly transformed to a customized template in
standard MNI space using a diffeomorphic registration
algorithm (DARTEL, Ashburner 2007). GM probability
maps in the native space were multiplied by the Jacobian
change rate map (computed during the pairwise longitudi-
nal registration) for each of the participants, followed by a
modulation to ensure that relative volumes were pre-
served after spatial normalization in MNI space using the
flow field and templates previously generated by DARTEL
(Good et al. 2001). Finally, the resulting images were sub-
mitted to a smoothing procedure with an 8 mm FWHM
isotropic gaussian kernel to increase the signal to noise
ratio.

After automated preprocessing all maps of between ses-
sions differences were analyzed using random effect one-
sample T-tests for significant grey matter volume (GMV)
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differences between pre- training and post-training ses-
sions. The search volume was restricted to the right and
left inferior frontal gyri (rIFG and lIFG, respectively)
defined by the AAL atlas (Tzourio-Mazoyer et al. 2002).

We chose to analyze VBM and DTI data using a ROI-
based approach for the following reasons. First, ample lit-
erature points out the inferior frontal gyri as the key struc-
tures in IC (Aron et al., 2014 for review). Second, the
whole-brain functional results confirmed the critical role of
the bilateral inferior frontal gyri in the training-induced
plasticity investigated in the present study. On this basis,
and to increase our statistical power, we decided to restrict
our analyses on the microstructural changes induced by
the training to the bilateral IFG.

Separate voxel-wise analyses (using one-sample t-test
models) for rIFG and lIFG were performed with age, total
intracranial volume and sex as confounding covariates.
We used no grand mean scaling, no threshold masking,
omitted global calculation, implicit and explicit masks on
the predefined ROI. The significance threshold was set to
pFWE< 0.05 corrected for multiple comparisons at the voxel
level (FWE: family-wise error rate corrected). In addition,
the parameter estimates of the pre- versus post-training
GMV differences were extracted across participants in the
local maxima in the rIFG and the corresponding voxel in
the left hemisphere to statistically test whether the differ-
ence between the effects of training were different between
the right and left IFG. In addition, to help disentangle the
differential role of the left and right IFG in IC plasticity,
this analysis enabled controlling for the regional specificity
of the effects of training (Chumbley et al. 2010).

TBSS DTI analyses

DTI data were analyzed with the tract-based spatial sta-
tistics approach (TBSS, Smith et al. 2006; Smith et al. 2007)
using the FSL 5.0.4 software (FMRIB software library,
http://www.fmrib.ox.ac.uk/fsl; Jenkinson et al. 2012).
First, data were visually inspected for artifacts. Then,
diffusion-weighted images were affine-aligned to the first
b0 image to limit distortions due to head movements as
well as eddy-current using the eddy-current correction
tool of the FDT toolbox. Next, the diffusion tensor was fit-
ted to the data with the DTIFIT tool to compute the FA
diffusion index. An inspection of the FA data revealed a
signal outside the 0–1 range for one of the participant pre-
viously integrated in fMRI and VBM analysis, indicating a
bad signal to noise ratio. To avoid losing statistical power,
his data were, thus, replaced by a participant who was
previously excluded from the fMRI and VBM analyses
due to excessive movement during the fMRI. His DTI data
were not affected by large head movements. In the next
steps, the FA data were processed with the same proce-
dure for longitudinal TBSS study as in Engvig et al. (2012).
The first step was to register the two time points of each
participant on a common space to take account for resid-
ual variation due to multiple time-points like the geometry

variations following gradient calibration drift or changes
in head position in the scanner. The FLIRT algorithm (Jen-
kinson and Smith 2001) was used to resample each time
point to the halfspace between them to minimize registra-
tion bias toward one of the time-points (Smith et al. 2001).
The second step was to create an FA template image for
each subject by averaging the two registered FA images:
pre- and post-training. These FA template images were non-
linearly transformed on the mean FA template provided by
FSL (FMRIB58_FA) and then affine transformed on the
standard MNI space. The resulting images were used to cre-
ate the study-specific mean FA image which was skeleton-
ized with a threshold FA> 0.3 to generate the white-matter
tract skeleton representing tracts common to all subjects.
The third step aimed at projecting each individual FA
images of the pre and the post training sessions onto the ref-
erence skeleton generated during Step 2. Before Step 3, the
pre and post training FA images were smoothed with a
small gaussian kernel (sigma 5 2) to further account for
small registration errors between time points which may
decrease the sensitivity to regional effects (Engvig et al.
2012; Madhyastha et al. 2014). Then, the identical nonlinear
warp and skeleton projection as in Step 2 were applied to
smoothed FA images. The utilization of an identical process-
ing on a common template ensures that between-sessions
statistical difference could not be attributed to residual vari-
ation of processing between them.

