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. Introduction

General research problem

Historically, neuroscience has focused on the neuronal mechanisms of individual
behavior. Relatively recently, social psychology, in collaboration with newly developed
social neuroscience, made an attempt to clarify the social factors shaping individual
behavior, decisions, and attitudes (Ajzen & Fishbein, 1980; Cacioppo & Decety, 2011;
Cialdini & Goldstein, 2004). Some theoretical accounts indicate that homo sapiens display
“superorganismic” properties and provocatively suggest that we have made a dramatic
evolutionary transition from “primate colonies” to a “superorganismic” unit of individuals
(Foster & Ratnieks, 2005; Kesebir, 2012; D. S. Wilson & Wilson, 2007). Indeed, people
form very complex social groups that are self-organized by a system of communication
and complex social interactions. Furthermore, social groups are vital for our survival and
normal development. Thus, such a complex “superorganismic” unit requires cognitive
mechanisms to integrate individuals, synchronize their actions, increase group coherence,
avoid conflicts, reduce within-group behavioral variations, and increase between-group
differentiation (Kesebir, 2012). To achieve this, evolution via multilevel selection may
favor not only our tendency to cooperate but also our tendency to follow group norms that
would require a neurocognitive mechanism of social conformity (E. Wilson & Wilson,
2008). Social psychology has documented the profound effect of social norms on human
behavior (Cialdini & Goldstein, 2004), but the neurocognitive mechanism of conformity
remains largely unknown. The present dissertation summarizes the studies of our research
group on conformity and suggests and explores a general mechanism of social conformity.

Following David Marr’s three levels of analysis, here, we suggest the following
three explanatory levels of conformity: (1) Conformity is an evolutionarily advantageous
form of social learning that increases group coherence; (2) The brain detects deviations
from descriptive norms and generates a reward prediction error-like (learning) signal; (3)
Large-scale brain networks integrate the learning signal with personal and social contexts

and convert it to the behavioral adjustments. Importantly, the current dissertation focusses



primarily on the statement (2), while supporting the statement (1) and (3) based on the
literature review.

Theoretical basis of the current work

The set of studies presented in the current dissertation adopts theoretical accounts
of social psychology, social neuroscience, and learning theory. First, our studies focused
on the concept of social norms—one of the key concepts in social psychology and social
sciences (e.g., (Rivis & Sheeran, 2003; J. R. Smith & Louis, 2009)). Social psychology
differentiates injunctive and descriptive norms. Injunctive norms or “behavioral
standards” are prescriptions of the referent social group, but descriptive norms represent
typical behavioral patterns of the referent social group (Cialdini et al., 1990; Kallgren et
al., 2000). Injunctive and descriptive norms do not necessarily match each other. For
example, an injunctive norm could prohibit corruption, whereas a descriptive norm could
signal the prevalence of some forms of corrupt behavior. Importantly, descriptive norms
are particularly effective predictors of social behavior, including healthy eating and
drinking behavior, energy conservation, and recycling ((Cialdini et al., 1990), see
(Manning, 2009), for a meta-analytic review). However, this raises an important

theoretical question: By which cognitive mechanism do we detect and learn descriptive

norms?

Second, our studies adopted assumptions of social neuroscience, suggesting that
all social behavior is implemented (neuro)biologically (Cacioppo & Decety, 2011). Social
neuroscience adopts theoretical assumptions of constitutive reductionism, a systematic
approach to studying the parts of the system and the interplay across parts/levels of the
system to better understand the whole system (Cacioppo et al., 2000). The social
neuroscience approach raises another important theoretical question: Which

neurobiological mechanism underlies the effects of descriptive norms on human behavior

and how is it implemented in neural architecture?
Finally, we employed reinforcement learning theory, which models the effects of
experience on value functions and subsequent choices (e.g., (Rescorla & Wagner, 1972)).

