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For ages, we have been looking for ways to enhance our physical and cognitive capacities
in order to augment our security. One potential way to enhance our capacities may be to
externally stimulate the brain. Methods of non-invasive brain stimulation (NIBS), such as
repetitive transcranial magnetic stimulation (rTMS) and transcranial electrical stimulation
(tES), have been recently developed to modulate brain activity. Both techniques are
relatively safe and can transiently modify motor and cognitive functions outlasting the
stimulation period. The purpose of this paper is to review data suggesting that NIBS
can enhance motor and cognitive performance in healthy volunteers. We frame these
findings in the context of whether they may serve security purposes. Specifically, we
review studies reporting that NIBS induces paradoxical facilitation in motor (precision,
speed, strength, acceleration endurance, and execution of daily motor task) and cognitive
functions (attention, impulsive behavior, risk-taking, working memory, planning, and
deceptive capacities). Although transferability and meaningfulness of these NIBS-induced
paradoxical facilitations into real-life situations are not clear yet, NIBS may contribute at
improving training of motor and cognitive functions relevant for military, civil, and forensic
security services. This is an enthusiastic perspective that also calls for fair and open
debates on the ethics of using NIBS in healthy individuals to enhance normal functions.
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INTRODUCTION
For centuries, we have been trying to improve our motor and
cognitive performance in order to augment our security against
predators, including our fellow human beings. Numerous ways
have been explored to surpass limitations of the human body
(e.g., physical training, education, technology, religion). The dis-
covery of the electric neuronal transmission in the early 1800s’ has
reinforced the belief that one way to enhance motor and cogni-
tive abilities may be to stimulate the brain using electric currents.
Considerable progress in modifying electric neuronal activity
non-invasively in living humans has been made in the recent
years, making it now possible to modulate behaviors. Two of the
modern non-invasive brain stimulation (NIBS) methods are the
repetitive Transcranial Magnetic Stimulation (rTMS; for a review
see Sandrini et al., 2011) and the recently re-discovered transcra-
nial Electrical Stimulation (tES; for a review see Utz et al., 2010;
Jacobson et al., 2012). They are now widely used in cognitive neu-
roscience to study and modulate human behaviors in pathological
and normal conditions. Indeed NIBS can be used to characterize
causal relationships between brain networks and behaviors. The
brain region that is targeted with NIBS is often chosen based on

lesion work and imaging data (e.g., functional MRI) associating a
given function with a specific brain network. The general hypoth-
esis postulates that NIBS applied over a specific brain region
will modulate level of performance of its associated underlying
behavior(s). We can impair and improve normal behavioral per-
formance in healthy individuals with NIBS. When we induce a
deficit, this phenomenon is called virtual lesion. When such mod-
ulation leads to a functional enhancement, this phenomenon is
called paradoxical facilitation. Paradoxical facilitation was first
described in patients with brain lesions who performed better
than normal subjects on certain tasks (for a review see Kapur,
1996). For example, it has been shown that patients with a right
hemisphere lesion displayed shorter response time (RT) than
healthy subjects at an attentional task (Ladavas et al., 1990). More
recently, it has been reported that NIBS can induce paradoxical
facilitation in healthy adults. For instance, normal behavioral per-
formance of healthy subjects can be enhanced following a single
session of rTMS or tES. The goal of this paper is to review data
indicating that NIBS can promote motor and cognitive functions
in healthy volunteers. Further, we frame these data in the con-
text of whether they may benefit security purposes. Specifically,
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we will discuss how modulation of motor and cognitive functions
with NIBS may promote existing training in security services
(e.g., military, police).

OVERVIEW OF NIBS TECHNIQUES
The principle of rTMS is based on Faraday’s Law of electromag-
netic induction. Brief current pulses are delivered through a coil
placed on the subject’s scalp (see Figure 1A). This generates a
magnetic field that penetrates the scalp and skull, inducing a
weak electrical current in the brain. rTMS can induce effects that
outlast the stimulation period. Low frequencies rTMS (= 1 Hz)
are known to decrease activity, whereas higher frequencies are
assumed to increase activity of the targeted brain area. rTMS
can also modulate activity of brain regions interconnected with
the targeted area (Hoogendam et al., 2010). Specific mechanisms
of these changes remain to be fully determined, but they are
widely believed to reflect changes in synaptic potential by mod-
ulating depolarization or hyperpolarization states of neurons,
leading to changes in long-term depression-like and long-term
potentiation-like plasticity.

The principle of tES is quite different from that of rTMS.
tES consists of applying electrodes on the subject’s scalp (see
Figure 1B). A weak transcranial Direct Current (tDCS), slow
oscillatory Direct Current (so-tDCS, o-tDCS, or tSOS) or
Alternating Current (tACS) flows through the brain between the
anode and the cathode electrodes. This current flow modulates
neural activity in the targeted area(s) as well as connectivity
within an interconnected network (Keeser et al., 2011). The
effect of tDCS can outlast the stimulation period. The anode
is known to increase excitability of the targeted area and the

FIGURE 1 | Examples of electrode montage and coil location for two

modern non-invasive brain stimulation techniques. (A) Example of
transcranial Electrical Stimulation electrodes montage with anode (gray)
applied over the left dorsolateral prefrontal cortex and cathode (black)
applied over the left parietal cortex according to 10–20 EEG international
system; (B) Example of transcranial magnetic stimulation location with a
figure-8 coil applied over the left dorsolateral prefrontal cortex (DLPFC). The
gray spots over the transcranial magnetic stimulation coil represent
navigator markers, the coil is placed over the DLPFC according to subject’s
MRI (on a computer screen, top of the figure).

cathode to inhibit it (Nitsche et al., 2007). Although the exact
mechanisms underlying tDCS effects remain unknown, pharma-
cological studies have highlighted changes in resting neuronal
membrane potential and synaptic modifications linked to gluta-
matergic (NMDA-receptor) and GABAergic activity (for a review
see Stagg and Nitsche, 2011). These findings were recently sup-
ported in a study using Magnetic Resonance Spectroscopy report-
ing GABA and Glutamate changes following NIBS (Clark et al.,
2011).

The brain area can be targeted non-invasively with rTMS
or tES on the subject’s scalp based on the 10–20 EEG inter-
national system, an anatomical, or a functional MRI image
(Figure 1).

Specific mechanisms of how NIBS induces paradoxical facili-
tation in healthy individuals are not completely understood yet.
Most researchers agree that from a neurophysiologic perspec-
tive, NIBS enhances behavioral performances by modulating a
dynamic distributed brain network. From a conceptual perspec-
tive, three non-mutually exclusive frameworks have been pro-
posed: the entrainment theory, the stochastic resonance model,
and the zero-sum theory (for a review see Pascual-Leone et al.,
2012). The entrainment theory posits that the brain can be
brought into an oscillatory natural state that is known to be
associated with a particular function. According to the entrain-
ment model, NIBS mimics brain oscillations and has an effect
by entraining the brain’s natural state. For instance, apply-
ing slow oscillatory tDCS during sleep induced an increase
in slow wave sleep and promoted memory in a frequency-
specific manner (Marshall et al., 2004). The stochastic resonance
model supposes that small amounts of noise injected into a sys-
tem promote low-level signals leading to enhanced functions
within this system. For instance, TMS at low intensity applied
over the visual cortex (V5/MT) facilitated detection of weak
motion signals, whereas higher intensities impaired detection
of stronger motion signals (Schwarzkopf et al., 2011). Finally,
the zero-sum theory posits that the brain has a finite power
processing. According to this model, if NIBS induces a para-
doxical facilitation, the opposite effect will also be observed
that is a detrimental behavioral impact. For example, low fre-
quency rTMS applied over the parietal cortex enhanced tar-
get detection in the ispilateral visual hemi-field and worsened
detection in the contralateral visual hemi-field (Hilgetag et al.,
2001).

STUDIES USING NIBS TO INDUCE PARADOXICAL
FACILITATIONS
We will here describe studies indicating that NIBS can enhance
performance of healthy subjects on motor and cognitive tasks
(attention, impulsivity, risk-taking, working memory, planning,
and deceptive capacities).

EFFECTS OF NIBS ON MOTOR FUNCTIONS
The first application of TMS was on the human motor cortex
(Barker et al., 1985); and the use of NIBS to promote motor
functions in healthy subjects likely represents the richest litera-
ture on facilitations induced by rTMS or tES. We will here present
studies reporting that NIBS can induce paradoxical facilitation of

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 449 | 2

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Levasseur-Moreau et al. Neuroenhancement with non-invasive brain stimulation

motor functions in terms of precision, speed, strength, accelera-
tion endurance, and execution of daily motor task. The majority
of these NIBS studies targeted the primary motor cortex (M1),
a region known to be involved in motor control (for a review
see Schieber, 2001) and motor sequence learning (Penhune and
Steele, 2012).

Effects of NIBS on motor precision
Studies tested the ability of NIBS to enhance precision of motor
functions in healthy subjects. Buetefisch and colleagues tested the
effects of low frequency rTMS applied over the left M1 on pre-
cision at motor pointing tasks. They used tasks requiring lower
and higher demand of precision for both hands (i.e., ipsilat-
eral and contralateral to the stimulated left M1). Participants
receiving active rTMS were more accurate in the task demand-
ing higher level of precision for both hands (with greater accuracy
for the ipsilateral than the contralateral one), compared to when
they received sham stimulation (Buetefisch et al., 2011). For
the lower demand level of precision, no difference in precision
was observed between active and sham stimulation conditions.
Moreover, Matsuo and colleagues tested the precision in a circle-
drawing task before and after healthy volunteers received either
active or sham tDCS over the right M1. They found that par-
ticipants receiving anodal tDCS displayed greater precision of
the non-dominant-hand movement. No change in precision was
observed when subjects received sham stimulation (Matsuo et al.,
2011). Also, these enhanced motor abilities (i.e., deviation area
and path length of the task) were observed up to 30 min after the
end of the stimulation session (Matsuo et al., 2011).