To study the FA differences between the first and the
second session, data from Step 3 were analyzed voxel-wise
using two-sample paired t-test statistics with permutation
testing (randomize tool in FSL with 5,000 permutations;
Nichols and Holmes 2002). As for the VBM analyses, this
statistic was performed separately, voxel-wise, within the
rIFG and lIFG AAL ROIs (Tzourio-Mazoyer et al. 2002).
For this purpose, we created a mask by superposing the
two ROI from the AAL atlas and the WM skeleton. Statis-
tical inference was done based on the permuted P-values,
which included the threshold-free cluster enhancement
(TFCE) provided by FSL with a threshold of P< 0.05. The
results were thickened to facilitate the visualization. In
addition, the FA values across participant inside of local
maxima of rIFG and its corresponding voxel in lIFG were
extracted, to statistically test whether the differences
between the effects of training were different between the
right and left IFG with a paired t-test.

RESULTS

Behavior

Participants completed the same Go/NoGo task during
the pre- and post-training sessions and each of the 14 days
of training. The effects of training were assessed by com-
paring performance during the pretraining session and the
post-training fMRI session. Participants responded faster
to Go trials after than before the training (mean6SEM:
pretraining: 407.4 6 9.1 ms post-training: 380.1 6 14.6 ms;
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t(17) 5 2.5, P< 0.03; Dz 5 0.6). There was no evidence for a
change in false alarm rate (inaccurate responses to NoGo
stimuli; mean6SEM: pretraining: 17.1 6 2.5%; post-train-
ing: 24.2 6 5.0%; t(17) 5 21.6, P 5 0.1).

For the 2-back working memory task, the rate of correct
responses increased from the pre- to post-training session
(mean 6 SEM: pretraining: 79.1 6 4.2%; post-training:
82.7 6 2.2%; t(17) 5 22.59, P< 0.03; Dz 5 0.6).

Functional Magnetic Resonance Imaging

For the Go/NoGo task, whole-brain data were analyzed
with a 2*2 flexible factorial ANOVA design with factors
Stimulus (NoGo; Go) and Session (Pre-; Post-training), the
significance thresholds for all functional analyses were
P< 0.001, min. cluster size 5 100. There was a main effect
of Session with stronger activity in the pre- than post-
training session in a right inferior and middle frontal net-
work, extending to the bilateral inferior parieto-temporal
areas, also including the right angular gyrus and the left
cerebellum (Supporting Information Fig. 2A). There was a
main effect of stimulus with stronger activity to NoGo
than Go trials in a large fronto-parieto-occipital bilateral
network (Supporting Information Fig. 2B); and a stronger
activity to Go than NoGo trials in the bilateral lingual
gyri. Critically, there was a Stimulus * Session interaction
within a bilateral fronto-temporal network extending to
the anterior insula. In the left and right inferior frontal

gyri, the interaction was driven by a decrease in the neural
activity to NoGo but not Go trials with training (mean-
6 SEM signal change; rIFG NoGo pretraining: 0.82 6 0.13;
rIFG NoGo post-training 20.14 6 0.13; rIFG Go pretrain-
ing: 20.3 6 0.13; rIFG Go post-training 20.34 6 0.13; lIFG
NoGo pretraining: 0.8 6 0.12; lIFG NoGo post-training
0.03 6 0.12; lIFG Go pretraining: 20.26 6 0.13; lIFG Go
post-training 20.05 6 0.13; Fig. 2 and Table I).

Whole-brain analysis of the 2-back task did not identify
any differences in BOLD signal in a second level paired t-
test comparing brain activity between the pre- and the
post-training sessions (for the contrast 2-back - tapping).
To further test for the specificity of the effects to the Go/
NoGo (GNG) task, we selected the three clusters showing
a change in activity during the GNG task before versus
after the training and performed an ROI analysis on each
of the clusters pre versus post training during the 2-back
task. None of the one-tail t-test reached significance (all P-
vals> 0.07), indicating that the change in neural activity
induced by the training was specific to the GNG training.

