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Given that globalization has brought different sociocultural groups together on
an unprecedented scale, understanding the neurobiology underlying inter-
group social behavior has never been more urgent. Social and cognitive sci-
entists are increasingly using noninvasive brain-stimulation techniques (NBS)
to explore the neural mechanisms underlying implicit attitudes and stereo-
typing. NBS methods, such as transcranial magnetic stimulation (TMS) and
transcranial direct-current stimulation (tDCS), can interfere with ongoing brain
activity in targeted brain areas and distributed networks, and thus offer unique
insights into the mechanisms underlying how we perceive, understand, and
make decisions about others. NBS represents a promising tool to promote
knowledge about the social minds of humans.

Implicit Social Cognition: Attitudes and Stereotypes

Until recently in human history, social groups lived in small units that were genetically and culturally
homogeneous [1]. These living conditions supported specific adaptations that are still a part of our
nature today. We show strong tendencies to cooperate with people who we perceive to be ‘like
us’, and we are suspicious of strangers, judging and discriminating against those who are not ‘like
us’ [2,3]. Importantly, research conducted on attitudes (see Glossary) and stereotypes has
revealed that these processes can operate implicitly — that is, without intentional and direct control
[4-6]. In addition, it has been shown that implicit attitudes and stereotypes can predict behaviors
above and beyond explicit attitudes and stereotypes [4,7-9] (a meta-analytical comparison of the
predictive power of implicit and explicit measures is given in [10]).

Despite these advances, the mechanisms and the brain areas causally involved in these pro-
cesses are still not clear. We focus here on the small but growing number of studies that use
noninvasive brain stimulation (NBS). Unlike traditional imagining techniques, NBS allows
researchers to interfere with ongoing brain activity (creating a ‘virtual lesion’) in targeted cortical
areas and distributed brain networks [11]. By directly interfering with brain activity, NBS can
provide powerful evidence that specific brain regions are causally related to specific sociocognitive
behaviors. In addition, NBS, by modulating the activity of these areas, can yield insights of high
relevance into interventions in multiethnic and multinational societies because these social
contexts provide natural settings in which primitive in-group allegiances are often in conflict with
one’s own standards of equal opportunity, fairness, and justice. Over the past few decades, social
scientists have proposed several behavioralinterventions to produce changes inimplicit cognition.
However, even the best strategies have produced only limited results [12-14].

In this review, in addition to highlighting the insights provided by NBS techniques, we also strive

to point out the limitations of existing studies and of NBS methods more generally. In doing so,
we hope to bring attention to the unique possibilities of NBS in advancing research on how
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Highlights

Neural mechanisms underlying implicit
attitudes and stereotypes can be
investigated by means of NBS, a
unique technique that allows research-
ers to detect causal relationships
between brain and behavior.

The anterior temporal lobe is a crucial
area for the representation of implicit
stereotypes, namely conceptual asso-
ciation between attributes (e.g., terror-
ist and law-abiding) and social groups
(e.g., Arab and non-Arab).

The processing of the implicit atti-
tudes, such as religious beliefs,
requires the activity of the inferior par-
ietal lobe, a brain area involved in the-
ory of mind and moral decisions.

Modulation of the medial prefrontal
cortex can change the expression of
implicit stereotypes and attitudes by
operating on its control and regulation
mechanisms.

Implicit stereotypes and attitudes are
mediated by perception processes,
such as those related to the physical
characteristics (e.g., body) of indivi-
duals, that are carried out in the extra-
striate body area.
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human beings think about other social beings, especially as members of social groups, and to
promote future research that overcomes current methodological constraints.

Mechanisms Underlying Implicit Social Cognition

Investigating the mechanisms underlying implicit social cognition (e.g., cognitive processes
that form, shape, and maintain attitudes and stereotypes) is crucial to understand how
unintentional and indirect thoughts and feelings influence human behavior. To this end, in
the past three decades scientists have conducted a considerable number of studies using one
of the most common measures of implicit social cognition, the implicit association test (IAT; Box
1) [15]. Behavioral research using the IAT has helped to establish a cognitive model of implicit
attitudes and stereotypes [16-22]. For example, it has been shown that implicit attitudes and
stereotypes can reflect representations at the level of categories rather than those at the level of
the individual exemplars [19].

However, only with the application of neuroscientific techniques have researchers been able to
produce a more comprehensive model of potential neural mechanisms underlying implicit
attitudes and stereotypes. For example, functional magnetic resonance imaging (fMRI) has
identified a network of brain regions that track implicit intergroup processes. This network
includes the anterior cingulate cortex (ACC), the ventrolateral prefrontal cortex (VLPFC), and the
dorsolateral PFC (DLPFC), regions associated with inhibition, conflict resolution, and control
processes [23,24]. In addition, the amygdala, an area that is differentially responsive to faces of
ingroup and outgroup members [25,26], is correlated with implicit but not explicit attitudes,
indicating its role in automatic evaluations of social groups [27]. Brain lesion studies have
shown that the PFC plays a role in implicit stereotyping [28,29]. For example, lesions in the
ventromedial PFC have been associated with an increase in the gender stereotype ‘female
+ weak/male + strong’, whereas lesions in the ventrolateral PFC have been related to a
reduction of such bias [29]. Finally, event-related potential (ERP) studies have elucidated

Box 1. Brief Description of the Implicit Associations Test (IAT)

The IAT [15] is a measure to assess associations between mental representations existing in memory that operate
without intentional and direct control [5].

The IAT assesses attitudes and stereotypes by measuring how quickly and accurately a person can categorize and
associate stimuli related to two conceptual categories with stimuli belonging to two evaluative attributes. Stimuli
representing categories and attributes are presented one at a time in the center of the computer screen, and
participants categorize each of them in two different sorting conditions.