Effects of NIBS on motor learning
Nitsche and colleagues investigated the effects of tDCS on implicit
motor learning using a modified version of the Serial Reaction
Time Task (SRTT). In this task, participants are instructed to
respond as fast as possible on a response pad with four buttons
to the apparition of a dot on a computer screen in one of the four
positions (each button have to be pushed with a different finger
of the right hand). Anodal tDCS was applied in separate groups
of participants to different regions contralateraly to the perform-
ing hand: M1, premotor, and prefrontal cortices. Participants
receiving anodal tDCS over M1 were faster at executing implic-
itly learned sequences compared to participants receiving tDCS
over the premotor or prefrontal areas (Nitsche et al., 2003). This
effect was replicated with rTMS. Healthy subjects who received
low frequency rTMS over M1 were faster at executing a learned
sequence movement with the hand ipsilateraly to the stimulated
M1 without affecting performance with the contralateral hand
as compared to rTMS applied to the contralateral M1, ipsilateral
premotor area, or vertex (Kobayashi et al., 2004). This effect was
reported for both M1, with a greater effect for the right M1. The
authors reported no effect on accuracy as measured by error rate.
The improvement of ipsilateral motor accuracy following 1 Hz
rTMS over M1 can outlast the stimulation period up to 30 min
(Avanzino et al., 2008). Similar findings were reported using high
frequency rTMS applied over the right M1 in right-handed sub-
jects. Subjects were faster and more accurate to execute a learned
complex motor task with their left (non-dominant) hand when

they received active rTMS as compared to when they received
sham stimulation (Kim et al., 2004). Vines et al. (2008) investi-
gated the effects of tDCS in right-handed healthy participants in
a finger sequence performance task. They studied four stimula-
tion conditions: anodal tDCS over the non-dominant M1 coupled
with cathodal tDCS over the dominant M1; anodal tDCS over the
dominant M1 coupled with cathode over contralateral supraor-
bital region; anodal tDCS over the non-dominant M1 coupled
with cathode over the contralateral supraorbital region, and sham
tDCS. The anode applied over the non-dominant M1 coupled
with the cathode over the dominant M1 enhanced motor perfor-
mance in the contralateral (left) hand. Performance was measured
by the total number of correct responses calculated as the mean
percentage of change in the total number of correct sequential
keystrokes at the finger-sequence performance task. The three
other stimulation conditions did not lead to significant changes.

Effects of NIBS on muscle might
So far we discussed studies indicating that NIBS can improve
motor accuracy, learning, and speed. Other studies suggested
that NIBS can also promote motor strength, acceleration, and
endurance. This has been shown in upper and lower body parts.
Tanaka et al. (2009) investigated the impact of tDCS on leg
motor strength at a Pinch Force Test in healthy subjects. They
found that participants receiving anodal tDCS over the right
M1 coupled with cathodal tDCS over the left supraorbital area
displayed greater strength compared to those receiving cathodal
tDCS over the right M1 coupled with anodal tDCS over the left
supraorbital area and sham stimulation. Moreover, these effects
outlasted the stimulation period by 60 min. Teo et al. (2011)
studied the effects of intermittent theta burst stimulation (iTBS;
known to increase excitability) over M1 on movement accelera-
tion. They found that iTBS significantly increased peak acceler-
ation of the thumb abduction movement compared to baseline
performance. Cogiamanian et al. (2007) explored the effects of
anodal tDCS over the right M1 coupled with cathodal tDCS over
the right shoulder on muscular endurance in healthy subjects
using a paradigm requiring submaximal isometric contraction
of the left elbow flexor. They found that, compared to opposite
electrode arrangement or sham conditions, anodal tDCS signifi-
cantly increased endurance of participants (maximum voluntary
contraction).

Effects of NIBS on execution of daily motor task
Boggio and colleagues investigated the effect of tDCS on motor
performance at the Jebsen Taylor Hand Function Test (JTHF). The
JTHF is a widely used task assessing motor activities often per-
formed in daily life (e.g., picking up small objects and placing
them in a can, stacking chequers, moving large light or heavy
cans). Right-handed volunteers were faster at completing the
JTHF with the left (non-dominant) hand when they received
anodal tDCS over the right (non-dominant) M1. There was how-
ever no change between active and sham tDCS when performed
with the right (dominant) hand (Boggio et al., 2006). In another
study, participants who received active tDCS (anode over the right
non-dominant M1 coupled with cathode over the dominant M1)
combined with unilateral motor training and contralateral hand

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 449 | 3

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Levasseur-Moreau et al. Neuroenhancement with non-invasive brain stimulation

restraint were faster at the JTHF than those who received sham
tDCS combined with unilateral motor training and contralat-
eral hand restraint (Williams et al., 2010). Also, Hummel et al.
(2010) tested the effects of tDCS over the left M1 on motor perfor-
mance measured by the JTHF in healthy subjects. They observed
increased overall performance in the time to execute the task
in participants receiving active tDCS as compared to when they
received sham tDCS. Of note, this study included only elderly par-
ticipants (mean age of 69 years). Also, these effects were sustained
up to 30 min after the end of a single stimulation session. Thus,
NIBS appears to decrease speed of motor movement execution.

In sum, NIBS applied over M1 can induce facilitations on
various motor aspects such as precision, learning, strength, accel-
eration, endurance, and execution of daily motor task; and some
of these enhancements included hand movements of daily life
activities. It also has been proposed that NIBS can be used to
enhance motor functions in the context of sportive performance
(for a review see Banissy and Muggleton, 2013).

EFFECTS OF NIBS ON ATTENTIONAL SKILLS
Attention is a central cognitive process that is considered as
a precursor of a large majority of other cognitive functions.
Attention can be described as the capacity of sustainably focus
cognitive resources on information while filtering or ignoring
non-salient endogenous or extraneous information. Attention
processes range from the ability to respond to specific visual,
auditory, or tactile stimuli to higher cognitive processes of men-
tal flexibility allowing simultaneous responses to multiple tasks.
At the brain level, the attention network is a complex set of inter-
actions implying numerous brain regions, especially the frontal
and parietal cortices (Petersen and Posner, 2012) and numer-
ous studies have investigated the effects of NIBS on these regions
(Fecteau et al., 2006). We will here present studies reporting
NIBS-induced paradoxical facilitation of various attentional pro-
cesses: sustained attention, focused attention, selective attention,
attentional switch, and inhibition.

Effects of NIBS on sustained attention
Sustained attention is the ability to maintain attention (vigilance)
for sporadic critical events during long periods of time (Warm
et al., 2008). It elicits a large cerebral network including right and
left frontal regions. Nelson et al. (2013) measured the effects of
tDCS on vigilance performance in military personnel with an air
traffic controller simulator. As compared to sham, active tDCS
(anodal over the left DLPFC coupled with cathodal over the right
DLPFC, as well as the opposite electrode montage) resulted in
enhanced accuracy that is an increased number of correct iden-
tified targets and a decreased number of false alarms. However,
tDCS also resulted in slower RT. Thus, tDCS can improve sus-
tained attention in setting mimicking work environments such as
radar operators.

Effects of NIBS on focused attention
Focused attention represents the ability to concentrate the atten-
tional locus toward a specific stimulus. The posterior part of the
parietal cortex (PPC) is one of the areas often involved in focused
attention, such as detecting a visual target presented in a specific

location (for a review see Corbetta and Shulman, 2002). In order
to improve focused attention, numerous studies have applied
NIBS over the PPC. For instance, a single session of low frequency
rTMS applied over the right or left PPC improved detection of
stimuli presented ipsilaterally to the stimulated site. The same
rTMS protocol also impaired detection of stimuli presented in
the contrateral visual field (Hilgetag et al., 2001). These find-
ings were replicated using a single session of low frequency rTMS
applied over the right dorsal PPC (Thut et al., 2005). The authors
reported enhanced target detection in the right visual field (i.e.,
shorter RT) and impaired target detection in the left visual field
(i.e., decreased accuracy) after rightward cueing in a visual atten-
tion detection task. NIBS appears to promote focused attention
using stimuli other than visual as well. Anodal tDCS applied over
the right PPC coupled with cathodal tDCS applied over the con-
tralateral deltoid muscle improved attention to auditory stimuli
presented contralaterally to the stimulation site, the left auditory
field (Bolognini et al., 2011). Thus, NIBS can enhance attention
in detecting some auditory and visual targets in healthy subjects.

Effects of NIBS on selective attention
Selective attention is the ability to focus attentional resources ori-
ented toward a given stimulus despite the presence of distracting
or competing stimuli. Amongst the regions presumably involved
in selective attention (Petersen and Posner, 2012), the right infe-
rior frontal cortex (IFC) and the PPC have been targeted with
NIBS to study selective attention. Selective attention can be stud-
ied using the DARWARS Ambush! Threat Detection Task. This
task was initially designed to train US soldiers bound for Iraq.
Subjects are presented with threatening and unthreatening tar-
gets that are concealed in realistic virtual situations. They are
required to detect threatening targets, such as a bomb under a
pile of rocks. Clark et al. (2012) evaluated the effects of tDCS on
performance at the DARWARS Ambush! Threat Detection Task.
Subjects who received active tDCS (anodal over either the right
IFC or the right PPC coupled with cathodal over the contralateral
upper arm) were significantly better than subjects who received
sham tDCS. More specifically, they identified a greater number
of correct threatening targets and reported a smaller number of
false alarms (i.e., identifying unthreatening targets as threaten-
ing ones) at the detection task during and after the stimulation
session. They were also increasingly faster to complete the task
throughout the four training blocks. The same research team
conducted another experiment using the DARWARS Ambush!
(Falcone et al., 2012). First, they replicated their previous find-
ings: anodal tDCS over the right IFC lead to better identification
of threatening concealed objects, lesser number of false alarms,
and faster learning curve, as compared to sham tDCS. In addition,
they observed that this enhanced performance sustained 24 h after
the end of the stimulation period. They conducted a third study
with a similar design (Coffman et al., 2012). Here, they replicated
their initial findings: subjects who received anodal tDCS over the
right IFC were better than those who received sham stimulation
(i.e., greater identification of threatening concealed objects, lesser
number of false alarms, and faster learning curve), as compared
to sham tDCS. The observed enhancements of threat detection
with tDCS were associated with increased attention (i.e., alerting
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attention, decreased RT to detect a cue). Overall, these stud-
ies indicate that selective attention can be enhanced by NIBS as
shown by improved detection of threats.

Effects of NIBS on attentional switch
Attentional switch is the ability to change attentional resources
from a given stimulus to another stimulus. It elicits activity in
a large cerebral network including some frontal regions (e.g.,
the medial frontal cortex and the dorsolateral prefrontal cor-
tex; DLPFC) and the pre-supplementary motor area (pre-SMA;
Rushworth et al., 2002). Vanderhasselt and colleagues tested the
effects of high frequency rTMS over the right DLPFC on atten-
tional switch using a Task-Switching Paradigm (Vanderhasselt
et al., 2006). In this task, participants had to respond with their
hand to a visual stimulus presented on 8 different locations
(pressing one of the 8 buttons) and with their foot to an audi-
tory stimulus (pushing a pedal). Participants had to focus their
attention to visual stimuli and then to switch their attention
when the auditory stimuli occurred. They were faster at switching
their attention when they received active rTMS than when they
received sham rTMS.

Effects of NIBS on inhibition
Inhibition is defined here as the ability to refrain from initiat-
ing a response to a stimulus. The right IFC, DLPFCs, pre-SMA,
M1, and PPC have been targeted with NIBS to diminish RT and
improve accuracy of inhibitory control in healthy subjects. For
instance, a single session of high frequency rTMS applied over
the left DLPFC significantly decreased RT on incongruent trials at
the Stroop word and color task as compared to sham stimulation
(Vanderhasselt et al., 2007). The Stroop task requires partici-
pants to name the font color of the visually presented words.
Subjects are usually faster at the congruent than the incongru-
ent condition. The congruent condition consists of presenting the
word blue written in blue. The incongruent condition consists for
example of presenting the word blue written in red. Anodal tDCS
over the left DLPFC coupled with cathodal over the contralateral
supraorbital area diminished RT at the incongruent condition,
compared to sham stimulation (Jeon and Han, 2012).