The task-specificity of the Go/NoGo training was statis-
tically assessed by calculating the difference in brain activ-
ity before versus after the training between the Go/NoGo
and the 2-back task in a marsbar ROI model within the
AAL rIFG. A two-sample paired t-test analysis (one-tail)
revealed that the effect of training was larger for the Go/
NoGo than for the 2-back task (mean 6 SEM, GNG:
0.66 6 0.19; NBACK: 20.19 6 0.19; t(17) 5 22.83, P 5 0.006,
Dz 5 0.66).

Figure 3.

Grey matter voxel-based morphometry results. Differences in

grey matter volume (GMV) between the pre- and post-training

sessions were estimated in the left and the right inferior frontal

gyrus (IFG) as defined by the AAL atlas (Tzourio-Mazoyer et al.

2002). Results are projected on a normalized single-subject brain

in the MNI space with a FWE corrected threshold of P< 0.05 at

the voxel level. Red-Yellow voxels indicate GMV increase with

training. The bargraph indicates the averaged values of the differ-

ence (Post-Pre) for the right IFG and left IFG separately. As no

volume differences were detected in the left IFG, we based our

analyses on the homotopic right IFG peak-voxel. A paired t-test

comparing the GMV differences between the right and the left

inferior frontal gyri revealed a larger increase of GMV in the

right but not the left IFG (asterisk: P 5 0.001). [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Focusing on each task separately, a significant difference
was revealed pre versus post training for the GNG only
(mean 6 SEM, GNG PRE: 1.19 6 0.18; GNG POST:
0.51 6 0.13; PRE versus POST: t(17) 5 3.48, P 5 0.0014,
Dz 5 1; POST versus PRE: t(17) 5 23.48, P 5 0.99) and not
for the NBACK (mean 6 SEM, NBACK PRE: 0.098 6 0.15;
NBACK POST: 0.26 6 0.16; PRE versus POST:
t(17) 5 21.03, P 5 0.084; POST versus PRE: t(17) 5 1.03,
P 5 0.15).

Structural Magnetic Resonance Imaging

Grey matter: Voxel-based morphometry

Separated voxel-wise analyses were conducted within
the left and right IFG AAL ROI. The results show that
GMV is higher in the rIFG after training (MNI xyz 5 57 29
27, pFWE< 0.05 voxel level corrected; Fig. 3).

To compare training-induced GMV changes in the left
versus the right IFG, we extracted the pre- versus post-
training GMV eigenvariates at the peak-voxel of the right
IFG and compared these values with those of the homo-
topic voxel of the left IFG with a paired t-test. The change
in GMV with training in the rIFG was higher than in the
left IFG (mean 6 SEM; rIFG 0.004 6 0.0012; lIFG
20.0008 6 0.0025 t(17) 5 2.006, P 5 0.06, Dz 5 0.4).

Because the pre-SMA has been repeatedly involved in
IC, we performed a supplementary ROI analysis to test for
GMV differences between the pre- and post-training ses-

sion in the left and right pre-SMA: We did not find any
evidence for an effect with a voxel-wise one-sample t-test
at our significance threshold of pFWE> 0.05.

White matter: DTI tract-based spatial statistics

The same ROI-based approach as for the VBM analyses
was used for the TBSS analyses: Separated voxel-wise
analyses were conducted in the left and right IFG AAL
ROI. The results show that the FA was higher within the
rIFG ROI after than before training (MNIxyz 5 41 33 7;
pTFCE< 0.05, cluster level corrected; Fig. 4).

To compare changes in the left and right IFG, we pro-
ceeded in the same way as for the GM analysis: We
extracted the pre- minus post-training FA values at the
peak-voxel of the right IFG and compared these values
with those of the homotopic voxel of the left IFG with a
paired t-test. The change in FA with training in the rIFG
was higher than in the left IFG (mean 6 SEM; rIFG
0.04 6 0.01; lIFG 0.001 6 0.005 t(17) 5 3.955, P 5 0.001,
Dz 5 0.9).

Figure 5 summarizes the main functional and structural
results.

Correlation analyses

There were no evidence for correlations between the
functional and structural MRI training-induced modifica-
tions, nor between these values and the changes in

Figure 4.