For example, in a typical IAT assessing racial bias (i.e., race IAT; Figure ), participants are asked to categorize stimuli
representing the two conceptual categories — White people and Black people — and the two evaluative attributes —good
and bad. In one condition (congruent condition with the racial bias), participants categorized pictures representing
White people and good words (e.g., joy, love, and peace) with one response key, while categorizing pictures
representing Black people and bad words (e.g., agony, terrible, and horrible) by using another response key. In the
other condition (incongruent condition with the racial bias), participants categorize the same stimuli but with a different
key configuration: this time pictures of White people and bad words are categorized with one key, whereas pictures of
Black people and good words are categorized with the other. Faster categorization in the congruent condition
compared to the reverse is an indicator of an implicit preference for White people compared to Black people.

The IAT has provided relevant insights into social cognition by showing that, even when weak or no social preferences
are apparent on explicit measures (i.e., self-reports that assess intentional and controllable responses), substantial
degrees of intergroup bias can be detected on implicit measures. For example, it has been shown that, although White
Americans report only slight pro-White preferences on self-report measures, they reveal strong pro-White preference on
the IAT [120]. In addition, research has shown that the IAT can predict behaviors, judgments, and physiological
responses [8]. To experience the IAT first hand, please visit https://implicit.narvard.edu/implicit/takeatest.html.
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Glossary

Attitudes: psychological tendencies
that are expressed by evaluating a
particular entity (e.g., objects,
situations, or people) with some
degree of favor or disfavor (e.g.,
good/bad).

Brain lesions: damage to an area of
the brain as a result of trauma (e.g.,
injury) or disease. Lesions result in
‘holes’ or ‘cavities’ in the brain and
can entail loss of function.
Depending on their size and location,
lesions generate a blockage or
interruption of neural transmission,
with minor or major behavioral
effects.

Cognitive dissonance: the aversive
feeling generated by any
inconsistency between preferences
or choices (e.g., not choosing a
preferred item) that results in a
tendency to change original
preferences to justify the past
behavior and reduce the mental
discomfort.

Event-related potential (ERP): a
noninvasive technique to evaluate
brain functioning and study
psychophysiological correlates of
mental processes. It measures
electrical potentials generated by the
brain in response to specific internal
or external events (e.g., sensory,
cognitive, or motor stimuli). Electrical
activity is detected by means of
electrodes placed onto various
locations on the scalp and amplified
through an EEG machine.
Functional magnetic resonance
imaging (fMRI): a method to
measure brain activity by detecting
regional and time-varying changes in
brain metabolism and blood
oxygenation. This technique relies on
the fact that the change of
oxygenated versus deoxygenated
blood flow increases when a brain
area is active. These alterations are
detected by using a magnetic field.
Implicit bias: a term referring to
‘unidentified or inaccurately identified’
attitudes or stereotypes.

Implicit social cognition: social
psychological constructs (e.g.,
attitudes and stereotypes) that
influence performance and occur
outside of intentional control.
Noninvasive brain stimulation
(NBS): a method that allows to alter
the neural activity in given brain
areas and distributed networks. It


https://implicit.harvard.edu/implicit/takeatest.html

TICS 1832 No. of Pages 17

Trends in Cognitive Sciences

Figure |. Example of an IAT. In a race IAT, participants categorize four types of stimuli (i.e., pictures of White and
Black people and words representing concepts of good and bad). Note: in the figure, congruent and incongruent labels
are used to define the conditions in which motor responses required in the task are, respectively, compatible or
incompatible with the racial bias. We do not use the terms congruent and incongruent normatively — in other words, to
imply moral goodness or desirability.

the dynamics and timing of brain processes underlying implicit bias [30-32]. For example, it
has been shown that implicit bias elicits a characteristic ERP component that peaks at 170 ms
(N170) after the presentation of a face [33,34], and that is larger when the stimulus represents
an ingroup rather than an outgroup face [35].

Although studies using traditional neuroscientific techniques have provided insights into the
neural mechanisms underlying implicit social cognition, they are limited by specific methodo-
logical constrains. ERP and fMRI studies are useful for detecting temporal and spatial changes
in brain activity that are correlated with performance on a behavioral task, but they cannot
provide causal information about such activations per se. For example, fMRI techniques can
inform about the ‘causality’ of the brain activity under study (i.e., whether an area is causally
involved in a behavior), but only by means of specific analyses and models [36,37]. The causal
inferences that can be drawn between brain and behavior based on lesion studies are also
limited owing, for example, to adaptation and plasticity of the brain or different location and size
of lesions across patients [38].

NBS techniques offer unique advantages to overcome these limitations. By disrupting ongoing
neural activity in targeted brain areas or networks at specific times, NBS can directly reveal
causality in brain—behavior relations. That is, these techniques can provide information about
the biological mechanisms and chronometry (i.e., the timing of the contribution of a given brain
region to a specific behavior) of implicit social cognition. In addition, NBS is uniquely able to
modulate cognitive processes and produce changes in behavior. Thus, it can be used to
interfere with mechanisms underlying implicit attitudes and stereotypes, as well as to modify
their expression.

NBS in Social Neuroscience Research

Interest in NBS techniques, particularly transcranial magnetic stimulation (TMS) and
transcranial direct-current stimulation (tDCS; Box 2), is rapidly growing in social neuro-
science research (e.g., [26-40])(e.g., [39-53]). According to the PsycINFO database (http://
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includes different techniques such as
transcranial magnetic stimulation
(TMS) and transcranial direct current
stimulation (tDCS).

Parochial behavior: a psychological
phenomenon in which outgroup
members are punished more
severely than ingroup transgressors
for violation of social norms.
Repetitive transcranial magnetic
stimulation (rTMS): a transcranial
magnetic stimulation paradigm that
induces repeated single magnetic
pulses in the brain to modulate
cortical activity. Its effects last
beyond the stimulation time.
Stereotypes: specific beliefs (e.g.,
smart/dumb, strong/weak,
hardworking/lazy) about humans that
show reliance on their group
membership.

Stroop task: a behavioral paradigm
used to assess interference in verbal
responses. In a classic Stroop task,
participants are presented with the
name of a color printed in colored
characters and are instructed to
name the color of the letters as fast
and accurately as possible. Faster
responses are obtained when the
word presented denotes the same
color as the characters used to spell
it (e.g., the word ‘Red’ written in red
characters) compared to when it
denotes a different color (e.g., the
word ‘Red’ written in green
characters).