Inhibition can also be assessed with the Stop Signal Task (SST).
In this task, an external stimulus signals participants to inter-
rupt an already-initiated motor response. The SST involves a
distributed cerebral network including the IFC, the pre-SMA,
and the DLPFC of both hemispheres (Sharp et al., 2010). Studies
reported that applying anodal tDCS over the right IFC (Jacobson
et al., 2011; Ditye et al., 2012) or the right M1 (Kwon et al.,
2013) reduced RT at the SST paradigm as compared to sham
stimulation. Accuracy at the SST can also be improved with
NIBS. The number of correct inhibited responses at the SST
was greater in healthy subjects who received anodal tDCS over
the pre-SMA as compared to subjects who received active stim-
ulation over the left M1 (Hsu et al., 2011). NIBS can also
enhance these inhibitory skills in healthy subjects in a similar
task, the Conners’ Continuous Performance task (Hwang et al.,
2010). Here, participants must press a button each time any let-
ter is presented except the “x” letter. The number of commission
errors was reduced when subjects received high frequency rTMS

over the left DLPFC as compared to when they received sham
stimulation.

The Flanker Task is a cognitive paradigm measuring inhibition.
Specifically, it characterizes the ability to detect targets in the pres-
ence of distracting information. Subjects thus have to inhibit their
attention toward distracting stimuli in order to focus their atten-
tion on relevant stimuli. Participants who received cathodal tDCS
over the right PPC coupled with anodal tDCS over the contralat-
eral supraorbital area were better at detecting targets at this task
as compared to subjects who received anodal stimulation over
the right PPC coupled with cathodal tDCS over the contralat-
eral supraorbital area and subjects who received sham stimulation
(Weiss and Lavidor, 2012). Of note, this NIBS-induced enhance-
ment was not only found in low attentional load, but also in
conditions requiring a high level of cognitive process (high-load
scenes) when a stimulus is presented along with a great number
of distractors.

In sum, NIBS can enhance attentional skills, such as decreasing
RT and increasing accuracy at processing visual and/or audi-
tory stimuli in healthy individuals. More specifically, NIBS can
improve sustained attention, focused attention, selective atten-
tion, attentional switch, and inhibition.

EFFECTS OF NIBS ON IMPULSIVE BEHAVIOR
Some studies suggest that NIBS can modulate impulsive behav-
ior. A rich literature in neuroimaging indicate that the DLPFC
is critically involved in impulsive behavior (Rorie and Newsome,
2005). Based on this, the DLPFC has been the main targeted
region with NIBS. The effects of NIBS on impulsive behavior have
been tested using the Delay Discounting Task. This task assesses
subject’s tendencies to prefer smaller, more immediate rewards or
larger, delayed rewards. Healthy subjects who received continuous
Theta Burst Stimulation (cTBS; known to decrease excitability)
over the right DLPFC choose more often larger, delayed rewards
than smaller, immediate rewards, as compared to when they
received sham stimulation or iTBS over the right DLPFC (Cho
et al., 2012). Finally, in an ecological effort, Beeli and colleagues
investigated the effect of anodal and cathodal tDCS over the
left and right DLPFC on driving behavior (Beeli et al., 2008).
They recorded several behaviors in a driving simulator such as
distance from driver ahead and speed. They found that partici-
pants receiving anodal tDCS, applied either over the left or the
right hemisphere, displayed more careful (less impulsive) driving
behavior compared to baseline. As seen in attentional inhibition
studies, these results suggest that NIBS can also lead to reduced
impulsive behaviors.

EFFECTS OF NIBS ON RISK-TAKING
Risk-taking is known to elicit activity in several regions, criti-
cally including the DLPFC according to neuroimaging studies
(Rao et al., 2008). The effects of NIBS applied over the DLPFC
in healthy subjects were explored on risk-taking using the Balloon
Analog Risk Task (BART). In this task, subjects are required to
accumulate money by inflating a computerized balloon, whereby
they increasingly face the risk of the balloon to explode and loose
the accumulated gain. A single session of tDCS with both elec-
trodes over the DLPFCs (i.e., anode placed over either the right
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or left DLPFC coupled with the cathode over the contralateral
DLPFC) led to a more conservative, risk-averse response style
(i.e., decreased number of pumps) as compared to sham stim-
ulation and to unilateral active stimulation (i.e., anodal placed
over either the right or left DLPFC coupled with cathodal over
the contralateral supraorbital area; Fecteau et al., 2007b). NIBS
can also induce the opposite behavioral effect at the BART that is
increasing risk-taking in healthy subjects. Participants receiving
anodal tACS (6.5 Hz) over the left DLPFC coupled with cathodal
over the right temporal cortex displayed greater risk-taking (i.e.,
increased number of pumps from balloons that did not explode)
compared to participants receiving sham stimulation and partic-
ipants receiving anodal right DLPFC tACS coupled with cathodal
over the left temporal cortex (Sela et al., 2012).

The effects of NIBS on risk-taking were also investigated with
the Risk Task. In the Risk Task participants have to choose between
two options representing different levels of risk and balances
of reward. Subjects receiving low frequency rTMS applied over
the right DLPFC displayed riskier decision-making style com-
pared to those receiving rTMS over the left DLPFC or sham
rTMS (Knoch et al., 2006). NIBS can also decrease risk-taking
using the same task. Subjects receiving tDCS (anodal over the
right DLPFC coupled with cathodal over the left DLPFC) dis-
played suppressed risk-taking and decreased sensitivity to reward,
as compared to subjects receiving sham tDCS (Fecteau et al.,
2007a). Participants receiving active stimulation were also faster
at making their choices compared to participants receiving sham
stimulation. These studies converge to the suggestion that NIBS
can modulate impulsive behaviors and risk-taking.

EFFECTS OF NIBS ON WORKING MEMORY
Working memory is a widely investigated cognitive function.
Working memory allows to transiently maintain information.
It encompasses a large brain network, especially the fronto-
temporal network including the DLPFC. Working memory
capacities can be assessed by the Sternberg Task. This task requires
participants to recognize a previously presented item (verbal or
non-verbal material) amongst distractors. It has been reported
that healthy subjects were faster at the Sternberg Task when they
received anodal tDCS over the left DLPFC coupled with catho-
dal tDCS over the right DLPFC as compared to when they
received sham tDCS (Gladwin et al., 2012). This effect on the
Sternberg Task was replicated in a study using high frequency
rTMS applied over the left and right DLPFC. Participants were
faster (but not more accurate) to perform the task after active
(left and right DLPFC) rTMS compared to sham rTMS (Preston
et al., 2010). It has also been reported that tDCS over the left
DLPFC enhanced working memory as measured by the backward
digit span (Jeon and Han, 2012). In this task, random sequences
of numbers (range 0–9) are verbally presented to participants.
The subjects have then to repeat the sequence of numbers in
the reverse order. In an ecological effort, working memory can
also be studied using an adapted version of the Object-location
learning paradigm. In this task, subjects had to learn the accu-
rate positions of buildings on a street map by looking at a
series of correct and incorrect pairings of buildings (objects)
and street map positions (locations). It has been reported that

accuracy (i.e., percentage of correct object-location recalls) was
improved when subjects received active tDCS (anodal over the
right temporoparietal junction coupled with cathodal over the
contralateral supraorbital area) as compared to sham tDCS at
this task in healthy elderly subjects (mean age of 62 years old;
Floel et al., 2012). Interestingly, these effects were found after
1 week (i.e., delayed free recall). It thus appears that NIBS can
enhance short term working memory performance in healthy
subjects.

EFFECTS OF NIBS ON PLANNING
Planning represents the ability to divide behaviors step by step, in
a particular order, to reach a specific goal (Unterrainer and Owen,
2006). It involves a large cerebral network including the DLPFC
(Unterrainer and Owen, 2006). One well-known paradigm to
measure planning is the Tower of London Task. In this task subjects
are presented with three rods and a number of disks of different
sizes which can slide onto any rod. They are invited to preplan
mentally a sequence of moves from an initial state to match a goal
state (initial thinking phase) and then to execute the moves one
by one (execution phase). Some studies indicate that NIBS can
improve the overall planning skills at the Tower of London Task.
Dockery et al. (2009) investigated the impact of tDCS applied
over the left DLPFC on this task in a crossover design. Participants
were faster (when they received cathodal tDCS) and more accu-
rate (when they received anodal tDCS) to complete the puzzle
(preplan and execute) as compared to sham tDCS. Accuracy was
calculated as the number of correct solutions divided by the total
number of trials. A more recent study reported that cTBS applied
over the left DLPFC can diminish the preplan time (initial think-
ing period) without changing performance at the Tower of London
Task, compared to when participants received sham stimulation.
Of note, iTBS applied over the same brain area lengthened speed
of execution at this task (Kaller et al., 2013). Thus, NIBS applied
over the DLPFC seems to enhance planning in healthy subjects.

NIBS can also reduce reaction time to solve a problem in
an Analogic Reasoning Task. This task requires participants to
identify analogies between two sets of pictures of colored geo-
metric shapes presented at the same time. Participants were
faster at detecting analogies without affecting error rates when
they received rTMS over the left DLPFC as compared to when
they received rTMS over the right DLPFC and sham stimulation
(Boroojerdi et al., 2001).

EFFECTS OF NIBS ON DECEPTIVE CAPACITIES
Deceptive capacities are commonly defined as the abilities to
intentionally mislead another individual by falsifying truthful
information in a credible way (Vrij et al., 2001). One of the most
robust measures to identify deceitful from truthful answers is
that deceitful answers are associated with longer onset (Walczyk
et al., 2003). Another measure of deceit is the level of guilt as
assessed with questions regarding the emotional state (e.g., “Did
you feel guilty when lying?”; Caso et al., 2005). Lying elicited
activity in several regions, including the DLPFC (Nunez et al.,
2005) and the anterior prefrontal cortex (aPFC; Abe et al., 2007).
First, it seems that production of lies can be improved (as well
as impaired) by NIBS (Karton and Bachmann, 2011). This ability
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was assessed in a task where subjects have to overtly name the
color of a disc (blue or red) presented on a computer screen
or lie. The authors investigated the effect of 1 Hz rTMS applied
over the right and left DLPFC as compared to the same pat-
tern of stimulation applied over the ispilateral parietal cortex.
The authors reported that participants produced less truthful
answers after they received rTMS over the left DLPFC com-
pared to when they received stimulation over the parietal cortex.
Karim et al. (2010) evaluated the effects of tDCS on deceptive
abilities using the Guilty Knowledge Test. In this task, subjects
participate in a thief role-play in which they are supposed to
steal money and then to attend to an interrogation. During
the interrogation they have to respond to multi-choice ques-
tions, usually consisting of six possible answers; one of which
that would only be known by a guilty person, the other five
answers being equally plausible to an innocent person. Subjects
who received active tDCS (anodal over the left parietal cortex
coupled with cathodal over the right aPFC) were better at deceiv-
ing than when they received sham tDCS. More specifically, they
were faster at lying and they reported lesser guilt. The oppo-
site electrode montage (i.e., anodal over the left aPFC coupled
with cathodal over the right parietal cortex) did not modulate
deceptive behaviors (Karim et al., 2010). The effects of tDCS
on other deceptive abilities were also investigated (Fecteau et al.,
2013). Three kinds of stimulation parameters were compared:
the anode over the right DLPFC coupled with the cathode over
the left DLPFC, the opposite electrode arrangement (anodal over
the left DLPFC coupled with cathodal over the right DLPFC)
and sham tDCS. Main findings include that compared to sub-
jects who received sham stimulation, those who received active
tDCS (anodal over the right or left DLPFC coupled with cathodal
over the contralateral region) were faster at recalling memorized
untruthful answers. No change in RT was found in these sub-
jects for providing truthful responses. In sum, although data are
still limited, they suggest that NIBS may improve some deceptive
abilities.