White matter tract-based spatial statistics. Differences in frac-

tional anisotropy (FA) between the pre- and post-training ses-

sions were estimated in the left and the right inferior frontal

gyrus (IFG) as defined by the AAL atlas (Tzourio-Mazoyer et al.

2002). Results are projected on the study-specific mean FA

image with a TFCE corrected threshold of P< 0.05. Results are

thickened for visualization purpose. The study-specific skeleton

is displayed in green. The bargraph indicates the averaged values

of the difference (Post - Pre) for the right IFG and left IFG sepa-

rately. As no FA differences were detected in the left IFG, we

based our analyses on the homotopic right IFG peak-voxel. The

paired t-test comparing the FA differences between the right

and the left inferior frontal gyri revealed a larger increase in FA

in the right than in the left IFG (asterisk: P 5 0.001). [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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behavioral performance as indexed by response time (RT)
of false alarm rate (all Pearson P-values> 0.05).

DISCUSSION

Our results demonstrate the functional and structural
brain plasticity induced by two weeks of IC training. The
training improved Go/NoGo performance, and these
behavioral changes were paralleled by a decrease in brain
activity to inhibition trials within both the left and right
inferior frontal gyri. Analyses of the brain anatomical
changes induced by the training revealed an increase in
GMV and in WM microstructure properties within the
right inferior frontal gyrus.

Behaviorally, we showed that the training improved IC
performance: response time to Go trials decreased while
the rate of commission errors to NoGo trials remained sta-
ble. This specific pattern of result replicates previous liter-
ature on the effect of IC training and can be interpreted as
reflecting an increase in the speed of inhibition processes
(Benikos et al. 2013; Berkman et al. 2014; Manuel et al.
2010; Manuel et al. 2013; Verbruggen et al. 2012; White
et al. 2014). Although an increase in IC proficiency would
most intuitively be expected to manifest as a decrease in
false alarm rate, current models suggest that a decrease in
responses time to Go trials (with stable false alarm rate)
can likewise index improved inhibitory control profi-
ciency. Direct evidence for this assumption comes from
White et al. (2014), who showed that Go response speed
correlates with the activity of regions involved in IC (IFG,
medial frontal gyrus and BG).

Functional magnetic resonance imaging (MRI) analyses
revealed an interaction between the factors Session (Pre-;

Post-training) and Stimulus type (Go; NoGo) within a
bilateral inferior fronto-temporal network. Our finding for
a modification of the hemodynamic responses to NoGo
but not to Go trials with training indicates that the Go/
NoGo training selectively modified inhibition processes.
The specificity of the effect of training to the trials involv-
ing inhibition rules out an explanation of our results in
terms of mere test-retest differences between the two MRI
recordings. The task-specificity of the effect of the Go/
NoGo training was further confirmed by the lack of
change in brain activity during the control working mem-
ory 2-back task between the pre- and post-IC training ses-
sions (Thomas and Baker 2013).

IC improvements were accompanied by a decrease in
left and right inferior frontal activity to NoGo trials. Con-
verging functional and structural neuroimaging (Aron and
Poldrack 2006; Aron et al. 2007; Forstmann et al. 2008;
Garavan et al. 1999; Rubia et al. 2003) as well as clinical
evidence (Aron et al. 2003b; Decary and Richer 1995; Flo-
den and Stuss 2006; Picton et al. 2007) point out these
regions as the core structures of the IC network and sug-
gest that they act as an “active breaking” mechanism
when response suppression is required (Aron et al. 2014).

The training could have reduced the neural population
engaged in inhibitory process triggered by the NoGo stim-
uli via the exclusion of task-irrelevant neurons via synaptic
pruning mechanisms (Johansen-Berg 2012; Kelly et al.
2006; Logothetis et al. 2001; Poldrack 2000; Viswanathan
and Freeman 2007; Zatorre et al. 2012). In turn, these
effects would have led to a decrease in the hemodynamic
response of the IFG. Such training-induced increases in the
specificity of task-relevant networks would have sped up
top-down inhibition processes to eventually improve IC
proficiency.

Figure 5.