The reinforcement learning theory assumes that organisms encode an action value



function as the sum of future outcomes of an action (Q(s,a), s = the state of the
environment; a = the particular action) and state value function (V(s)) as the sum of
rewards that are expected in the state of the environment. Here, reinforcement learning
refers to the idea that to reduce errors, value functions are continuously updated according
to the received rewards. The theory hypothesizes a learning signal—reward prediction
error (RPE)—that encodes a difference between the actual and the expected reward
(Sutton & Barto, 1998; for a similar approach, see Bechtereva et al., 2005). Model-free
reinforcement learning algorithms assume that outcome-based RPE is the key mechanism
for updating values. However, model-based reinforcement learning algorithms suggest
that the values could also be updated prior to outcomes, based on relevant information
regarding the motivational state or environment. Reinforcement learning theory also
admits that organisms can simulate possible outcomes and learn, for example, based on
the fictive reward prediction error—the difference between hypothetical and predicted
outcomes (Boorman et al., 2011; Lohrenz et al., 2007). Overall, reinforcement learning
provides an effective framework for modeling adaptive decision-making processes and
raises another important theoretical question: Can conformity to descriptive norms be

based on a reinforcement learning-like (and essentially not uniquely social) mechanism

implemented in the dopaminergic system of the human brain?

Summary of scientific novelty

1. The current work invented a novel research paradigm—a face judgment
conformity task that induces well-controlled conflicts between the subject’s own judgment
and the group opinion in neuroimaging settings.

2. Our functional magnetic resonance imaging (fMRI) data, for the first time,
showed that the activity of the posterior medial frontal cortex (pMFC) and ventral striatum
(a) reflects social influence and (b) predicts subsequent adjustments of opinion, in line
with that of the descriptive group norm.

3. Our transcranial magnetic stimulation (TMS) results, for the first time,
demonstrated the causal role of pMFC in conformal adjustments of opinion, in line with

that of the descriptive group norm.



4.  Our magnetoencephalography (MEG) study of conformity, the first of its
kind, showed that conflicts with the descriptive norms modulate activity of the posterior
cingulate cortices (PCC, including precuneus), right temporoparietal junction (TPJ),
ventromedial prefrontal cortex (VMPFC), bilateral anterior cingulate cortices (ACC), and
right superior occipital gyrus.

5. Our electroencephalography (EEG) study of conformity, for the first time,
demonstrated temporal dynamics of neurocognitive correlates of conformity as the
cascade of neuronal responses to perceived conflicts with the group norms, from a frontal
negativity reflecting a conflict with the group opinion to a later evoked response (peaking
at 380 ms), reflecting a conformal behavioral adjustment in line with the descriptive group
norm.

6. For the first time, we showed the MEG markers of the long-lasting effect of

group pressure on the processing of visual information.

Theoretical significance

Our articles suggested for the dissertation elaborate on a theoretical
neurocognitive mechanism of social influence. Our results indicate that decision values
are adjusted in line with descriptive norms based on a fundamental rather than a uniquely
social mechanism, similar to reinforcement learning. We suggest that a conflict with a
group opinion might generate a “social” RPE-like signal. More precisely, a difference
between an individual and the (in)group behavior (or judgments) could be perceived as
an error. According to this framework, the ventral striatum and pMFC generate the RPE-
like learning signal to perceived deviations from descriptive norms. Such dopamine-
related activity triggers a learning mechanism via interaction with other large-scale brain
networks that “put” the learning signal into a broader social and personal context.
Importantly, our theoretical framework suggests that the neural error signal detecting
deviations from descriptive norms shares the same neurocognitive mechanism as the

standard RPE underlying reinforcement learning.



Applied significance

A better understanding of social influence and conformity is critical to a more
precise control of many forms of maladaptive behavior. Daily, descriptive norms provide
information about appropriate smoking (Schofffild et al., 2001), drinking (Johnston &
White, 2003), healthy eating (Louis et al., 2007), and environment-relevant behaviors,
such as littering (Reno et al., 1993), recycling (White & Hyde, 2012), and energy
conservation (Goldstein et al., 2008; P. W. Schultz et al., 2007).

Often, peers initiate the use and abuse of drugs or alcohol by adolescents. For
example, the greater the popularity of drinking and marijuana use among friends, the more
likely adolescents are to drink or use marijuana (Burkett, 1977). Overall, many studies
have suggested that individual sensitivity to group pressure, in combination with strong
peer pressure, leads to delinquent behavior. Therefore, our studies of the neurocognitive
mechanisms of conformity will stimulate the development of effective social
interventions that control or prevent maladaptive behavior.

Further, the effectiveness of social norms in encouraging pro-environmental
behaviors (Bodin, 2017; Byerly et al., 2018; Centola et al., 2018; Nyborg et al., 2016; Otto
et al., 2020) suggest that our experimental and theoretical data can be used to design
effective social norm interventions, thus providing a tool for policymakers to promote

behavior that is beneficial to the environment (e.g., (Beretti et al., 2013)).