DISCUSSION
We reviewed here studies indicating that NIBS can improve nor-
mal performance in healthy subjects (see Figure 2). Specifically,
these improvements were observed for motor abilities (e.g.,
greater muscular endurance), attentional processes (e.g., faster
threat detection), impulsive behavior (e.g., choosing more often
larger, delayed rewards than smaller, immediate rewards), risk-
taking (e.g., displaying more careful behaviors, diminished or
increased risk-taking), memory (e.g., increased working memory
load), planning (e.g., enhanced fluid reasoning), and deceptive
capacities (e.g., decreased RT in providing deceitful answers).

Interestingly, some of these motor and cognitive processes that
can be enhanced using NIBS are already targeted in specific train-
ing programs for security purposes. Indeed, some approaches
already exist to develop soldiers’ motor abilities to emphasize
combat readiness. Amongst them, the Army Physical Fitness Test
is a common program to train physical performance in military.
This program trains multimodal aspects of motor performance
such as endurance, mobility, strength, and flexibility (Heinrich
et al., 2012).

FIGURE 2 | Main brain areas targeted in NIBS studies inducing motor

and cognitive (attention, risk-taking, planning and deceptive abilities)

enhancements in healthy volunteers. L: Left; R: Right; DLPFC: Dorso
Lateral Prefrontal Cortex (attention, risk-taking/impulsivity, planning and
deceptive abilities); IFC: Inferior Frontal Cortex (attention and deceptive
abilities); PPC: Posterior Parietal Cortex (attention); M1: Primary Motor
Cortex (motor); TPJ: temporoparietal junction (working memory).

There are also several training programs to enhance cognitive
functions for security purposes. Training attention to detect
threatening stimuli constitutes one of the highest priorities
for security services (see report from the Committee on
Opportunities in Neuroscience for Future Army Applications
and Council, 2009). Airport security screening staff are trained
with computer-based training programs to improve their atten-
tional skills in order to enhance their abilities to detect threaten-
ing objects in X-ray images (Schwaninger, 2004). As previously
discussed, the DAWARS Ambush! program was developed to
train soldiers to accurately detect threatening objects in realis-
tic environment. Similarly, soldiers are trained to enhance their
attentional skills in shooting using the pop-up target friend or
foe programs (Kelley et al., 2011). In this training program,
soldiers have to shoot or refrain from shooting targets rep-
resenting either friends or foes. Accuracy and RT are trained
during specific shooting training. Another training consists
of developing automatic behavior to reduce aversive effect of
stress on performance for which cognitive control is needed
(Leach, 2004). In this way, soldiers are trained to create and
follow cognitive automations so-called drills (e.g., if you are
under fire, you find cover; Delahaij et al., 2006). There is also
The Reid training program (Jayne and Buckley, 1999), which
provides interrogation and interviewing techniques seminars.
The goal of this training program is to develop adaptative
attentional skills, planning abilities, memory abilities, and appro-
priate risk-taking. In sum, several of these motor and cogni-
tive skills, as mentioned earlier, can be enhanced with NIBS
in healthy subjects. Thus, one might speculate that NIBS may
be a promising neuroenhancement tool for security purposes.
However, transferability and meaningfulness of these NIBS-
induced paradoxical facilitations into real life situations are not
clear yet.
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ARE NIBS-INDUCED PARADOXICAL FACILITATIONS TRANSFERABLE
INTO REAL-LIFE SITUATIONS?
Before proposing NIBS as a neuroenhancement tool for security
purposes, we have to discuss whether these enhancements may be
transferable into real-life situations. Indeed, most of the NIBS-
induced facilitation data reviewed here have been collected in
laboratory settings. This particular environment using rigorous
scientific methods is needed to identify as much as possible the
exact changes that are induced by NIBS, not only the improve-
ments, but also potential impairments with controls conditions
for instance. This represents an important step toward the devel-
opment of a new neuroenhancement technique. However, if we
want to use NIBS to improve functions relevant in real-life situ-
ations, we need to explore whether they can be transferred into
real-life.

One avenue to further transferability is to promote the eco-
logical validity of the experimental tasks. Several factors can be
promoted to boost the ecological validity of experimental testing.
A first factor is how the function is measured. Most functions are
measured with computer programs. For instance, target detection
can be assessed in laboratory settings using the Flanker task (Lavie
and Cox, 1997). More recently, target detection has been tested
in a more ecological task: the DAWARS Ambush! As mentioned
earlier, this computer-based program simulates foreign countries
environments to train threat detection in war situations (e.g.,
detect land mines or the safe hidden path used by the enemy
to avoid these mines into realistic environment). The effects of
NIBS on target detection using the Flanker and the DAWARS
Ambush! paradigms have also been tested. Target detection was
improved with active as compared to sham stimulation in healthy
subjects at the Flanker task (Weiss and Lavidor, 2012) and the
DARWARS Ambush! (Clark et al., 2012; Falcone et al., 2012).
Another example is impulsivity. A common way to test impul-
sivity level in laboratory settings is with a computer-based task,
the SST (O’Brien and Gormley, 2013). Efforts have been made
to test impulsivity in more ecological paradigms, such as using a
driving simulator (Pearson et al., 2013). The effects of NIBS have
been tested on impulsivity on these tasks. Active stimulation as
compared to sham stimulation can lead to lower impulsivity level
at the SST (Hsu et al., 2011) and at the driving simulator (Beeli
et al., 2008). Another example is working memory. A widely used
task to characterize working memory and learning is the Sternberg
Task. In order to assess spatial working memory in a more eco-
logical context, performance of subjects can be assessed using
map-learning procedure based on existing maps (Bosco et al.,
2004). In such Street Map Task, objects are placed on a map and
participants have to remember the positions of the objects. The
effects of NIBS have been tested on both the Sternberg Task and
a Street Map Task. Results revealed that NIBS improved working
memory at the Sternberg Task (Gladwin et al., 2012) and at the
Street Map Task (Floel et al., 2012). These examples are good mod-
els to follow to promote the ecological value of laboratory setting
without compromising scientific methodological rigor.

In order to promote the effects of NIBS in this population, we
need to test the effects of NIBS on ecological tasks and mimic as
much as possible external factors that might have an impact, such
as performing under stressful situations. Technological advances

such as the development of immersive 3D scenarios will certainly
optimize smooth translation from laboratory programs into real-
life situations. A last point to discuss concerns the generalization
of these NIBS-induced improvement at specific task to the whole
functioning (global intelligence) as it can be the case with cog-
nitive training (Jaeggi et al., 2010). Now, let’s say that in the
best-case scenario, NIBS can be transferred into real-life situa-
tions. The next question is: Are these NIBS-induced paradoxical
facilitations meaningful for real-life situations?

ARE NIBS-INDUCED PARADOXICAL FACILITATIONS MEANINGFUL FOR
REAL-LIFE SITUATIONS?
Throughout this paper we presented studies showing paradoxi-
cal facilitation induced by NIBS on various motor and cognitive
functions. If these NIBS-induced motor and cognitive enhance-
ments are transferable in real-life situations, another question
that remains is whether they are meaningful for security purposes.
Meaningfulness is defined here as the magnitude and the dura-
tion of the effects, in other words Are they big enough to have a
real impact?

Magnitude of these NIBS-induced facilitations is widely vari-
able. Although statistically significant, whether the magnitude of
these enhancements is meaningful for daily-life situations is not
clear yet. For instance, Pascual-Leone et al. (2012) estimated a
mean reduction of 32 milliseconds from studies using NIBS to
improve motor RT. In the specific context of speed shooting per-
formances, ∼13 milliseconds would be the difference between
elite and rookie police officers (Vickers and Lewinski, 2012).
Therefore, an improvement of 32 ms may make a vital differ-
ence in the context of a one-on-one gunfight or during aircraft
combat (dogfight). This suggested that the magnitude of NIBS-
induced enhancements might have a real interest for soldiers
and police officers. On the other hand, the magnitude of the
enhancement typically observed using NIBS are rather the same
as those observed using pharmacological enhancers such as caf-
feine (Husain and Mehta, 2011). Duration of these NIBS-induced
paradoxical facilitations is widely variable across studies, from
several minutes to several months (Dockery et al., 2009; Reis et al.,
2009). Duration of these effects obviously plays an important
role in determining whether these enhancements are meaningful
for real-life situations or determining the best timing to stimu-
late or re-stimulate. Even when tested in laboratory settings in
which testing is rigorously controlled, the real duration of these
enhancements remains uncertain.

Several factors can influence the magnitude and duration of
these paradoxical facilitations, thus ultimately transferability of
laboratory findings into real-life situations. These factors can be
related to (1) the NIBS device, (2) the brain state, and (3) the
behaviors.

(1) Factors related to the NIBS device that can influence facili-
tation include the stimulation parameters. These parameters
such as frequency, intensity, number of pulses, and num-
ber of sessions can influence the magnitude and duration
of paradoxical facilitations. For instance, Iyer et al. (2005)
found greater effects with 2 mA than 1 mA on verbal fluency
in healthy subjects.
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(2) Brain state can also influence the effects of NIBS on para-
doxical facilitation. State dependency can be defined as the
baseline state of brain dealing with many factors such as
fatigue, sleep, experience, and personality traits (e.g., Silvanto
and Pascual-Leone, 2008; Silvanto et al., 2008). The effects
of NIBS can be state dependent. One example comes from
tDCS. Slow oscillatory-tDCS (i.e., 0.75 Hz) applied bilaterally
over the DLPFC during slow wave sleep increased reten-
tion of declarative memory capacities (word pairs previously
learned), as compared to sham stimulation. This improve-
ment of memory capacities was associated with an increased
sleep depth and slow oscillatory activity (<3 Hz), whereas
the power in the faster frequency EEG bands (theta, alpha,
and beta) was reduced. In contrast, with the same protocol
of slow oscillatory-tDCS, but applied during the wake reten-
tion interval, there were no effects on declarative memory
(Marshall et al., 2004). Thus, administrating NIBS during a
specific sleep phase facilitated sleep-dependent consolidation
of declarative memories. This kind of result highlights the
importance of state-dependency in NIBS-induced paradox-
ical facilitation. In other words, in order to optimize NIBS
efficacy, we have to determine the best state the subject needs
to be before, during and after stimulation. For instance, Kwon
et al. (2013) reported that NIBS improved inhibition when it
was applied while subjects performed the SST, but it had no
effect when it was applied before the SST.