Theory of mind (ToM): the human
ability to attribute mental states (e.g.,
feelings, desires, wishes and goals)
to self and others.

Theta-burst stimulation (TBS): a
repetitive transcranial magnetic
stimulation protocol that uses
patterned sequences of magnetic
pulses (i.e., bursts) to induce lasting
changes in cortical activity (up to

50 minutes).

Transcranial direct-current
stimulation (tDCS): a noninvasive
brain-stimulation technique that
allows changes in cortical activity to
be generated by inducing a direct
low-intensity current in the brain.
Transcranial magnetic stimulation
(TMS): a noninvasive brain-
stimulation technique that induces
magnetic pulses in the brain to
change cortical excitability and
neuronal depolarization.
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Box 2. Brief Description of Noninvasive Brain Stimulation (NBS)

Different forms of NBS have been developed to alter brain activity. One of the most popular NBS tools is TMS. TMS uses
an electric current traveling through a coil to create brief magnetic pulses. The pulses traverse the skull and other matter
overlaying the brain, inducing an electric current pulse in the brain which is able to depolarize neurons and influence
cortical excitability (Figure I1A) [121,122]. TMS can be applied either online, to affect the brain during a task, or offline, to
compare task performance before and after stimulation. TMS paradigms include single-pulse TMS (spTMS), paired-
pulse TMS (ppTMS), paired associative stimulation (PAS), and repetitive TMS (rTMS). Each paradigm has different
applications: spTMS can be used for spatially and temporally mapping behavior-related neurocircuitry and for studying
brain—behavior relationships; ppTMS involves the use of two TMS pulses to examine intracortical excitation and
inhibition; PAS is used to study plasticity within the sensorimotor system; and rTMS can be utilized to modulate
cortical plasticity and track dynamic changes in reactivity [123]. rTMS is thought to either enhance (rTMS >5 Hz: high-
frequency stimulation) or suppress (rTMS <1 Hz: low-frequency stimulation) cortical activity and modulate excitability in
the target area for a period of time that extends beyond the end of the stimulation [124]. Recently, a new rTMS protocol
has been introduced, known as theta-burst stimulation (TBS), which can have opposing effects on excitability
depending on the temporal pattern of the bursts. In most individuals, intermittent theta-burst (iTBS) induces excitatory
effects on brain activity, while continuous theta-burst (cCTBS) suppresses cortical activity [125-127].

Unlike TMS, tDCS generates changes in cortical activity by means of a direct low-intensity current flowing between a
pair of electrodes applied to the scalp. The current flows from an anodal to a cathodal electrode typically placed over a
target brain area (Figure IB). The effect depends on several factors, including the duration of stimulation, its strength, and
the polarity of the electrode over the target area. In general, the anodal electrode is associated with an increase in
excitability, while an inhibitory effect is observed with the cathodal electrode [128,129]. The tDCS effect is thought to be
due to a small change in the membrane potential of cortical neurons [130]. Because of the large size of the electrodes
used (typically between 25 to 35 cm?), tDCS is used to target large areas or cognitive processes that are not highly
localized.

Trends in Cognitive Sciences

Figure I. Visual Sketch of NBS. (A) TMS induces electrical currents (yellow arrows) in the brain by means of a coil
positioned above the head that generates magnetic pulses (red). (B) tDCS induces a direct current in the brain that
passes from an anodal (red) to a cathodal (blue) electrode placed on the scalp and that changes the resting electrical
charge of a target brain area.

www.apa.org/pubs/databases/psycinfo/index.aspx), the number of publications from 2000 to
2017 using the terms ‘transcranial magnetic stimulation’ or ‘transcranial direct current stimu-
lation” and ‘social’ grew from 2 to 462 (Figure 1). Furthermore, the application of NBS has

begun to yield crucial insights into specific areas of social neuroscience (Figure 2).

For example, NBS in research on action perception has allowed researchers to overcome the
limitations of correlational studies involving behavioral and brain imaging techniques, and to
show not only that there is a relationship between action execution and action perception but
also to identify regions where these two processes interact [54]. Indeed, recent studies [55-57]
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Trends in Cognitive Sciences

Figure 2. Noninvasive Brain Stimulation (NBS) Publications in Social Neuroscience by Main Topic. Number of
publications using the terms ‘transcranial magnetic stimulation’ or ‘transcranial direct current stimulation’ and ‘social’. The
number of publications was relative to all NBS publications, obtained by searching for the terms ‘transcranial magnetic
stimulation’ or ‘transcranial direct stimulation’. The search was limited to the title, abstract, and keywords of publications
included in PsycINFO database from 2000 to 2017.

have relied on TMS paradigms that influence the functional state of the neurons by means of
perceptual (or motor) adaptation or priming to detect the presence of neurons encoding
adapted/primed features in the stimulated area and their relevance to perceptual processing.
These paradigms are based on the concept of state-dependency, according to which TMS
effects depend on the initial state of stimulated neurons [58-61]. NBS has also provided
evidence that motor processes, carried out in areas such as the inferior frontal cortex, (IFC), are
sensitive to higher-order aspects of others’ actions (e.g., goals and intentions of the actor)
[62,63]. For example, in an offine TMS study it has been found that disruption of the IFC
abolished the motor facilitation induced by observed actions [62].

Similarly, NBS has led to insights into the brain areas that are causally involved in social
decision-making process. For example, it has been shown that the DLPFC is necessary for the
implementation of fairness rules (i.e., sharing or distributing resources in an equitable and
efficient way) [64], reputation formation [65], strategic decision making [66], and prosocial
behaviors [67]. In particular, it has been found that the posterior medial frontal cortex (oMFC)
and medial prefrontal cortex (MPFC) are causally involved in inducing preference change after
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cognitive dissonance [68] and in mediating social evaluations [69], respectively. In addition, in
studies on social decision making, NBS has identified the right temporoparietal junction (TPJ)
as a crucial area for mental state attribution (i.e., inferring the beliefs and intentions of the actor)
in moral judgments or decisions [70] and in the implementation of parochial behaviors [71].