Statements for the defense

1.  The activity of the pMFC and ventral striatum, measured with fMRI, reflects
mismatches between individual judgments and group judgments (descriptive norms). This
activity is predictive of subsequent conformal adjustments of opinion in line with group
judgments (descriptive norms).

2. The pMFC plays a causal role in conformal adjustments to group judgments
(descriptive norms) as probed with TMS.

3. Mismatches between individual judgments and group judgments (descriptive
norms) trigger a cascade of neuronal responses, including earlier frontocentral response

(peaking at 200 ms, similar to feedback-related negativity) that reflects a conflict with
9



descriptive norms to a later evoked response (peaking at 380 ms) that reflects a conformal
behavioral adjustment.

4.  Partially distinct neural circuits monitor matches and mismatches of
individual judgments with group judgments (descriptive norms). Mismatches of
individual judgments with group judgments evoke activity of the anterior and posterior
medial prefrontal cortices, as well as activity of the TPJ and vMPFC. However, matches
with group judgments evoke an increase in the amplitude of beta oscillations (13—30 Hz)
in the anterior and vMPFC.

5. Conformity to group judgments (descriptive norms) is based on a
neurocognitive learning mechanism that shows features of reinforcement learning and is
implemented in the pMFC and ventral striatum in interaction with large-scale brain

networks.

Data collection and author contribution statement

Five out of seven articles selected for the defence report psychophysiological fMRI,
EEG, TMS and MEG studies. Overall, selected papers describe six laboratory studies of
over 120 participants. The laboratory experiments were run at the Institute of Cognitive
Neuroscience (HSE university, Moscow, Russia) — MEG and theoretical studies, Donders
Institute for Brain, Cognition and Behaviour (The Netherlands) in collaboration with
Erasmus Research Institute of Management (Erasmus University Rotterdam, The
Netherlands) — fMRI and TMS studies, Faculty of Psychology (University of Basel,
Switzerland) in collaboration with Saint Petersburg State University (Russia) — EEG
study.

The author confirms contribution to the papers selected for the defense as follows:
—  Conception, design, supervision of the studies (Klucharev et al., 2009; Klucharev

et al., 2011; Shestakova et al., 2013; Zubarev et al., 2017; Gorin et al., 2021;

Klucharev et al., 2014; Zinchenko, Klucharev, 2017)
—  Data collection (Klucharev et al., 2009; Klucharev et al., 2011; Shestakova et al.,

2013)
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- Data analysis and interpretation (Klucharev et al., 2009; Klucharev et al., 2011,
Shestakova et al., 2013; Zubarev et al., 2017; Gorin et al., 2021)

—  Drafting and critical revisions the articles (Klucharev et al., 2009; Klucharev et al.,
2011.; Shestakova et al., 2013; Zubarev et al., 2017; Gorin et al., 2021; Klucharev
et al., 2014; Zinchenko, Klucharev, 2017)

Reliability of the results and conclusions, public presentations on the topic
and grant support

The reliability of the results has been confirmed by the required number of
observations and modern neuroimaging methods. The scientific results and conclusions
of the dissertation are based on actual empirical data reported in a number of peer-
reviewed publications. Statistical analysis and interpretation of the results were carried
out using contemporary methods of neuroimaging data processing and statistical
analysis. All the results are supported by statistically significant tests at 95% significance
level.

The results of the dissertation were publicly presented in more than 20 talks and
poster sessions at conferences in Russia and worldwide, including Congress on Brain,
Behavior and Emotions (Brazil, 2022), Society for NeuroEconomics Conference (2005,
2007, 2008, 2009, 2012, 2015, 2017), Volga Neuroscience Meeting (Russia, 2018), XVI
European Congress of Psychology (Russia, 2019), Annual Cognition, Computation,
Communication and Perception Conference (Russia, 2015), Colloquium lecture Ecole
Normale Supérieure, Département d'Etudes Cognitives (France, 2013), 3rd International
Conference on Neuroeconomics and Neuromanagement (China, 2012), 1st Conference
of the European Society for Cognitive and Affective Neuroscience (France, 2012),
Colloquium lecture Brain & Cognition Seminar, Neuroscience Center, Université de
Geneve (Switzerland, 2012), Social Psychology Colloquium, University of Basel
(Switzerland, 2011), 4th International Conference on Cognitive Science (Russia, 2010),
8th Dutch Endo-Neuro-Psycho Meeting (Netherlands, 2009), 3rd International