(3) Behavioral level at baseline can also influence the effects of
NIBS on paradoxical facilitation. Even when performance of
a group of subjects is considered normal, within the nor-
mal range, some subjects displayed better performance than
others (e.g., normal distribution). This baseline level of per-
formance may influence the effects of NIBS. For example,
NIBS improved visual working memory skills in low per-
forming subjects, but not in higher performing ones (Tseng
et al., 2012).

Age and gender can influence behavioral performance as well
as the effects of NIBS. Indeed, baseline performance can vary
according to subject’s age and gender. Throughout life, our skills
naturally change. For example older individuals present slower
RT to motion onset than younger ones (Porciatti et al., 1999).
Attentional capacities also change with aging (McDowd and
Craik, 1988). The same observation has been reported on plan-
ning abilities with older adults displaying worse performance at
the Tower of London task than younger adults (Phillips et al.,
2006). Normal aging also affects working memory. For exam-
ple, it has been reported that older participants displayed both
reduced accuracy and slower RT at working memory tasks com-
pared to younger participants (Gazzaley et al., 2005). In sum, it
is well-accepted that motor and cognitive performance change
through aging (see review from Glisky, 2007). The influence of
age on NIBS-induced paradoxical facilitation has not been how-
ever extensively investigated yet (for a review see Freitas et al.,
2013). One study reported that rTMS induced greater facilitation
of inhibition at the Go/NoGo task in younger than older adults
(age range 28–37 years; Huang et al., 2004), whereas another
study reported that NIBS led to greater improvement of motor

skills in older than younger participants (age range 56–87 years;
Hummel et al., 2010). On one hand, it is possible that NIBS
induces larger facilitation in younger than older adults. Indeed,
age was reported to correlate negatively with the duration of
NIBS-induced neurophysiological effects: longer-lasting effects
were found in younger than older healthy subjects. It is specu-
lated that this change in cortical plasticity through aging is linked
to normal motor and cognitive decline (Freitas et al., 2013). On
the other hand, it is possible that normal performance in older
individuals might be easier to improve with NIBS than in younger
ones. We could call this motor or cognitive rejuvenation that is
making older individuals performing as when they were younger.

Gender may also be a considerable factor when using NIBS
to induce facilitation in healthy subjects. At the behavioral level,
baseline performance can differ according to gender. For exam-
ple, men are more accurate at a throwing task than women
(Moreno-Briseno et al., 2010). Cognitive performance has also
been reported different according to gender in numerous func-
tions (for a review, see Zaidi, 2010), such as attentional inhibition
(Halari et al., 2005), visual-spatial attention (Rubia et al., 2010),
and spatial working memory (Duff and Hampson, 2001). The
influence of gender on NIBS-induced effects has not been rigor-
ously studied and remains to be further characterized (Ridding
and Ziemann, 2010). Most NIBS studies are not specifically
designed to test for gender differences. In sum, further studies
are needed to characterize the real influence of several factors,
including those related to the device, brain state, behavioral level
at baseline, age, and gender on NIBS-induced paradoxical facil-
itation. Better knowledge of these factors will certainly help to
smooth transferability and increase meaningfulness of laboratory
setting protocols into real-life contexts.

Another way to improve transferability and meaningfulness
of the NIBS induced effects might be to use NIBS as an add-on
to existing training programs. NIBS may promote capacities that
are critical for security purposes. Some studies reported that the
combination of motor training and NIBS lead to greater motor
improvements than to a single method approach (e.g., physi-
cal exercise alone; Bolognini et al., 2009; Williams et al., 2010).
This has also been reported in cognition. Combining cognitive
training with NIBS resulted in greater effects than single method
approach (e.g., stimulation alone). For instance, the combination
of a n-back training and active tDCS resulted in greater perfor-
mance at the digit span task than tDCS used as a single method
approach and the combination of the n-back training and sham
tDCS (Andrews et al., 2011). Thus, existing programs developed
for security personnel might benefit from combining them with
NIBS.

ETHICAL CONCERNS OF USING NIBS-INDUCED PARADOXICAL
FACILITATION IN HEALTHY SUBJECTS
Although this is out of the scope of this review paper, it is impor-
tant to mention that this field—inducing paradoxical facilitations
with NIBS in healthy subjects—calls for fair and well-balanced
discussions on ethics. This discussion should be to some extent
in accordance with lines of conduct from the use of other neu-
roenhancers, such as smart pills (for review Illes and Bird, 2006;
Forlini et al., 2013). At this point, whether or not it is ethical to use
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NIBS as a neuroenhancement tool for security purposes remains
an open debate. If it is, another question remains: Is it safe?

SAFETY CONCERNS OF USING NIBS-INDUCED PARADOXICAL
FACILITATION IN HEALTHY SUBJECTS
There are known risks and hypothetical risks associated with
the use of NIBS. These risks are reviewed by different groups
on the use of NIBS (Wassermann, 1998; Iyer et al., 2005; Rossi
et al., 2009). The classic protocol that is considered safe to reduce
depressive symptoms in patients with major depression refrac-
tory to medications consists of delivering daily session (a session
a day, from Monday through Friday) of high frequency rTMS
during 3–6 weeks (O’Reardon et al., 2007). Repeated sessions
are delivered in order to induce longer lasting clinical benefits.
Common side-effects related to this protocol include headaches
or cutaneous discomfort.

In healthy subjects, the use of tDCS has been reported to
be safe with a single session in 103 subjects (Iyer et al., 2005).
However, there are no safety guidelines for the administration of
repeated NIBS sessions over a long period of time in healthy indi-
viduals. We cannot solely and directly derive them from safety
guidelines established for clinical populations. One reason is that
the effects of a given NIBS protocol known to be safe (and even
salutary) in a clinical population may not be safe in healthy vol-
unteers. For instance, delivering high frequency rTMS over the
left DLPFC can alleviate depressive symptoms in patients with
depression (i.e., clinical benefit), but can hinder mood in healthy
subjects (i.e., would be considered as a side-effect). Hence, we
must consider the possibility that a same NIBS protocol might
lead to opposite behavioral effects depending on the studied
populations.

Regarding the NIBS-induced enhancement studies, another
important related aspect that must be taken into consideration is
the possibility of incidentally eliciting other effects. For instance,
in line with the zero-sum theory principle, rTMS resulted in

improved detection of targets in the ipsi- or contra-lateral
visual-field and in impaired detection in the opposite visual field
(Thut et al., 2005; Buetefisch et al., 2011). NIBS-induced facilita-
tion of motor function can also shift the speed/accuracy trade-off
function (Reis et al., 2009; Nelson et al., 2013). This dual effect is
not new, nor restricted to the use of NIBS. This speed/accuracy
trade-off is commonly observed in cognitive programs (Van Veen
et al., 2008). Novice inspectors of aircrafts are trained to detect
defects with immersive virtual scenarios. This training leads to
increased attentional accuracy, but also to increased RT to detect
threatening defects (Sadasivan et al., 2005). We might not be
able to prevent or minimize some of these trade-offs yet, but
the benefit/risk ratio should be carefully addressed. With regards
to hypothetic risks, it is also important to keep in mind some
results from the animal literature. It is well-known that animal
can develop an addiction to auto-electrical stimulation. This rep-
resent an hypothetical risk for humans to develop an addiction to
neuroenhancers (Heinz et al., 2012).

CONCLUSION
In this article we reviewed experimental data supporting that
NIBS can enhance motor (precision, speed, strength, accel-
eration endurance, and execution of daily motor task) and
cognitive functions (attention, impulsivity, risk-taking, work-
ing memory, planning, and deceptive capacities) in healthy
individuals. Some of these functions are already trained with
existing programs for security services. It is thus tempting to
speculate that NIBS may serve as a neuroenhancer tool for
security purposes. However, numerous questions remain to
be answered to do so. We believe that two important ques-
tions are (1) Are these paradoxical facilitations induced in lab-
oratory settings transferable into real-life situations? and (2) If
they are transferable, are they meaningful for real-life events?
Furthermore, ethical and safety concerns should be carefully
addressed.

REFERENCES
Abe, N., Suzuki, M., Mori, E., Itoh,

M., and Fujii, T. (2007). Deceiving
others: distinct neural responses of
the prefrontal cortex and amygdala
in simple fabrication and deception
with social interactions. J. Cogn.
Neurosci. 19, 287–295. doi: 10.1162/
jocn.2007.19.2.287

Andrews, S. C., Hoy, K. E., Enticott, P.
G., Daskalakis, Z. J., and Fitzgerald,
P. B. (2011). Improving working
memory: the effect of combining
cognitive activity and anodal tran-
scranial direct current stimulation
to the left dorsolateral prefrontal
cortex. Brain Stimul. 4, 84–89. doi:
10.1016/j.brs.2010.06.004

Avanzino, L., Bove, M., Trompetto,
C., Tacchino, A., Ogliastro, C., and
Abbruzzese, G. (2008). 1-Hz repet-
itive TMS over ipsilateral motor
cortex influences the performance
of sequential finger movements

of different complexity. Eur. J.
Neurosci. 27, 1285–1291. doi:
10.1111/j.1460-9568.2008.06086.x

Banissy, M. J., and Muggleton, N.
G. (2013). Transcranial direct cur-
rent stimulation in sports train-
ing: potential approaches. Front.
Hum. Neurosci. 7:129. doi: 10.3389/
fnhum.2013.00129

Barker, A. T., Jalinous, R., and Freeston,
I. L. (1985). Non-invasive mag-
netic stimulation of human motor
cortex. Lancet 1, 1106–1107. doi:
10.1016/S0140-6736(85)92413-4

Beeli, G., Koeneke, S., Gasser, K., and
Jancke, L. (2008). Brain stimulation
modulates driving behavior. Behav.
Brain Funct. 4:34. doi: 10.1186/
1744-9081-4-34

Boggio, P. S., Castro, L. O., Savagim, E.
A., Braite, R., Cruz, V. C., Rocha,
R. R., et al. (2006). Enhancement
of non-dominant hand motor func-
tion by anodal transcranial direct

current stimulation. Neurosci. Lett.
404, 232–236. doi: 10.1016/j.neulet.
2006.05.051

Bolognini, N., Pascual-Leone, A.,
and Fregni, F. (2009). Using
non-invasive brain stimulation to
augment motor training-induced
plasticity. J. Neuroeng. Rehabil.
17, 6–8. doi: 10.1186/1743-0003-6-8

Bolognini, N., Rossetti, A., Casati, C.,
Mancini, F., and Vallar, G. (2011).
Neuromodulation of multisen-
sory perception: a tDCS study of
the sound-induced flash illusion.
Neuropsychologia 49, 231–237. doi:
10.1016/j.neuropsychologia.2010.
11.015

Boroojerdi, B., Phipps, M., Kopylev,
L., Wharton, C. M., Cohen,
L. G., and Grafman, J. (2001).
Enhancing analogic reasoning
with rTMS over the left prefrontal
cortex. Neurology 56, 526–528. doi:
10.1212/WNL.56.4.526

Bosco, A., Longoni, A. M., and
Vecchi, T. (2004). Gender effects
in spatial orientation: Cognitive
profiles and mental strategies. Appl.
Cogn. Psychol. 18, 519–532. doi:
10.1002/acp.1000

Buetefisch, C. M., Hines, B., Shuster,
L., Pergami, P., and Mathes,
A. (2011). Motor demand-
dependent improvement in
accuracy following low-frequency
transcranial magnetic stim-
ulation of left motor cortex.
J. Neurophysiol. 106, 1614–1621.
doi: 10.1152/jn.00048.2011

Caso, L., Gnisci, A., Vrij, A., and
Mann, S. (2005). Processes under-
lying deception: an empirical anal-
ysis of truth and lies when manip-
ulating the stakes. J. Invest. Psychol.
Offender Profiling 2, 195–202. doi:
10.1002/jip.32

Cho, S. S., Pellecchia, G., Ko, J. H.,
Ray, N., Obeso, I., Houle, S., et al.