A promising, but still relatively underinvestigated, application of NBS in social neuroscience
research concerns intergroup perception and cognition, specifically attitudes and stereotypes
towards groups that vary in social characteristics such as race and ethnicity.

New Insights into Implicit Social Cognition Using NBS

We review here NBS studies published to date on implicit attitude and stereotyping with the
goal of illustrating the unique contributions and possibilities that NBS can offer. These studies
suggest that NBS has the potential to provide new insights in the field of implicit social
cognition; however, it is important to note that this research is still at its beginning. Thus, in
addition to highlighting the insights that these studies provide, we also give readers a sense of
the limitations of the current work. In doing so, we hope to help to shape the next generation of
studies. All the reviewed studies assess implicit cognition by using the IAT, and focus on a brain
network that includes the anterior temporal lobe (ATL), inferior parietal lobe (IPL), DLPFC,
mPFC, and extrastriate body area (EBA; Table 1 and Figure 3).

Implicit Stereotype Representation

The ATL is known to support semantic memory, including social knowledge about objects,
people, words, and facts [72]. Because stereotypes reflect conceptual associations between
social groups and attributes that are thought to be located in semantic memory [73], emerging
research has suggested that the ATL is involved in the processing of stereotype representation
[74].

For example, an fMRI study [75] examined the brain activity representing judgments of Black
and White individuals on the basis of stereotype traits (athleticism) versus evaluations (potential
for friendship). Results showed that the ATL activity correlated with the implicit stereotypes and
attitudes (as measured by the IAT) of the participants when they made trait or evaluative
judgments respectively. Similar results were also found in another fMRI study [74] in which
participants were asked to consider either social or non-social categories (e.g., men versus
women, or violins versus guitars) and judge which category was more likely to be characterized
by a particular feature (e.g., enjoys romantic comedies or has six strings). In particular, results
showed that, when comparing brain activity between social and non-social conditions, the ATL
was uniquely activated during stereotype-relevant judgments of social categories.

Even though these studies indicate that the ATL is involved in knowledge of social stereotypes,
they do not provide evidence that this brain region is necessary for their representation.
Establishing causal relations requires disrupting ATL activity and assessing its impact on
behavior. NBS allows researchers to do exactly that. Indeed, it has been found that 1 Hz
repetitive transcranial magnetic stimulation (rTMS) (that is thought to produce an inhibi-
tory effect; Box 2) over the right and left ATLs reduced the ‘Arab + terrorist/non-Arab + law-
abiding’ stereotypical association [76]. Similarly, it has been shown that 1 Hz rTMS over both
the left and right ATLs decreased the ‘male + science/female + humanities’ association in a
gender IAT [77]. It is interesting to note that, in this latter study, no effect was observed in a
control IAT assessing the associations between non-social concepts (i.e., living versus non-
living associations) or in a non-semantic control task (i.e., the Stroop task).
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Table 1. NBS and Behavioral Protocols in Implicit Social Cognition®

N

26

25

24

14

48

Stimulation protocol

Online ppTMS, 65% rMT, ISI
100 ms, active/control

tDCS, anodal stimulation
(anodal electrode over right/
left EVC and cathodal
electrode over Cz), cathodal
stimulation (anodal electrode
over Cz and cathodal
electrode over right/left EVC),
EVC localized between 02
and PO8, 2 mA, active/sham

Online ppTMS at 10 Hz,
110% rMT, ISI 100 ms,
active/control

Offline cTBS, three-pulse
bursts at 50 Hz every 200 ms
(5 Hz) for 20's, 80% aMT,
300 pulses, active/sham
Offline iTBS, three-pulse
bursts at 50 Hz every

200 ms, trains for 2 s, and
repeated every 10 s for

192 s, 20 trains, 600 pulses,
80% aMT, active/sham

tDCS, anodal electrode over
the left DLPFC (F3) or the
right IFG, cathodal electrode
on the contralateral
supraorbital region, 1 mA,
active/sham

Region
stimulated

L DLPFC, R aDMPFC, vertex
(control)

R/L EVC

R/L IPL, R/L DLPFC, vertex
(control)

R IPL

L DLPFC, R IFG

Task

Gender IAT

(i) Male (e.g., Gabriele)

(i) Female (e.g., Francesca)
(iii) Strength (e.g., power)
(iv) Weakness (e.g., fear)

Weight-valence IAT

(i) Thin

(ii) Fat

(i) Good (e.g., affable)

(iv) Bad (e.g., evil)
Weight-esthetic IAT (control)
(i) Thin

(ii) Fat

(iii) Beautiful (e.g., charming)
(iv) Ugly (e.g., repulsive)

Religious IAT

(i) Religious/spiritual (e.g.,
soul)

(i) Non-religious/non-spiritual
(e.g., agnostic)

(iii) Self (e.g., |)

(iv) Other (e.g., you)
Self-esteem IAT

(i) Good (e.g., skillful)

(i) Bad (e.g., ugly)

(iii) Self (e.g., )

(iv) Other (e.g., you)

Religious IAT

(i) Self (e.g., 1)

(i) Other (e.g., you)

(iii) Religious/spiritual (e.g.,
soul)

(iv) Non-religious/spiritual (e.
g., agnostic)

Self-esteem IAT

(i) Self (e.g., 1)

(i) Other (e.g., you)

(i) Good (e.g., skillful)

(iv) Bad (e.g., ugly)

Affective alcohol IAT
(i) Positive words

(i) Negative words
(iii) Alcoholic drinks
(iv) Regular drinks
Motivation IAT

(i) Approach words
(i) Avoidance words
(iii) Alcoholic drinks
(iv) Regular drinks

Cell

REVIEWS
Results Refs.
Stimulation over L DLPFC [98]

and R aDMPFC increased D-
scores (error rates in the
incongruent condition
increased) compared to the
vertex stimulation