Conference on Cognitive Science (Russia, 2008).
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I1. Concepts of social conformity and descriptive norms

Conformity is a type of social influence in which individuals change their
attitudes, beliefs, and behaviors in line with the reference group without an explicit
request. Conformity strongly affects various forms of human behavior, from criminal to
pro-environmental behavior (Cialdini & Goldstein, 2004; O’Keefe, 2002). Importantly,
people are usually unaware of this strong tendency to conform to group norms (Bryan &
Test, 1967). Already two-year-olds (Haun et al., 2012, 2014) and preschoolers (Sun &
Yu, 2016) show a strong tendency to conform to the majority. Conformity was observed
in various species: fruit flies (Danchin et al., 2018), fish (Day et al., 2001; Pike & Laland,
2010), rats (Galef & Whiskin, 2008; Konopasky & Telegdy, 1977), monkeys (Dindo et
al., 2009), and great apes (Whiten et al., 2005). Furthermore, a genome-wide association
study suggested the role of specific genes in social conformity (Chen et al., 2018). Overall,
previous behavioral and genetic findings indicate an evolutionary basis of conformity,
suggesting that natural selection favors the behavioral tendency to conform to group
norms. Thus, evolution may select an “automatic” neurocognitive learning mechanism
that continuously adjusts our attitudes, beliefs, and behavior in line with group norms.
Indeed, conformist transmission of beliefs or behaviors is adaptive because it allows for
the integration of the outcomes of multiple individuals (Boyd et al., 2005).

Social psychology suggests that conformity could be induced by injunctive or
descriptive norms (Cialdini & Goldstein, 2004). Moral injunctive norms signal what
people have to do, whereas descriptive norms signal what the majority of people actually
do, regardless of the injunctive norms. Unsurprisingly, people demonstrate a tendency to
conform to injunctive norms, which are often reinforced by various types of social
punishments and rewards. The strong impact of descriptive norms on human behavior is
more surprising since they have a more informational nature: normally, they simply signal
the most popular behavioral strategy.

The classic experiments of the pioneering Asch study (Asch, 1951, 1955) showed
that individuals frequently conform to a clearly erroneous majority opinion when

personally faced with erroneous answers. In a modified version of the Asch’s paradigm
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(Crutchfield, 1955), participants received erroneous feedback from the other group
members indirectly while sitting in individual cubicles. A meta-analysis of 133 studies
(Bond & Smith, 1996) showed that conformity was often even higher in the Crutchfield
paradigm than in the original Asch’s paradigm. Thus, conformity occurs even when
participants do not personally face social groups, which is critical for standard lab settings
in neuroimaging studies. Nevertheless, when we initiated our studies of conformity,
neuroimaging studies in this field were scarce.

A pioneering neuroimaging study investigated the fMRI signatures of conformity
to group decisions during a mental rotation task (Berns et al., 2005). Conformity was
associated with activity in the striatum and occipital-parietal cortices. Various
neurophysiological studies have suggested that the striatum encodes reward values and
participates in learning (Carelli, 2002; Knutson & Wimmer, 2007). Therefore, the first
study implicated performance monitoring mechanisms in the effects of group norms.
Nevertheless, the neurocognitive mechanism underlying conformity remains unclear.

Traditionally, psychological studies have focused on the rewarding value of social
affiliation with others (Cialdini & Goldstein, 2004), while behavioral economics have
emphasized the role of punishment in supporting social norms (Fehr & Fischbacher,
2004). Interestingly, both frameworks somehow imply that conformity is underlined by a
fundamental learning mechanism reinforcing normative behaviors (Klucharev et al.,
2009; Montague & Lohrenz, 2007). Therefore, in our studies, we addressed the following
key research questions: Is the neurocognitive system that supports conformity
functionally and structurally (at the level of neural networks) similar to the neurocognitive
system underlying nonsocial reinforcement learning? Does group pressure result in a true

modification of beliefs or merely in public compliance?
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I11. Neuroimaging signatures of conformity