Schematic representation of the cluster maxima of the plastic modification in Blood oxygen

level-dependent signal (BOLD, red), grey matter volume (GMV, blue), and fractional anisotropy

(FA, green). The left and right inferior frontal gyri (dashed yellow lines), pars opercularis (Op.),

triangularis (Tri.), and orbitalis (Orb.) are represented. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Concurring with our findings, decreases in BOLD
responses within task-relevant brain networks have been
repeatedly reported after training of high-order frontal
executive tasks (planning: Beauchamp et al. 2003; working
memory: Hempel et al. 2004; or switching: Jimura et al.
2014). However, current literature provides mixed evi-
dence on the direction of the change of brain activity asso-
ciated with IC behavioral improvements. So far, only four
studies examined functional modifications induced by IC
training, and three of them reported change in the right
IFG activity. In accordance with our results, Manuel et al.
(2013) reported that 1 h of SST training decreased the
response strength of a right fronto-striatal network (includ-
ing the rIFG) to stop trials. In contrast, Lenartowicz et al.
(2011) showed that after two 1-h SST training sessions, the
rIFG activity increased in response to stimuli previously
associated with stopping. Finally, Berkman et al. (2014)
reported no change in the response of the IC network to
inhibition trials following ten 6-min sessions of SST train-
ing, but only a decrease in the rIFG activity to the cues
signaling a forthcoming need for IC.

These discrepancies might follow from the engagements
of distinct neurocognitive mechanisms of IC functional
plasticity depending on the parameters of the training
task. In tasks with unvarying stimulus-response mapping
rules, automatic stimulus-driven forms of IC have been
shown to develop (Spierer et al. 2013 for review). Such
mechanisms most likely took place in Berkman et al.
(2014); Lenartowicz et al. (2011); Manuel et al. (2010)
where no change in the rIFG response to NoGo stimuli
was observed with training. In contrast to these studies,
Manuel et al. (2013) and the present study used training
tasks in which the associations between the NoGo stimuli
and NoGo goals were systematically varied during the
training. As a result, top-down controlled forms of inhibi-
tion were repeatedly solicited and putatively reinforced
during the training, which manifested as a decrease and
not an increase in rIFG response to NoGo stimuli.

We further found that the training modified the activity
of the left IFG to NoGo trials. This region has been
advanced to regulate the efficiency of IC when task diffi-
culty (Swick et al. 2008) or attentional demand increase
(see also Hirose et al. 2012 for corroborating lesion data;
Schel et al. 2014). The differential engagement of this struc-
ture between the beginning and the end of the training
might, thus, reflect a reduction in task-demand with
learning.

Our finding for a modulation of temporal activity with
IC training is more ambiguous. Temporal structures have
been shown to interact with higher level prefrontal regions
during IC tasks (Egner and Hirsch 2005) and to be modu-
lated in inhibition-related disorders (Solanto et al. 2009;
Tamm et al. 2004). Modulations in auditory temporal areas
might reflect changes in the processing of the Go and
NoGo stimuli, from a direct, visual processing to a phono-
logical encoding or auditory imagery of the sound of each

letters. This strategic adjustment of stimuli processing
might have facilitated the discrimination of the Go and
NoGo stimuli and ultimately improved task performance.
Subvocalizations when reading the letter stimuli could
also explain the modification of the activity of the left IFG
with training (Ferguson et al. 2014).

While functional changes manifested in both left and
right IFG, we observed changes in GMV and in white mat-
ter FA only in the right IFG. Grey and/or white matter
training-induced structural plasticity has been so far
reported in around twenty studies addressing the effects
of 3 days to 3 years training regimens on various visuo-
motor or cognitive tasks (for review, Thomas and Baker
2013). However, to our knowledge our results constitute
the first demonstration of micro-structural changes associ-
ated with IC training.

Increase in GMV of the rIFG with training might have
followed from neurogenesis (Tronel et al. 2010), gliogene-
sis, synaptogenesis and/or angiogenesis (May 2011 for
review; Taubert et al. 2012; Zatorre et al. 2012). Further
studies are, however, necessary to disentangle how these
neurophysiological mechanisms might have supported the
improvement in IC proficiency. The inferences from T1w
imaging on brain anatomy are indeed at a coarse meso-
scopic level and the nature of magnetic resonance (MR)
contrast allows only for speculations regarding the under-
lying neurobiological processes. The association between
increase in GMV the right IFG and increase in IC profi-
ciency concurs with previous clinical evidence for negative
correlations between rIFG grey matter volume and the
strength of inhibition-related symptomatology as drug
craving or compulsions (Chamberlain et al. 2008a; Cham-
berlain et al. 2008b; Tabibnia et al. 2011), and suggests that
the rIFG grey matter volume is a determinant of IC
proficiency.