Cathodal stimulation over L [111]
EVC reduced D-scores in the
weight-valence IAT

Religious IAT [86]
Stimulation over R/L IPL
reduced accuracy in the
incongruent condition
compared to control
stimulation. Stimulation over
L/R DLPFC reduced
accuracy both in the
congruent and incongruent
conditions compared to
control stimulation
Self/other IAT

Increased error rates in the
congruent and incongruent
conditions when the L/R
DLPFC was stimulated
compared to control
stimulation

iTBS over the R IPL [87]
decreased the IAT effect in

the religious/spiritual IAT

compared to cTBS and sham
stimulation. No change on

the self-esteem IAT effect

Decrease of RTs for positive [105]
and negative words in the

affective IAT after stimulation

over L DLPFC compared to R

IFG and sham. No effect was

observed in the motivational

IAT
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Table 1. (continued)

N

40

20

36

60

45

Stimulation protocol

Offline rTMS at 1 Hz, 90%
rMT, 15 minutes, active/
sham/control

tDCS, anodal electrode over
DLPFC (F3), cathodal
electrode over the right orbit,
1 mA, active/sham

Online ppTMS at 7 Hz, ISI
143 ms, 60% rMT, active/
control

tDCS, anodal stimulation
(anodal electrode over FPz
and cathodal electrode over
QOz), cathodal stimulation
(anodal electrode over Oz,
and cathodal electrode over
FP2z), 1 mA, active/sham

Offline rTMS at 1 Hz, 90%
rMT, 15 minutes of rTMS,
active/sham

Region
stimulated

R/L ATL, Cz (control)

L DLPFC

mPFC, IPA (control)

mPFC

R/L ATL

Task

Arab/terrorist IAT

(i) Terror words (e.g., hijacker)
(i) Law-abider words (e.g.,
taxpayer)

(i) Arab names (e.g., Habib)
(iv) Non-Arab names (e.g.,
Benoit)

Insect/flower IAT

(i) Insects (e.g., cockroach)
(i) Flowers (e.g., sunflower)
(iii) Positive (e.g., friends)
(iv) Negative (e.qg., filth)

Food IAT

(i) Tasty (e.g., pizza)

(i) Tasteless (e.g., tofu)
(iii) Positive (e.g., love)
(iv) Negative (e.g., killer)
Self/other IAT

(i) Self (e.g., 1)

(i) Others (e.g., you)

(iii) Positive (e.g., love)
(iv) Negative (e.g., killer)
Flower/insect IAT

(i) Flowers (e.g., rose)
(i) Insects (e.g., bee)
(iii) Positive (e.g., love)
(iv) Negative (e.qg., killer)

Dutch/Moroccan IAT

(i) Dutch names (e.g., Sander)
(i) Moroccan names (e.g.,
Habib)

(iii) Positive words (e.g., love)
(iv) Negative words (e.g.,
pain)

Gender IAT

(i) Male (e.g., John)

(i) Female (e.g., Emma)

(i) Science (e.g., chemistry)
(iv) Humanities (e.qg., history)
Living/non-living IAT

(i) Fish (e.g., salmon)

(i) Birds (e.g., canary)

(i) Boats (e.g., canoe)

(iv) Aircraft (e.g., helicopter)
Stroop task

Four colors, manual
response
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Results

Stimulation over L/R ATL
reduced D-scores compared
to sham and control
stimulation

tDCS over the L DLPFC
reduced the RTs for words
belonging to the target
categories ‘flowers’ and
‘insects’ in the congruent
condition of the IAT
compared to sham
stimulation

Simulation over mPFC
increased D-scores in the
tasty/tasteless food IAT
compared to IPA stimulation
and no-TMS condition

Anodal stimulation reduced
the D-scores compared to
cathodal and sham
stimulation

Stimulation to R/L ATL
reduced D-scores on the
gender IAT compared to the
sham. No change on the
non-social IAT and the
Stroop task

Refs.

[76]

[104]

(99]

[102]

[77]

@Abbreviations: aDMPFC, anterior dorsomedial prefrontal cortex; aMT, active motor threshold; ATL, anterior temporal lobe; EVC, extrastriate visual cortex; cTBS,
continuous theta-burst stimulation; DLPFC, dorsolateral prefrontal cortex; D-score, mean difference between incongruent and congruent conditions divided by the
overall SD [131]; IAT effect, reaction-time difference between incongruent and congruent conditions; IFG, inferior frontal gyrus; IPA, parietal cortex; IPL, inferior parietal
lobe; ITBS, intermittent theta-burst stimulation; L, left; mPFC, medial prefrontal cortex; ppTMS, paired-pulse transcranial magnetic stimulation; R, right; rMT, resting
motor threshold; rTMS, repetitive transcranial magnetic stimulation; RT, reaction time; tDCS, transcranial direct-current stimulation.
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Online ppTMS increases scores (i.e.,
higher error rates in the incongruent
condition) in a gender (strong/weak)
IAT [98 ]

Online ppTMS at 10 Hz increases D-
scores in a religious IAT
[86]

Offline iTBS at 50 Hz decreased the
IAT effect in a religious/spiritual IAT
[87]

Online ppTMS at 10 Hz increases D-
scores in a religious IAT [86]

Cathodal tDCS reduces D-scores in a
weight IAT [111]

Offline rTMS at 1 Hz reduces D-
scores in a gender (science/ scores in a gender (science/
humanities) IAT [77] humanities) IAT [77]

and in a Arab/terrorist IAT [76] and in an Arab/terrorist IAT [76]

Offline rTMS at 1 Hz reduces D-

Offline ppTMS at 7 Hz increases D-
scores in a tasty/tasteless food IAT ) ) )
[99] Online ppTMS increases D-scores in
a gender (strong/weak) IAT

[98]

Anodal tDCS reduces D scores in a
Dutch/Moroccan IAT [102]

AN
w0y

,/l

2.