A neural substrate of conformity

Articles selected for the defense: Klucharev et al., 2009; Klucharev et al., 2011.

fMRI study. Progress in neuroimaging studies of social conformity critically
depends on effective behavioral paradigms. Therefore, we modified the classic Asch’s
conformity task, and designed a task in which the participant’s initial judgments matched
or mismatched group opinion (Klucharev et al., 2009). During the first (neuroimaging)
session of our conformity task (Session 1), participants rated facial attractiveness (Figure
1). At the end of each trial, the “group rating” (descriptive norm) was presented.
Importantly, according to a preprogrammed (semi-random) algorithm, the group rated the
face differently than the participant or assigned the same rating. Such a procedure enabled
us to systematically manipulate conflicts between the individual and the group opinion.
In order to identify conformal changes of the attractiveness ratings, we instructed the
participants to rate the same faces again during the behavioral Session 2. The participants
indeed changed the ratings of attractiveness in line with the (normative) group’s ratings.
After controlling for the regression to the mean (Schnuerch, Schnuerch, et al., 2015), this
task provides an effective tool to investigate conformity using neuroimaging methods.
Importantly, the participants were not instructed to conform to the group norm but they
did so automatically.

In the first study selected for the defense (Klucharev et al., 2009), we hypothesized
that the neurocognitive mechanism of conformity may share some features with the
fundamental performance-monitoring mechanisms. Therefore, a perceived deviation of
the individual opinion from the group’s opinion should evoke a neural activity that is
fundamentally similar to RPE in reinforcement learning, signaling that participants adjust

their judgments in line with group norms.
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Subsequent rating (self-paced)

M (3-5 sec)

Figure 1. The conformity task that was used in the fMRi study. During the fMRI
Session 1, the participants rated facial attractiveness. At the end of each trial, participants
observed group ratings that matched or mismatched the participants’ own ratings. During
the behavioral session (Session 2), the participants again rated the same faces, and
conformity to the group ratings was identified (Experiment N1, for details, see (Klucharev
et al., 2009)).

Various learning models include an RPE that signals whether the outcome of an
action is better or worse than expected (Rescorla & Wagner, 1972). The RPE encodes the
learning signal that indicates the need to adjust one’s behavior. The neuroimaging studies
suggested that the pMFC encodes the RPE (Holroyd & Coles, 2002). Various studies have
suggested that the pMFC is not alone in monitoring behavioral outcomes (Oldham et al.,
2018). In particular, the ventral striatum plays a prominent role in reward prediction and
performance monitoring. Therefore, a hypothetical reinforcement learning-like
mechanism underlying conformity would require a learning signal at the pMFC and
ventral striatum that should reflect deviations from peer opinions and trigger conformal

adjustments.
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To test our hypothesis, we used the aforementioned conformity task, in which the
participants’ initial judgments were influenced by group opinions (Figure 1). A total of
46 female students participated in the social (Experiment N1) and nonsocial control
(Experiment N2) neuroimaging experiments (for details, see (Klucharev et al., 2009)).

Our fMRI study was performed using Sonata 1.5T (Siemens) scanner with

ascending slice acquisition, using a T2*-weighted echo-planar imaging sequence (33 axial

slices; volume repetition time = 2.28 s; echo time = 35 ms; slice thickness, 3.5 mm with
a gap of 0.5 mm; 90° flip angle; slice gap, 0.5 mm). For structural MRI, we used a T1-
weighted MP-RAGE sequence (176 sagittal slices; field of view = 256 mm; volume
repetition time = 2.25 s; echo time = 3.93 ms; 15° flip angle; slice matrix, 256 x 256; slice
thickness, 1.0 mm with no gap).

First, to detect neural correlates of social influence, we compared brain responses
in ‘mismatch group’ trials with brain responses in ‘match group’ trials (social conflicts
contrast). Second, to detect neural correlates of conformity, we compared brain responses
in ‘mismatch group’ trials followed by conformity and brain responses in ‘mismatch
group’ trials not followed by conformity (conformity contrast). Lastly, to identify the
similarity of neural correlates of social conflicts (social influence) and conformity, we
used conjunctive analysis (Figure 2).