The increase in FA we observed in the rIFG between the
pre- and post-training session suggests that the Go/NoGo
practice triggered changes in WM microstructure. Animal
studies have suggested increased myelination as a possible
mechanism underlying increases in FA (e.g. Demerens
et al. 1996). Myelination processes have been observed to
take place within the time range of our training session
(Koenig et al. 1995) and associated with practice even in
adulthood (Bengtsson et al. 2005; Mackey et al. 2012;
Markham and Greenough 2004; Takeuchi et al. 2010). Con-
sistent with our hypothesis for an improvement of the
speed of IC with training, the increase in FA in the rIFG
might reflect an enhancement of the communication path-
way between the rIFG and the BG (Aron, 2011). Myelina-
tion levels indeed directly determine how fast action
potentials spread along neural fibers (Bloom et al. 1988;
Waxman 1980). Of note, other mechanisms including, for
example, changes in axonal packing parameters or axons
diameter also impact on FA and may have participated in
the plastic changes we observed (Beaulieu 2002; Scholz
et al. 2009).
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As in our study, previous literature suggests that func-
tional and structural training-induced plasticity do not
necessarily manifest over the same brain areas (Table II).
Ilg and colleagues (2008) for instance showed that healthy
individuals, trained to practice on a mirror reading task 15
min a day for 2 weeks had a significant GMV increase in
the right dorsolateral occipital cortex, accompanied by
modifications of the functional activity within the same
region but also extending to the superior parietal areas
(see also Haier et al. 2009; Hegarty et al. 2012; Schmidt-
Wilcke et al. 2010 for corresponding findings). The rela-
tionship between training-induced change in hemody-
namic responses and grey and WM structures remains,
however, largely unexplored. The colocalization of the
hemodynamic, GMV and FA changes in the IFG suggests
that the functional modifications, which likely took place
before structural changes, may have triggered the micro-
structural plasticity. However, while both left and right
IFG showed a corresponding decrease of functional change
with training, only the right IFG showed associated GMV
and FA changes. This dissociation between functional and
structural plasticity could most parsimoniously be
accounted for by quantitative differences in the involve-
ment of the left and right IFG during the training: the
functional engagement of the each IFG might have been
sufficient to induce functional modifications within these
areas, but only the right IFG would have been sufficiently
solicited to trigger structural modifications.

Supporting this hypothesis, myriads of studies report a
prominent role of the right IFG in IC (Aron et al. 2004,
2014 for reviews), with the left IFG playing an auxiliary
role when task demands exceed the maximal engagement
of the rIFG (Hirose et al. 2012). Accordingly, the lIFG
would have been largely involved in the Go/NoGo task at
the beginning of the IC training, but less when partici-

pants’ IC proficiency improved. As a result, the left IGF
manifested a decrease in activity with learning (as evident
in the Session*Stimulus functional interaction), but no
structural change.

While the BOLD, GMV and FA modifications took place
within the IFG, they did not manifest in the same subre-
gions of these gyri. This pattern suggests that in addition
to their specific functional involvement during the train-
ing, the cytoarchitectonic specificities of the regions
involved in trained task might have influenced the type of
training-induced plasticity they incurred.

The pars triangularis showed functional plastic as well as
WM changes in the right hemisphere. In contrast, the right
pars opercularis showed only functional changes. The pars
orbitalis showed functional changes in the left hemisphere
and GM change in the right hemisphere. Converging lesion
(Aron et al. 2003a), functional neuroimaging (Levy and Wag-
ner 2011) and diffusion evidence (Aron et al. 2007; Johansen-
Berg et al. 2004; Swann et al. 2012) suggest a prominent role
of the posterior IFG subregions in IC (Aron et al. 2014 for
review). In contrast, we showed associations between IC pro-
ficiency and grey and WM structure in the pars orbitalis and
triangularis. This pattern suggests more complex dissocia-
tions as previously thought between the functional and struc-
tural roles of the subparts of the IFG in IC proficiency. In this
regard, our pattern of results further demonstrates that paral-
lel investigations of functional and structural training-
induced plasticity enable revealing novel dissociations
between subregions within task-relevant brain networks that
the analyses at a single level would not have unveiled.