Trends in Cognitive Sciences

Figure 3. Target-Areas and Main Findings of Noninvasive Brain Stimulation (NBS) Studies. Inimplicit social cognition, NBS studies report a network of brain
areas assumed to be causally involved in attitudes and stereotypes as measured by the IAT. These regions include the anterior temporal lobe (ATL), inferior parietal lobe
(IPL), dorsolateral prefrontal cortex (DLPFC), medial prefrontal cortex (mPFC) and a subpart of the extrastriate visual cortex (EVC; i.e., extrastriate body area, EBA).
Abbreviations: D-score, mean difference between incongruent and congruent conditions divided by the overall SD; IAT, implicit association test; ppTMS, paired-pulse
transcranial magnetic stimulation; tDCS, transcranial direct-current stimulation.

These results support previous fMRI studies showing that the ATL is specifically involved in
some aspects of social stereotyping but not in a more general process of semantic associations
[74] or in executive demands. In particular, they provide the first evidence that the ATL is
causally involved in processing stereotypical social associations, and that modulation of its
activity can lead to changes in stereotype representation, such as modifying the strength with
which a particular set of attributes are associated with a social group. However, more research
will be necessary to confirm these findings. Specifically, additional studies clarifying the reasons
why rTMS did not affect non-social associations (e.g., in a living versus non-living categories
IAT) [77] would be desirable to elucidate the potential social role of the ATL.

Implicit Attitude Representation

The temporal-parietal junction (TPJ) [78] is an area that is known to play a crucial role in theory
of mind (ToM) [79-82] and in the ability of individuals to make moral decisions [70,83].
Interestingly, it has been shown that, although the ventral part of the TPJ —namely the posterior
superior temporal sulcus (STS) — is commonly associated with social processing [84], attribu-
tion of beliefs also engages the dorsal part of the TPJ [85], which includes portions of the inferior
parietal lobule (IPL). This was revealed in an fMRI study in which participants were asked to
perform a verbal task that included sets of single sentences. All the sentences were identical
except for the type of mental state described (i.e., belief, emotion, perception). When partic-
ipants were required to attribute a belief to either themselves or others, both the STS and IPL
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showed stronger activation compared to when participants needed to attribute either emotions
or perceptions [85].

Given the role of IPL in social beliefs, neuroscientists have hypothesized that it is also involved in
the processing of implicit social attitudes. However, only recently, with the development of NBS
techniques, has research been able to demonstrate the crucial role of this region in mediating
implicit associations underlying social attitudes. In an online TMS study, it was found that
disrupting the activity of the left and right IPLs during a religious IAT, which involved assessing
automatic associations between the categories ‘self/others’ and the ‘attributes religious/non-
religious’, led to a decrease in performance, namely increased error rates. Interestingly, no
changes were observed when participants performed a self-esteem IAT (i.e., assessing
associations between categories ‘self/other’ and attributes ‘positive/negative’), suggesting
that the left and right IPLs are specifically implicated in the processing of religious attitudes
[86]. Similar results have also been found [87] in an offline theta-burst stimulation (TBS)
paradigm. In this study, TBS was applied over the right IPL before participants performed a
religious IAT and a self-esteem IAT. Each participant underwent three different TBS protocols:
continuous TBS (cTBS), intermittent TBS (iTBS), and sham stimulation. Results showed that
iTBS on the right IPL produced a reduction of the religious attitudes compared to cTBS and
sham stimulation. Self-esteem attitudes were unchanged by TBS.

These studies provide causal evidence of the role of the IPL in mediating and processing
religious self-representations [86,87]. Future NBS studies investigating and comparing different
social attitudes will be necessary to support these results and clarify whether the IPL, in the
context of implicit attitudes, is involved in the strengthening of religious self-representations or in
a more general cognitive process associated with the processing of implicit ideologies or
attitudes.

Control and Regulation of Implicit Attitude and Stereotype

The DLPFC is a brain region assumed to be associated with executive control, goal mainte-
nance, and inhibition of prepotent responses [88]. Research has suggested that the DLPFC
plays a crucial role in the control of social attitude and stereotyping [89,90]. In particular, it has
been hypothesized that the DLPFC works in combination with the ACC, a neural structure
involved in monitoring response competition and in engaging executive control [91]. According
to this view, the ACC detects a conflict between intentions and automatic social evaluations,
and the DLPFC controls the bias [92]. For example, in a fMRI study it was found that implicit pro-
White attitudes were correlated both with the performance of participants on a cognitive task
involving control mechanisms of automatic processes (i.e., Stroop task) as well as with their
neural activity in ACC and DLPFC. Interestingly, only DLPFC activation mediated the relation-
ship between implicit race preference and Stroop interference, suggesting that this brain region
is specifically engaged in a regulatory mechanism to control implicit attitudes [93].

Similarly, it has also been suggested that the mPFC plays a crucial role in regulating and
controlling implicit attitudes and stereotypes [90]. The mPFC has been implicated in the
processing of social information (e.g., the formation of impressions about other people,
attribution of mental states [82,94], and attribution of human qualities [95]) with a prominent
number of interconnections, including the ACC and the DLPFC [96]. In particular, it has been
proposed that this brain region plays a prominent role in the regulation of behavioral responses
associated with social cues (e.g., external pressure to respond without prejudice). In an ERP
study, it was shown that responses regulated by external cues to ‘respond without prejudice’
involved electrophysiological components of error-perception (i.e., error-related negativity,
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ERN), a process associated with mPFC and rostral ACC (rACC) activity, whereas the regulation
of intergroup attitudes by internal cues was associated with conflict-monitoring electrophysio-
logical components (i.e., error-positivity, Pe) and activation of the dorsal ACC (dACC) [97]. This
result is remarkable because it suggests that specific brain regions subserve the representation
of higher-order goals, such as internal and external incentives, to be unbiased.