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 449 | 10

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Levasseur-Moreau et al. Neuroenhancement with non-invasive brain stimulation

(2012). Effect of continuous theta
burst stimulation of the right dorso-
lateral prefrontal cortex on cerebral
blood flow changes during decision
making. Brain Stimul. 5, 116–123.
doi: 10.1016/j.brs.2012.03.007

Clark, V. P., Coffman, B. A., Mayer,
A. R., Weisend, M. P., Lane, T.
D., Calhoun, V. D., et al. (2012).
TDCS guided using fMRI sig-
nificantly accelerates learning
to identify concealed objects.
Neuroimage 59, 117–128. doi:
10.1016/j.neuroimage.2010.11.036

Clark, V. P., Coffman, B. A., Trumbo,
M. C., and Gasparovic, C. (2011).
Transcranial direct current stimu-
lation (tDCS) produces localized
and specific alterations in neu-
rochemistry: a 1H magnetic
resonance spectroscopy study.
Neurosci. Lett. 500, 67–71. doi:
10.1016/j.neulet.2011.05.244

Coffman, B. A., Trumbo, M. C.,
Flores, R. A., Garcia, C. M., Van
Der Merwe, A. J., Wassermann, E.
M., et al. (2012). Impact of tDCS
on performance and learning of
target detection: interaction with
stimulus characteristics and exper-
imental design. Neuropsychologia
50, 1594–1602. doi: 10.1016/j.
neuropsychologia.2012.03.012

Cogiamanian, F., Marceglia, S.,
Ardolino, G., Barbieri, S., and
Priori, A. (2007). Improved iso-
metric force endurance after
transcranial direct current
stimulation over the human
motor cortical areas. Eur. J.
Neurosci. 26, 242–249. doi:
10.1111/j.1460-9568.2007.05633.x

Committee on Opportunities in
Neuroscience for Future Army
Applications, N. R. (2009).
Opportunities in Neuroscience
for Future Army Applications.
Washington, DC: The National
Academies Press.

Corbetta, M., and Shulman, G. L.
(2002). Control of goal-directed
and stimulus-driven attention in
the brain. Nat. Rev. Neurosci. 3,
201–215. doi: 10.1038/nrn755

Delahaij, R., Gaillard, A. W. K.,
and Soeters, J. M. L. M. (2006).
“Stress training and the new mil-
itary environment,” in Human
Dimensions in Military Operations –
Military Leaders’ Strategies for
Addressing Stress and Psychological
Support, Meeting Proceedings RTO-
MP-HFM-134, Paper 17A. (Neuilly-
sur-Seine: RTO), 17A-1–17A-10.
Available online at: http://www.rto.

nato.int/abstracts.asp
Ditye, T., Jacobson, L., Walsh, V., and

Lavidor, M. (2012). Modulating
behavioral inhibition by tDCS

combined with cognitive training.
Exp. Brain Res. 219, 363–368. doi:
10.1007/s00221-012-3098-4

Dockery, C. A., Hueckel-Weng, R.,
Birbaumer, N., and Plewnia, C.
(2009). Enhancement of plan-
ning ability by transcranial direct
current stimulation. J. Neurosci.
29, 7271–7277. doi: 10.1523/
JNEUROSCI.0065-09.2009

Duff, S. J., and Hampson, E. (2001).
A sex difference on a novel spatial
working memory task in humans.
Brain Cogn. 47, 470–493. doi:
10.1006/brcg.2001.1326

Falcone, B., Coffman, B. A., Clark,
V. P., and Parasuraman, R. (2012).
Transcranial direct current stimu-
lation augments perceptual sensi-
tivity and 24-hour retention in a
complex threat detection task. PLoS
ONE 7:e34993. doi:10.1371/journal.
pone.0034993

Fecteau, S., Boggio, P., Fregni, F.,
and Pascual-Leone, A. (2013).
Modulation of untruthful responses
with non-invasive brain stimula-
tion. Front. Psychiatry 3:97. doi:
10.3389/fpsyt.2012.00097

Fecteau, S., Knoch, D., Fregni, F.,
Sultani, N., Boggio, P., and Pascual-
Leone, A. (2007a). Diminishing
risk-taking behavior by modu-
lating activity in the prefrontal
cortex: a direct current stim-
ulation study. J. Neurosci. 27,
12500–12505. doi: 10.1523/
jneurosci.3283-07.2007

Fecteau, S., Pascual-Leone, A., Zald, D.
H., Liguori, P., Theoret, H., Boggio,
P. S., et al. (2007b). Activation
of prefrontal cortex by transcranial
direct current stimulation reduces
appetite for risk during ambigu-
ous decision making. J. Neurosci. 27,
6212–6218. doi: 10.1523/jneurosci.
0314-07.2007

Fecteau, S., Pascual-Leone, A., and
Theoret, H. (2006). Paradoxical
facilitation of attention in
healthy humans. Behav. Neurol.
17, 159–162.

Floel, A., Suttorp, W., Kohl, O., Kurten,
J., Lohmann, H., Breitenstein,
C., et al. (2012). Non-invasive
brain stimulation improves object-
location learning in the elderly.
Neurobiol. Aging 33, 1682–1689.
doi: 10.1016/j.neurobiolaging.2011.
05.007

Forlini, C., Hall, W., Maxwell, B.,
Outram, S. M., Reiner, P. B.,
Repantis, D., et al. (2013).
Navigating the enhance-
ment landscape. Ethical issues
in research on cognitive
enhancers for healthy individu-
als. EMBO Rep. 14, 123–128. doi:
10.1038/embor.2012.225

Freitas, C., Farzan, F., and Pascual-
Leone, A. (2013). Assessing brain
plasticity across the lifespan with
transcranial magnetic stimulation:
why, how, and what is the ultimate
goal? Front. Neurosci. 7:42. doi:
10.3389/fnins.2013.00042

Gazzaley, A., Cooney, J. W., Rissman,
J., and D’Esposito, M. (2005). Top-
down suppression deficit under-
lies working memory impairment
in normal aging. Nat. Neurosci. 8,
1298–1300. doi: 10.1038/nn1543

Gladwin, T. E., Den Uyl, T. E., and
Wiers, R. W. (2012). Anodal tDCS
of dorsolateral prefontal cortex dur-
ing an Implicit Association Test.
Neurosci. Lett. 517, 82–86. doi:
10.1016/j.neulet.2012.04.025

Glisky, E. L. (2007). “Changes in cog-
nitive function in human aging,” in
Brain Aging: Models, Methods, and
Mechanisms, ed D. R. Riddle (Boca
Raton, FL: CRC Press), 3–20.

Halari, R., Hines, M., Kumari, V.,
Mehrotra, R., Wheeler, M., Ng, V.,
et al. (2005). Sex differences and
individual differences in cognitive
performance and their relationship
to endogenous gonadal hormones
and gonadotropins. Behav. Neurosci.
119, 104–117. doi: 10.1037/0735-
7044.119.1.104

Heinrich, K. M., Spencer, V., Fehl,
N., and Poston, W. S. (2012).
Mission essential fitness: compari-
son of functional circuit training to
traditional Army physical training
for active duty military. Mil. Med.
177, 1125–1130.

Heinz, A., Kipke, R., Heimann,
H., and Wiesing, U. (2012).
Cognitive neuroenhancement: false
assumptions in the ethical debate.
J. Med. Ethics 38, 372–375. doi:
10.1136/medethics-2011-100041

Hilgetag, C. C., Theoret, H., and
Pascual-Leone, A. (2001). Enhanced
visual spatial attention ipsilat-
eral to rTMS-induced “virtual
lesions” of human parietal cortex.
Nat. Neurosci. 4, 953–957. doi:
10.1038/nn0901-953

Hoogendam, J. M., Ramakers, G.
M., and Di Lazzaro, V. (2010).
Physiology of repetitive transcranial
magnetic stimulation of the human
brain. Brain Stimul. 3, 95–118. doi:
10.1016/j.brs.2009.10.005

Hsu, T. Y., Tseng, L. Y., Yu, J. X., Kuo,
W. J., Hung, D. L., Tzeng, O. J., et al.
(2011). Modulating inhibitory con-
trol with direct current stimulation
of the superior medial frontal cor-
tex. Neuroimage 56, 2249–2257. doi:
10.1016/j.neuroimage.2011.03.059

Huang, C. C., Su, T. P., Shan, I. K., and
Wei, I. H. (2004). Effect of 5 Hz
repetitive transcranial magnetic

stimulation on cognition during a
Go/NoGo task. J. Psychiatr. Res. 38,
513–520. doi: 10.1016/j.jpsychires.
2004.01.006

Hummel, F. C., Heise, K., Celnik, P.,
Floel, A., Gerloff, C., and Cohen, L.
G. (2010). Facilitating skilled right
hand motor function in older sub-
jects by anodal polarization over
the left primary motor cortex.
Neurobiol. Aging 31, 2160–2168.
doi: 10.1016/j.neurobiolaging.2008.
12.008

Husain, M., and Mehta, M. A.
(2011). Cognitive enhancement
by drugs in health and disease.
Trends Cogn. Sci. 15, 28–36. doi:
10.1016/j.tics.2010.11.002

Hwang, J. H., Kim, S. H., Park, C.
S., Bang, S. A., and Kim, S. E.
(2010). Acute high-frequency
rTMS of the left dorsolateral
prefrontal cortex and attentional
control in healthy young men.
Brain Res. 1329, 152–158. doi:
10.1016/j.brainres.2010.03.013

Illes, J., and Bird, S. J. (2006).
Neuroethics: a modern con-
text for ethics in neuroscience.
Trends Neurosci. 29, 511–517. doi:
10.1016/j.tins.2006.07.002

Iyer, M. B., Mattu, U., Grafman,
J., Lomarev, M., Sato, S., and
Wassermann, E. M. (2005). Safety
and cognitive effect of frontal DC
brain polarization in healthy indi-
viduals. Neurology 64, 872–875.
doi: 10.1212/01.WNL.0000152986.
07469.E9

Jacobson, L., Ezra, A., Berger, U., and
Lavidor, M. (2012). Modulating
oscillatory brain activity correlates
of behavioral inhibition using tran-
scranial direct current stimulation.
Clin. Neurophysiol. 123, 979–984.
doi: 10.1016/j.clinph.2011.
09.016

Jacobson, L., Javitt, D. C., and Lavidor,
M. (2011). Activation of inhibi-
tion: diminishing impulsive behav-
ior by direct current stimulation
over the inferior frontal gyrus.
J. Cogn. Neurosci. 23, 3380–3387.
doi: 10.1162/jocn_a_00020

Jaeggi, S. M., Studer-Luethi, B.,
Buschkuehl, M., Su, Y. F., Jonides,
J., and Perrig, W. J. (2010). The
relationship between n-back per-
formance and matrix reasoning
- implications for training and
transfer. Intelligence 38, 625–635.
doi: 10.1016/j.intell.2010.09.001

Jayne, B. C., and Buckley, J. T. (1999).
The Investigator Anthology: A
Compilation of Articles and
Essays about the Reid Technique
of Interviewing and Interrogation.
Chicago, IL: John E. Reid and
Associates.