Conflicts with group opinion modulated the activity of the pMFC, insular cortex,
middle frontal gyrus, and striatum. Our results suggest that the sources of neuronal
correlates of conformity were quite similar to the RPE signal in reinforcement learning.
Furthermore, striatal activity significantly correlated with individual differences in
conformity and substantially differed between conformists and nonconformists (Figure
3).
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Figure 2. The results of the conjunction analysis show that activity in the posterior
medial frontal cortex and ventral striatum reflects deviations from group opinion and

subsequent conformity (Experiment N1).

Reinforcement learning has been robustly linked to the midbrain dopaminergic
system (Wolfram Schultz, 2006). To account for this, we analyzed the activity of the
ventral tegmental area and substantia nigra using a region of interest analysis. We showed
that activity in these regions was modulated by perceived conflicts with the group’s
opinion (Klucharev et al., 2009). Overall, our results indicated that activity in the
midbrain, pMFC, and ventral striatum monitored deviations from group opinion and
reflected a degree of reward (or punishment) related to the level of affiliation (or
disaffiliation) with the reference group. Interestingly, deviations from descriptive norms
activated the pMFC but deactivated the ventral striatum, which may indicate various
neurocognitive subroutines underlying conformity. Our first study suggested that
conformity could indeed be an automatic neurocognitive process, in which dopaminergic
mechanisms shift individual judgments to align with the group’s judgment.

Importantly, to verify the social relevance of our findings, we designed and
conducted a nonsocial version of the conformity task (Experiment N2, 22 females, aged
19-29 years; one participant was rejected from the future data analysis due to excessive
head motion). In the new version of the task, we replaced group ratings with computer

ratings (see (Spitzer et al., 2007; Zink et al., 2008), for a similar approach). Otherwise,
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the design of the task and experimental setup were identical to the original conformity
task. We compared the fMRI results of the social and nonsocial versions of the task. The
statistical analysis showed an interaction of conflicts (within-group factor: mismatch
versus match with the group opinion) and social task (between-group factor: social versus
computer versions of the task) at the pMFC, ventral striatum, and midbrain regions (see

Figure 4).

A Conformists Nonconformists
(n=11) (n=10)

2 9 I

= = |
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[J conflict NOT followed by conformity

r=-0.5, p=0.02

=
=
L J
L

Individual contrast estimate
M.Ac. [6,6,-2]

0.15 0.2 0.25 0.3
Individual index of conformity

Figure 3. The activity of the ventral striatum reflects individual differences in
conformal adjustments of opinion.
(A) Conformists (participants easily conforming to group (Klucharev et al., 2009) ratings
in the conformity task) showed stronger deactivation of the ventral striatum to
mismatches with group opinion. The gray rectangular area suggests a hypothetical
threshold of conformity. (B) A significant correlation of fMRI correlates of conformity
with the individual level of conformity. Conformists showed a smaller difference between
brain responses to perceived mismatches, with group ratings that were followed by

conformity and those that were not followed by conformity.
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Importantly, the neural correlates of the conflicts (mismatches) with the normative
group ratings at the medial frontal cortices and dopaminergic system were significantly
stronger in the “social” version of the task than in the control study. Statistical analysis
showed that the mismatch with the computer’s ratings activated the precentral gyrus, right
insula and precuneus in the control non-social study, similar to the social version of the
study. Mismatches with the computer’s ratings evoked quite weak activity of the pMFC
and ventral striatum that could be observed only using a very low statistical threshold (p
< 0.006). Overall, the deviations from group opinion evoked significantly weaker
responses in the performance-monitoring brain regions in the control study than in the
main study. The fMRI results of the two experiments indicated that the neural correlates

of peer pressure were modulated by social factors.

We also analyzed the neural correlates of conformity (ratings changed in line with the
computer rating vs. ratings not changed) in the control study. Data analysis showed an
activation of the pMFC and ventral striatum predicting adjustments in line with computer
ratings only with a relaxed statistical threshold (p < 0.003). Our results indicated that
neural correlates of adjustments of opinion were similar in both experiments but they

were strongly modulated by the social context.