Although these studies have highlighted the potential brain structures and mechanisms
involved in regulating implicit intergroup responses, they provide no evidence that either DLPFC
or mPFC are causally engaged in these social processes. NBS techniques, on the other hand,
offer the possibility of investigating the role of these areas in controlling implicit social biases
[86,98,99]. In an online TMS study it has been shown that interfering with the activity of the left
DLPFC and right anterior dorsomedial prefrontal cortex (@DMPFC) led to lower performance in
a gender IAT. In particular, results showed increased error rates when stereotype-incongruent
responses (i.e., ‘female + strong/male + weak’) were required [98]. Similarly, it has been found
that disrupting the activity of the left and right DLPFC during a religious IAT (i.e., assessing
associations between categories ‘self/other’ and attributes ‘religious/non-religious’) and in a
self-esteem IAT (i.e., assessing associations between categories ‘self/other’ and attributes
‘positive/negative’) produced higher error rates in both tasks [86]. Analogous results have been
found also in a TMS study aimed at investigating the role of the mPFC in controlling food
preferences. Results showed that the online stimulation of the mPFC worsened performance in
a tasty-tasteless food IAT (i.e., increased response times, RTs, in the incongruent condition)
[99].

Taken together, these studies indicate that the DLPFC and mPFC are causally involved in
controlling implicit attitudes and stereotypes because interference with their activity by means
of NBS significantly affected the IAT performance. However, additional studies will be neces-
sary to clarify the specific role of these brain areas in implicit social cognition. The IAT is a task
that relies on cognitive interference between automatic (i.e., respond according to the stereo-
typical associations) and controlled (i.e., respond according to the task instructions) processes
[100,101] that require the activity of the prefrontal areas (e.g., DLPFC and mPFC). The results
presented here thus cannot be considered as conclusive in establishing whether the causal
involvement of DLPFC and mPFC observed using the IAT may be specifically imputed to control
processes elicited by implicit attitudes and stereotypes or by the task itself. Future studies using
cognitive conflict tasks that are not related to implicit attitudes and stereotypes (e.g., Stroop
task) may be useful to address and clarify this issue.

Interestingly, a recent study has shown that disruption of activity in mPFC modulates intergroup
stereotypical associations. This study found that tDCS with anode over the mPFC (a protocol
that is thought to have an excitatory effect on the target area; Box 2), decreased implicit bias
towards outgroup members (i.e., ‘Dutch + positive/Moroccan + negative’) [102]. In particular,
faster and more accurate responses were observed when negative ingroup associations were
required (i.e., ‘Dutch + negative/Moroccan + positive’). These results therefore suggest that
modulating the activity of the mPFC by NBS may increase or decrease its role in controlling
implicit intergroup attitudes.

In addition, recent NBS studies have allowed researchers to empirically test the control exerted
by the DLPFC in processing implicit non-social associations and show, as suggested by
previous fMRI studies [23,103], that the role of this area can differ on basis of the nature of the
implicit associations assessed by the IAT (e.g., social versus non-social associations). Specifi-
cally, it has been shown that tDCS with anode over the left DLPFC produced no reduction of the
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stereotypical associations ‘flowers + good/insects + bad’, but only produced a decrease in
RTs in response to specific stimuli (i.e., words belonging to the target categories “flowers’ and
‘insects’ in the congruent condition) [104]. Similarly, the same authors [105] in a subsequent
study found that tDCS with anode over the left DPLFC did not modulate the scores in an alcohol
IAT that assessed associations between the categories ‘alcoholic drinks/regular drinks’ and the
attributes ‘positive/negative’, but led to a general reduction of RTs in the task. These findings
thus showed no specific effect when the IAT was used to assess non-social associations,
revealing a different causal involvement of the DLPFC in controlling social and non-social
associations that it was only suggested at a correlation level by previous fMRI studies.

Physical Perception and Implicit Attitude and Stereotype

The EBA is a region of visual cortex that is selectively activated when images of human bodies
and body parts are presented [106]. Interestingly, fMRI studies have suggested that the EBA is
also involved in mediating higher-order cognitive processes [107-110]. For example, a recent
study suggested [110] that the EBA is functionally linked with brain areas involved in represent-
ing the mental states of others (i.e., the ToM network). In this experiment, participants were
asked to observe bodies that had previously been associated with social information (i.e.,
positive or negative trait-based information, such as ‘she donated to charity’ or ‘he lied on his
CV’) and non-social information (i.e., neutral information, such as ‘she sharpened her pencil’).
Results showed a greater coupling between the EBA and the temporal pole of the ToM network
when participants observed bodies associated with trait-based information compared to
neutral information. Similarly, it has been demonstrated [108] that EBA is sensitive to the
stereotype-related status of individuals. In this study, participants were asked to make judg-
ments about pictures of men and women portrayed in gender-stereotypical occupations (e.g.,
female hairdressers or male airline pilots) and non-stereotypical occupations (e.g., male hair-
dressers or female airline pilots). Specifically, they categorized stimuli based on of the gender of
each target or on the color of a dot located on the picture. Results showed that when
participants sorted pictures that violated stereotypical beliefs, activity increased not only in
cortical areas associated with executive control (i.e., DLPFC) but also in areas related to person
perception, such as the EBA.

With the use of NBS techniques, it has recently been possible to further investigate the role of
the EBA in social expectations and provide evidence of its causal role in stereotypical beliefs.
Forexample, a study [111] has used tDCS to directly interfere with cortical excitability in the EBA
and investigated its effects on social attitudes and stereotypes based on body size. This
experiment consisted of two separated sessions in which tDCS electrodes were placed over
the left or right extrastriate visual cortex. In each session, participants underwent three different
stimulations (i.e., anodal, cathodal, and sham stimulation). After each stimulation they per-
formed two IATs: a weight IAT measuring the implicit attitude ‘fat + bad/thin + good’, and an
esthetic IAT evaluating the implicit stereotype ‘ugly + fat/beauty + thin’ as a control condition.
Results showed that tDCS with cathode over the left extrastriate visual cortex (a protocol that is
thought to have an inhibitory effect on the target area; Box 2) reduced implicit weight attitude
‘fat + bad/thin + good’ as compared to sham stimulation over the same hemisphere. This result
was observed only in male participants, who showed a significant implicit weight attitude in the
sham condition, but not in female participants, who showed no significant implicit weight
attitude in the sham condition.