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 449 | 11

http://www.rto.nato.int/abstracts.asp
http://www.rto.nato.int/abstracts.asp
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Levasseur-Moreau et al. Neuroenhancement with non-invasive brain stimulation

Jeon, S. Y., and Han, S. J. (2012).
Improvement of the working mem-
ory and naming by transcranial
direct current stimulation. Ann.
Rehabil. Med. 36, 585–595. doi:
10.5535/arm.2012.36.5.585

Kaller, C. P., Heinze, K., Frenkel,
A., Lappchen, C. H., Unterrainer,
J. M., Weiller, C., et al. (2013).
Differential impact of continuous
theta-burst stimulation over left
and right DLPFC on planning.
Hum. Brain Mapp. 34, 36–51. doi:
10.1002/hbm.21423

Kapur, N. (1996). Paradoxical
functional facilitation in brain-
behaviour research. A critical
review. Brain 119(Pt 5), 1775–1790.
doi: 10.1093/brain/119.5.1775

Karim, A. A., Schneider, M., Lotze,
M., Veit, R., Sauseng, P., Braun, C.,
et al. (2010). The truth about lying:
inhibition of the anterior prefrontal
cortex improves deceptive behav-
ior. Cereb. Cortex 20, 205–213. doi:
10.1093/cercor/bhp090

Karton, I., and Bachmann, T. (2011).
Effect of prefrontal transcranial
magnetic stimulation on spon-
taneous truth-telling. Behav.
Brain Res. 225, 209–214. doi:
10.1016/j.bbr.2011.07.028

Keeser, D., Meindl, T., Bor, J., Palm,
U., Pogarell, O., Mulert, C.,
et al. (2011). Prefrontal transcra-
nial direct current stimulation
changes connectivity of resting-
state networks during fMRI.
J. Neurosci. 31, 15284–15293. doi:
10.1523/JNEUROSCI.0542-11.2011

Kelley, A. M., Athy, J. R., King,
M., Erickson, B., Chiaramonte,
J., Vasbinder, M., et al. (2011).
Think Before You Shoot: The
Relationship between Cognition
and Marksmanship. Fort Rucker,
Alabama: USAARL. Report No.
2011-23.

Kim, Y. H., Park, J. W., Ko, M.
H., Jang, S. H., and Lee, P. K.
W. (2004). Facilitative effect of
high frequency subthreshold
repetitive transcranial magnetic
stimulation on complex sequen-
tial motor learning in humans.
Neurosci. Lett. 367, 181–185. doi:
10.1016/j.neulet.2004.05.113

Knoch, D., Gianotti, L. R., Pascual-
Leone, A., Treyer, V., Regard,
M., Hohmann, M., et al. (2006).
Disruption of right prefrontal
cortex by low-frequency repetitive
transcranial magnetic stimula-
tion induces risk-taking behavior.
J. Neurosci. 26, 6469–6472. doi:
10.1523/JNEUROSCI.0804-06.2006

Kobayashi, M., Hutchinson, S.,
Theoret, H., Schlaug, G., and
Pascual-Leone, A. (2004). Repetitive

TMS of the motor cortex improves
ipsilateral sequential simple finger
movements. Neurology 62, 91–98.
doi: 10.1212/WNL.62.1.91

Kwon, J. W., Nam, S. H., Lee, N. K.,
Son, S. M., Choi, Y. W., and Kim,
C. S. (2013). The effect of tran-
scranial direct current stimulation
on the motor suppression in stop-
signal task. Neurorehabilitation 32,
191–196. doi: 10.3233/NRE-130836

Ladavas, E., Petronio, A., and
Umilta, C. (1990). The deploy-
ment of visual attention in
the intact field of hemineglect
patients. Cortex 26, 307–317. doi:
10.1016/S0010-9452(13)80083-4

Lavie, N., and Cox, S. (1997). On the
efficiency of visual selective atten-
tion: Efficient visual search leads to
inefficient distractor rejection.
Psychol. Sci. 8, 395–398. doi: 10.1111/
j.1467-9280.1997.tb00432.x

Leach, J. (2004). Why people “freeze”
in an emergency: temporal and
cognitive constraints on survival
responses. Aviat. Space Environ.
Med. 75, 539–542.

Marshall, L., Molle, M., Hallschmid,
M., and Born, J. (2004).
Transcranial direct current
stimulation during sleep
improves declarative memory.
J. Neurosci. 24, 9985–9992. doi:
10.1523/JNEUROSCI.2725-04.2004

Matsuo, A., Maeoka, H., Hiyamizu,
M., Shomoto, K., Morioka, S.,
and Seki, K. (2011). Enhancement
of precise hand movement by
transcranial direct current stimu-
lation. Neuroreport 22, 78–82. doi:
10.1097/WNR.0b013e32834298b3

McDowd, J. M., and Craik, F. I. M.
(1988). Effects of aging and task-
difficulty on divided attention per-
formance. J. Exp. Psychol. Hum.
Percept. Perform. 14, 267–280. doi:
10.1037/0096-1523.14.2.267

Moreno-Briseno, P., Diaz, R., Campos-
Romo, A., and Fernandez-Ruiz, J.
(2010). Sex-related differences in
motor learning and performance.
Behav. Brain Funct. 6:74. doi:
10.1186/1744-9081-6-74

Nelson, J. T., McKinley, R. A., Golob,
E. J., Warm, J. S., and Parasuraman,
R. (2013). Enhancing vigilance in
operators with prefrontal cortex
transcranial direct current stim-
ulation (tDCS). Neuroimage. doi:
10.1016/j.neuroimage.2012.11.061.
[Epub ahead of print].

Nitsche, M. A., Doemkes, S., Karakose,
T., Antal, A., Liebetanz, D., Lang,
N., et al. (2007). Shaping the effects
of transcranial direct current stim-
ulation of the human motor cortex.
J. Neurophysiol. 97, 3109–3117. doi:
10.1152/jn.01312.2006

Nitsche, M. A., Schauenburg, A., Lang,
N., Liebetanz, D., Exner, C., Paulus,
W., et al. (2003). Facilitation of
implicit motor learning by weak
transcranial direct current stimula-
tion of the primary motor cortex
in the human. J. Cogn. Neurosci.
15, 619–626. doi: 10.1162/08989290
3321662994

Nunez, J. M., Casey, B. J., Egner, T.,
Hare, T., and Hirsch, J. (2005).
Intentional false responding shares
neural substrates with response
conflict and cognitive control.
Neuroimage 25, 267–277. doi:
10.1016/j.neuroimage.2004.10.041

O’Brien, F., and Gormley, M. (2013).
The contribution of inhibitory
deficits to dangerous driving among
young people. Accid. Anal. Prev. 51,
238–242. doi: 10.1016/j.aap.2012.
11.024

O’Reardon, J. P., Solvason, H. B.,
Janicak, P. G., Sampson, S.,
Isenberg, K. E., Nahas, Z., et al.
(2007). Efficacy and safety of
transcranial magnetic stimulation
in the acute treatment of major
depression: a multisite randomized
controlled trial. Biol. Psychiatry 62,
1208–1216. doi: 10.1016/j.biopsych.
2007

Pascual-Leone, A., Horvath, J. C.,
and Robertson, E. M. (2012).
“Enhancement of normal cogni-
tive abilities through noninvasive
brain stimulation,” in Cortical
Connectivity: Brain Stimulation for
Assessing and Modulating Cortical
Connectivity and Function, eds
R. Chen, and J. C. Rothwell (Berlin;
Heidelberg: Springer), 207–249.

Pearson, M. R., Murphy, E. M., and
Doanec, A. N. (2013). Impulsivity-
like traits and risky driving
behaviors among college students.
Accid. Anal. Prev. 53, 142–148. doi:
10.1016/j.aap.2013.01.009

Penhune, V. B., and Steele, C. J.
(2012). Parallel contributions of
cerebellar, striatal and M1 mecha-
nisms to motor sequence learning.
Behav. Brain Res. 226, 579–591. doi:
10.1016/j.bbr.2011.09.044

Petersen, S. E., and Posner, M. I.
(2012). The attention system of
the human brain: 20 years after.
Annu. Rev. Neurosci. 35, 73–89. doi:
10.1146/annurev-neuro-062111-
150525

Phillips, L. H., Kliegel, M., and Martin,
M. (2006). Age and planning
tasks: the influence of ecological
validity. Int. J. Aging Hum. Dev.
62, 175–184. doi: 10.2190/EM1W-
HAYC-TMLM-WW8X

Porciatti, V., Fiorentini, A., Morrone,
M. C., and Burr, D. C. (1999).
The effects of ageing on reaction

times to motion onset. Vision Res.
39, 2157–2164. doi: 10.1016/S0042-
6989(98)00288-0

Preston, G., Anderson, E., Silva, C.,
Goldberg, T., and Wassermann,
E. M. (2010). Effects of 10 Hz
rTMS on the neural efficiency
of working memory. J. Cogn.
Neurosci. 22, 447–456. doi:
10.1162/jocn.2009.21209

Rao, H., Korczykowski, M., Pluta, J.,
Hoang, A., and Detre, J. A. (2008).
Neural correlates of voluntary
and involuntary risk taking in the
human brain: an fMRI Study of the
Balloon Analog Risk Task (BART).
Neuroimage 42, 902–910. doi:
10.1016/j.neuroimage.2008.05.046

Reis, J., Schambra, H. M., Cohen, L.
G., Buch, E. R., Fritsch, B., Zarahn,
E., et al. (2009). Noninvasive
cortical stimulation enhances
motor skill acquisition over mul-
tiple days through an effect on
consolidation. Proc. Natl. Acad.
Sci. U.S.A. 106, 1590–1595. doi:
10.1073/pnas.0805413106

Ridding, M. C., and Ziemann, U.
(2010). Determinants of the induc-
tion of cortical plasticity by non-
invasive brain stimulation in healthy
subjects. J. Physiol. 588, 2291–2304.
doi: 10.1113/jphysiol.2010.190314

Rorie, A. E., and Newsome, W. T.
(2005). A general mechanism for
decision-making in the human
brain. Trends Cogn. Sci. 9, 41–43.
doi: 10.1016/j.tics.2004.12.007

Rossi, S., Hallett, M., Rossini, P. M., and
Pascual-Leone, A. (2009). Safety,
ethical considerations, and applica-
tion guidelines for the use of tran-
scranial magnetic stimulation in
clinical practice and research. Clin.
Neurophysiol. 120, 2008–2039. doi:
10.1016/j.clinph.2009.08.016

Rubia, K., Hyde, Z., Halari, R.,
Giampietro, V., and Smith, A.
(2010). Effects of age and sex on
developmental neural networks of
visual-spatial attention allocation.
Neuroimage 51, 817–827. doi:
10.1016/j.neuroimage.2010.02.058

Rushworth, M. F., Hadland, K. A., Paus,
T., and Sipila, P. K. (2002). Role
of the human medial frontal cortex
in task switching: a combined fMRI
and TMS study. J. Neurophysiol. 87,
2577–2592.