Our study, however, suffers several limitations. Most
notably, further investigations are necessary to provide
definitive evidence for a direct relationship between the
training-induced changes observed at the behavioral and
at the brain levels. While the implementation of an active
or passive control group would have helped ensuring that
the differences we observed between the pre- and post-
training sessions were related to the IC training, the fol-
lowing results provide converging evidence that it was the
case: i) At the functional level, there were no effects of
training on the control working memory task but only on
the trained Go/NoGo task: a liberal exploratory whole-
brain fMRI analysis comparing the pre- versus post-
training neural activity during the 2-back task showed no
evidence for an effect of training on working memory. In
addition, we selected the three clusters showing a signifi-
cant decrease of activation in the whole-brain analysis on
the Go/NoGo task and performed a ROI analysis on these
clusters for the 2-back task. None of them showed a
change in activity between the pre- and post-training 2-
back task; ii) Even within the Go/NoGo task, the effects of
training were specific to the inhibition trials: there was a
change of BOLD responses to NoGo but no to Go trials as
indicated by an interaction between the factors Stimuli
(Go; NoGo) and session (Pre-; post-training) driven by a
decrease in the activity within the left and right IFG to
Nogo trials and not to Go trials; iii) the effects of the

TABLE II. Within-IFG localizations of clusters local

maxima for the functional and structural analyses (MNI

coordinates)

Pars orbitalis
Pars

triangularis
Pars

opercularis

Left Right Left Right Left Right

BOLD (230;23;211) (39;32;16)
(36;23;13)

(42;17;13)

GMV (57;29;27)
FA (41;33;7)

MNI coordinates of within-IFG localizations of cluster local max-
ima of the functional (BOLD), grey matter volume (GMV) and
fractional anisotropy (FA) analyses. The three subregions of the
inferior frontal gyrus are reported separately for the left and right
hemisphere: left and right pars orbitalis, triangularis and opercu-
laris. A partial overlap of the functional and structural data mani-
fested in the rIFG pars triangularis (reduction of the BOLD signal
and an increase of FA after training in this region).
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training were specific to the left and right IFG, that are
brain regions associated with IC by our main effect of
Stimulus and by previous literature (Aron et al. 2014 for
review). This pattern of result provides converging evi-
dence that the observed effects indeed resulted from the
Go/NoGo training. Another limitation of our study con-
cerns whether the effect of training lasted after the end of
the training. Our post-training recording session took place
right after the end of the training, leaving unresolved
whether the same pattern persisted after weeks or months.

Furthermore, whether the behavioral improvements on
the 2-back task follow from a test-retest effect or derive
from the go/no training remains unresolved. Previous lit-
erature has indeed shown that inhibition is involved in
working memory tasks (McNab et al. 2008; see Simmonds
et al. 2008 for review), and reversely that working memory
is supported by brain regions that were modified by our
training regimen (Borst and Anderson, 2013; D’Esposito
et al. 1998 for review). One could, thus, hypothesize that
as there is a partial overlap of the brain regions underling
both tasks, the effect of the Go/NoGo training might have
transferred to the 2-back. However, because i) there were
functional changes during the GoNoGo task but not dur-
ing the 2 back task; ii) the functional and structural
changes manifested within IC brain areas; and iii) Go/
NoGo but not working memory was trained, the observed
structural changes are due the Go/NoGo training (with
potentially also test-retest effects), with the behavioral
change in the 2 back task following only from familiariza-
tion with the task / test-retest effects.

Collectively, our results reveal the patterns of functional
and structural plastic reorganizations induced by 2 weeks
of IC training. We confirmed current hypotheses on the
mechanisms of training-induced plasticity in IC by show-
ing that inhibition processes triggered by NoGo stimuli
can be enhanced by IC training with specifically designed
Go/NoGo tasks: Top-down IC structures are modified
when stimulus-response mapping rules are systematically
varied during the training. We further showed that differ-
ent patterns of training-induced functional and structural
plastic modifications took place within and between homo-
topic inferior frontal executive brain networks. These col-
lective findings suggest that the IC training could help the
rehabilitation of inhibition-related brain disorders involv-
ing either structural or functional deficits in IC structures
(Tabibnia et al. 2011). Further clinical studies are, however,
required to test this hypothesis.
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