These findings show that areas implicated in perception are also causally involved in processes

that mediate thoughts and beliefs about others, and that by modulating the neural excitability of
these areas it is possible to change the expression of attitudes based on physical
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characteristics. NBS thus, compared to previous fMRI studies suggesting that attitudes are
sensitive to early perceptual processes, provides the first causal evidence that perception
actively contributes to the cognitive formation and expression of implicit attitudes. Importantly,
this result suggests that implicit attitudes do not entail only the activity of so-called higher-level
brain areas (e.g., DLPFC, ATL) but also involve lower-level regions (e.g., EBA) that are
associated with the representation of perceptual information.

Methodological Challenges of NBS

The research reviewed here suggests that NBS is a useful method to advance the knowledge of
neurobiological mechanisms of implicit social cognition, specifically the role of attitudes and
stereotypes. However, it is important to point out that targeting a given brain region with NBS
does not necessarily prove that the observed effects at the behavioral level are in fact due to
modification of activity in the targeted brain area. NBS exerts an effect both on the stimulated
area and distributed networks associated with it [112]. This implies that care must be taken
when designing NBS experiments and interpreting their results. In addition, directly and
precisely targeting a given brain region may not be always possible. For example, the ATL
is a brain region surrounded by cerebrospinal fluid (CSF), and CSF can shunt the electric current
induced by TMS [113], thereby reducing the spatial accuracy of the stimulation and making
targeting unreliable even if neuronavigation systems are used.

Therefore, NBS should be ideally used in real-time combination with brain imaging methods (e.
g., fMRI and electroencephalography, EEG) which provide insights into the physiological
impact produced by NBS on the brain areas that mediate the effect on behavior. Only the
simultaneous monitoring of the physiological impact and the behavioral consequences of NBS,
and the examination of the relation between them, can provide conclusive evidence concerning
the neurobiological substrates of social cognitive processes.

Concluding Remarks and Future Directions

In the increasingly multicultural societies that characterize the world today, understanding
intergroup attitudes and stereotypes is especially important both for theory and praxis. For
almost a century, intergroup attitudes have been studied using behavioral methods that have
provided great insight into the beliefs and attitudes humans have about their own groups and
those of others, as well as into how they can operate and implicitly influence behavior.

Recently, with the developmental of neuroscience techniques (e.g., ERP and fMRI) it has also
been possible to investigate the neurobiological substrates of implicit social cognition. How-
ever, these studies have been limited in offering causal relationship between these social
processes and brain. Advances in NBS techniques have fundamentally changed this. Accord-
ing to the studies we have reviewed, we are now able to define a potential neural network for
implicit attitudes and stereotypes. This network includes the EBA, IPL, ATL, DLPFC, and
mPFC. The EBA is involved in the processing of perceptual information that contributes to the
shaping and expression of implicit attitudes. That is, the EBA may activate early social beliefs
and thoughts about others on the basis of their physical characteristics. Furthermore, it appears
that activity in the IPL and ATL supports the representation of implicit attitudes and stereotypes.
The IPL may play a role in strengthening implicit beliefs (and perhaps making them resistant to
change), and the ATL may sustain stereotypical associations between attributes and social
groups. Finally, control and regulation processes appear to be carried out by the DLPFC and
mPFC, in the service of regulating and monitoring the shaping, processing, and maintaining
implicit attitudes and stereotypes, as well as of their expression.
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Outstanding Questions

Can we create NBS protocols that are
able to modulate different attitudes,
stereotypes, and beliefs?

Can we use NBS to create new posi-
tive social associations?

How long can the modulation of
implicit cognition using NBS last?
Can we generate longlasting modula-
tion of implicit attitudes and
stereotypes?

What is the contribution of different
brain areas to implicit cognition? Does
it differ on the basis of the bias evalu-
ated (e.g., race, weight, gender, etc.)?
Is it influenced by the nature of the
implicit associations assessed by the
IAT (e.g., social versus non-social
associations)?

Is the IPL associated with processing
of religious (and perhaps other ideo-
logical) beliefs in particular, or with the
more general processing of implicit
social cognition?

Are all implicit attitudes and stereo-
types influenced by perceptual pro-
cesses? Do perceptual processes
only mediate biases that involve spe-
cific physical characteristics (e.g.,
body)?

Does the modulation of the DLPFC
and mPFC reflect a change in the con-
trol mechanisms underlying the implicit
social cognition, or a general effect on
cognitive interference elicited in the
task?
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More research is necessary to confirm the role of these areas in implicit social cognition as well
as to identify potential brain regions and processes that may be additionally involved in such a
phenomenon. For example, it would be of interest to investigate whether motor and pre-motor
areas are causally engaged in the processing of implicit attitudes and stereotypes to explore
whether implicit social cognition is shaped by information from the physical body of the
organism. Recent research has suggested that it is possible to modulate implicit attitudes
and stereotypes by exposing individuals to bodily illusions that induce ownership over a body
different from their own with respect to race, gender, or age [114-117]. These results have been
interpreted as an indication that implicit attitudes and stereotypes may occur via a process of
self-association that starts in the physical body (i.e., with the perception of physical similarity
between our body and the other body) and extends to the conceptual domain (i.e., with the
generalization of positive self-associations and negative other-associations) [118].

In this review we have discussed the unique benefits that NBS techniques can offer to
understanding the underlying processes of implicit attitudes and stereotypes, and have
summarized the main insights that have been achieved about implicit social cognition using
NBS methods. However, the application of NBS in social cognitive research is still at the starting
line, and more research will be necessary to clarify how individuals process social information
and interact with others (see Outstanding Questions). Research would benefit from combining
NBS with brain imaging methods and greater control over measures at the behavioral level to
test the specificity of the effects induced by NBS, such as by using IATs assessing a wider
range of social cognition domains, comparisons to non-social cognition, and additional tasks
that reflect cognitive conflict similar to that of the IAT [119] (e.g., Stroop task).
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