Sadasivan, S., Greenstein, J. S.,
Gramopadhye, A. K., and
Duchowski, A. T. (2005). “Use
of eye movement as feedforward
training for a synthetic aircraft
inspection task,” in: Proceedings of
CHI’05, (New York, NY), 141–149.

Sandrini, M., Umilta, C., and Rusconi,
E. (2011). The use of transcranial
magnetic stimulation in cognitive

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 449 | 12

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Levasseur-Moreau et al. Neuroenhancement with non-invasive brain stimulation

neuroscience: a new synthesis of
methodological issues. Neurosci.
Biobehav. Rev. 35, 516–536. doi:
10.1016/j.neubiorev.2010.06.005

Schieber, M. H. (2001). Constraints on
somatotopic organization in the pri-
mary motor cortex. J. Neurophysiol.
86, 2125–2143.

Schwaninger, A. (2004). Computer
based training: a powerful tool to
the enhancement of human factors.
Aviat. Secur. Int. FEB, 31–36.

Schwarzkopf, D. S., Silvanto, J.,
and Rees, G. (2011). Stochastic
resonance effects reveal the
neural mechanisms of tran-
scranial magnetic stimulation.
J. Neurosci. 31, 3143–3147. doi:
10.1523/JNEUROSCI.4863-10.2011

Sela, T., Kilim, A., and Lavidor, M.
(2012). Transcranial alternating
current stimulation increases risk-
taking behavior in the balloon
analog risk task. Front. Neurosci.
6:22. doi: 10.3389/fnins.2012.
00022

Sharp, D. J., Bonnelle, V., De Boissezon,
X., Beckmann, C. F., James, S.
G., Patel, M. C., et al. (2010).
Distinct frontal systems for response
inhibition, attentional capture, and
error processing. Proc. Natl. Acad.
Sci. U.S.A. 107, 6106–6111. doi:
10.1073/pnas.1000175107

Silvanto, J., Muggleton, N. G., and
Walsh, V. (2008). State depen-
dency in brain stimulation stud-
ies of perception and cognition.
Trends Cogn. Sci. 12, 447–454. doi:
10.1016/j.tics.2008.09.004

Silvanto, J., and Pascual-Leone, A.
(2008). State-dependency of
transcranial magnetic stimula-
tion. Brain Topogr. 21, 1–10. doi:
10.1007/s10548-008-0067-0

Stagg, C. J., and Nitsche, M. A. (2011).
Physiological basis of transcra-
nial direct current stimulation.
Neuroscientist 17, 37–53. doi:
10.1177/1073858410386614

Tanaka, S., Hanakawa, T., Honda,
M., and Watanabe, K. (2009).
Enhancement of pinch force in

the lower leg by anodal transcra-
nial direct current stimulation.
Exp. Brain Res. 196, 459–465. doi:
10.1007/s00221-009-1863-9

Teo, J. T., Swayne, O. B., Cheeran,
B., Greenwood, R. J., and Rothwell,
J. C. (2011). Human theta burst
stimulation enhances subsequent
motor learning and increases per-
formance variability. Cereb. Cortex
21, 1627–1638. doi: 10.1093/cer-
cor/bhq231

Thut, G., Nietzel, A., and Pascual-
Leone, A. (2005). Dorsal posterior
parietal rTMS affects voluntary ori-
enting of visuospatial attention.
Cereb. Cortex 15, 628–638. doi:
10.1093/cercor/bhh164

Tseng, P., Hsu, T. Y., Chang, C.
F., Tzeng, O. J., Hung, D. L.,
Muggleton, N. G., et al. (2012).
Unleashing potential: transcranial
direct current stimulation over
the right posterior parietal cortex
improves change detection in low-
performing individuals. J. Neurosci.
32, 10554–10561. doi: 10.1523/
JNEUROSCI.0362-12.2012

Unterrainer, J. M., and Owen,
M. J. (2006). Planning and
problem solving: from neu-
ropsychology to functional
neuroimaging. J. Physiol. 99,
308–317. doi: 10.1016/j.jphysparis.
2006.03.014

Utz, K. S., Dimova, V., Oppenlander,
K., and Kerkhoff, G. (2010).
Electrified minds: Transcranial
direct current stimulation (tDCS)
and Galvanic Vestibular Stimulation
(GVS) as methods of non-invasive
brain stimulation in neuropsy-
chology. A review of current
data and future implications.
Neuropsychologia 48, 2789–2810.
doi: 10.1016/j.neuropsychologia.
2010.06.002

Vanderhasselt, M. A., De Raedt, R.,
Baeken, C., Leyman, L., Clerinx, P.,
and D’haenen, H. (2007). The influ-
ence of rTMS over the right dor-
solateral prefrontal cortex on top-
down attentional processes. Brain

Res. 1137, 111–116. doi: 10.1016/j.
brainres.2006.12.050

Vanderhasselt, M. A., De Raedt,
R., Baeken, C., Leyman, L., and
D’Haenen, H. (2006). The influence
of rTMS over the right dorsolateral
prefrontal cortex on intentional
set switching. Exp. Brain Res. 172,
561–565. doi: 10.1007/s00221-006-
0540-5

Van Veen, V., Krug, M. K., and
Carter, C. S. (2008). The neural
and computational basis of con-
trolled speed-accuracy tradeoff
during task performance. J. Cogn.
Neurosci. 20, 1952–1965. doi:
10.1162/jocn.2008.20146

Vickers, J. N., and Lewinski, W.
(2012). Performing under pressure:
gaze control, decision making
and shooting performance of
elite and rookie police officers.
Hum. Mov. Sci. 31, 101–117. doi:
10.1016/j.humov.2011.04.004

Vines, B. W., Nair, D., and Schlaug,
G. (2008). Modulating activity in
the motor cortex affects perfor-
mance for the two hands differ-
ently depending upon which hemi-
sphere is stimulated. Eur. J. Neurosci.
28, 1667–1673. doi: 10.1111/j.1460-
9568.2008.06459.x

Vrij, A., Edward, K., and Bull, R. (2001).
People’s insight into their own
behaviour and speech content while
lying. Br. J. Psychol. 92, 373–389.
doi: 10.1348/000712601162248

Walczyk, J. J., Roper, K. S., Seemann,
E., and Humphrey, A. M. (2003).
Cognitive mechanisms underly-
ing lying to questions: response
time as a cue to deception. Appl.
Cogn. Psychol. 17, 755–774. doi:
10.1002/acp.914

Warm, J. S., Parasuraman, R., and
Matthews, G. (2008). Vigilance
requires hard mental work and is
stressful. Hum. Factors 50, 433–441.
doi: 10.1518/001872008X312152

Wassermann, E. M. (1998). Risk and
safety of repetitive transcranial
magnetic stimulation: report and
suggested guidelines from the

International Workshop on the
Safety of Repetitive Transcranial
Magnetic Stimulation, June 5-7,
1996. Electroencephalogr. Clin.
Neurophysiol. 108, 1–16. doi:
10.1016/S0168-5597(97)00096-8

Weiss, M., and Lavidor, M. (2012).
When less is more: evidence for
a facilitative cathodal tDCS effect
in attentional abilities. J. Cogn.
Neurosci. 24, 1826–1833. doi:
10.1162/jocn_a_00248

Williams, J. A., Pascual-Leone, A., and
Fregni, F. (2010). Interhemispheric
modulation induced by cortical
stimulation and motor training.
Phys. Ther. 90, 398–410. doi:
10.2522/ptj.20090075

Zaidi, Z. F. (2010). Gender differ-
ences in human brain: a review.
Open Anat. J. 2, 37–55. doi:
10.2174/1877609401002010037

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 30 April 2013; accepted: 20 July
2013; published online: 14 August 2013.
Citation: Levasseur-Moreau J, Brunelin
J and Fecteau S (2013) Non-invasive
brain stimulation can induce paradoxi-
cal facilitation. Are these neuroenhance-
ments transferable and meaningful to
security services? Front. Hum. Neurosci.
7:449. doi: 10.3389/fnhum.2013.00449
Copyright © 2013 Levasseur-Moreau,
Brunelin and Fecteau. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permit-
ted, provided the original author(s) or
licensor are credited and that the origi-
nal publication in this journal is cited, in
accordance with accepted academic prac-
tice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 449 | 13

http://dx.doi.org/10.3389/fnhum.2013.00449
http://dx.doi.org/10.3389/fnhum.2013.00449
http://dx.doi.org/10.3389/fnhum.2013.00449
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Non-invasive brain stimulation can induce paradoxical facilitation. Are these neuroenhancements transferable and meaningful to security services?
	Introduction
	Overview of NIBS Techniques
	Studies Using NIBS to Induce Paradoxical Facilitations
	Effects of NIBS on Motor Functions
	Effects of NIBS on motor precision
	Effects of NIBS on motor learning
	Effects of NIBS on muscle might
	Effects of NIBS on execution of daily motor task

	Effects of NIBS on Attentional Skills
	Effects of NIBS on sustained attention
	Effects of NIBS on focused attention
	Effects of NIBS on selective attention
	Effects of NIBS on attentional switch
	Effects of NIBS on inhibition

	Effects of NIBS on Impulsive Behavior
	Effects of NIBS on Risk-Taking
	Effects of NIBS on Working Memory
	Effects of NIBS on Planning
	Effects of NIBS on Deceptive Capacities

	Discussion
	Are NIBS-Induced Paradoxical Facilitations Transferable into Real-Life Situations?
	Are NIBS-Induced Paradoxical Facilitations Meaningful for Real-Life Situations?
	Ethical Concerns of Using NIBS-Induced Paradoxical Facilitation in Healthy Subjects
	Safety Concerns of Using NIBS-Induced Paradoxical Facilitation in Healthy Subjects

	Conclusion
	References