The social and nonsocial versions of the conformity task also showed behavioral
differences. Participants changed their opinions more after a mismatch with a social group
than after a mismatch with a computer (p = 0.004). We also conducted a correlation
analysis of the magnitude of the mismatch with a computer and conformity. Moreover,
the correlation was significantly lower in the control computer condition than in the social
version of the conformity task (p = 0.001). In the control computer condition, 12 of 21
participants did not show a significant correlation between the magnitude of the mismatch
with a computer and the conformal adjustments of ratings. Overall, social descriptive
norms modulated participants’ opinions (and underlying neural activity) more strongly

than did the control nonsocial stimuli.
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The results of our fMRI study suggested that the neural mechanism underlying social
conformity could be similar to a fundamental performance monitoring mechanism, for
example, reinforcement learning. The fMRI data showed that the mismatches with
descriptive norms modulated the activities of the pMFC, ventral striatum, insular cortex,
precuneus, cerebellar tonsil, and other areas implicated in general error processing
(Diedrichsen et al., 2005; Richard Ridderinkhof et al., 2003; Wolfram Schultz, 2006)).
These results suggest that a perceived mismatch with descriptive norms evokes a neural
response that is both functionally and neurophysiologically similar to the RPE in
reinforcement learning. Hypothetically, a mismatch with group opinion may trigger an
RPE-like response at the pMFC, ventral striatum, and midbrain: if such an “error”-related
neural signal crosses a “learning” threshold, then conformal adjustment is initiated. A
correlation of striatal activity with individual levels of conformity also supported a link

of neural correlates of conformity with actual conformal adjustments of opinion.

Figure 4. Comparison of the fMRI correlates of conformity in the social (fMRI
Experiment N1) and nonsocial (fMRI Experiment N2) versions of the conformity task
(Klucharev et al., 2009).

(A) Conflict x social task interaction. (B) Conformity x social task interaction. White

circles indicate the pMFC and ventral striatum.

TMS study. In the second study selected for the defense (Klucharev et al., 2011),

we used repetitive transcranial magnetic stimulation (TMS) to confirm the causal role of
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the pMFC in social influence. The stimulation site in the pMFC was selected based on our
previous fTMRI study (Klucharev et al., 2009). We used the precuneus as the control
stimulation site. Participants attended one of three experimental groups: 1) TMS of the
PMFC (pMFC group, 17 subjects); 2) TMS of the medial parietal cortex (Control group,
15 subjects); 3) a sham TMS of the pMFC (Sham group, 17 subjects).

For stimulation, we connected a 110 mm double cone coil (Magstim Company)
to the Magstim Rapid magnetic stimulator. Importantly, the double cone coil consists of
two angled windings that improves coupling to the head and allows stimulation of
relatively deep cortical brain areas. For the first time within the subject of social
neuroscience, we used theta-burst stimulation (600 pulses, main frequency = 50 Hz, inter-
burst interval = 200 ms). Such a rapid TMS protocol decreases neural activity for
approximately 60 minutes (Huang et al., 2005). Active motor thresholds were measured
during TMS stimulation of the midline toe/leg area (primary motor cortex). We
determined the minimum pulse intensity that produced a visible electromyography
response in 50% of the trials during isometric contraction of the tibialis anterior muscle.
In the current study, we used 80% intensity of this active motor threshold for the theta-
burst TMS. Overall, participants received 40 s cTMS over either the pMFC (experimental
condition) or parietal cortex (control stimulation), or sham stimulation (10% of the
maximum output). Participants performed the conformity task for ~3-5 min after the
theta-burst TMS in the same laboratory.

The transient downregulation of the pMFC by the theta-burst TMS reduced the
extent and probability of conformal behavioral adjustments relative to a sham and a
control stimulation (Figure 5). Thus, we provided the first evidence of the causal role of
the pMFC in social influence. Our TMS results showed that pMFC downregulation is
capable of reducing conformity. Importantly, the pMFC is connected to the ventral
striatum (Groenewegen et al., 1982; Hauber & Sommer, 2009; Parkinson et al., 2000).
Thus, TMS of the pMFC can dysregulate the performance monitoring neural mechanism

and inhibit behavioral adjustments to descriptive norms.
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Figure 5. Effects of offline theta-burst transcranial magnetic stimulation on mean
conforming adjustments of judgments. The left panel indicates the targets of theta-burst

transcranial magnetic stimulation (Klucharev et al., 2011).

Figure 6 illustrates that TMS of the pMFC changed the probability of conformal
adjustments relative to the Control and Sham TMS conditions. The probability of
conformity decreased from 0.43 (Sham stimulation) and 0.42 (Control stimulation of the
medial parietal cortex) to 0.38 after TMS of the pMFC: F(2,46) = 3.55, p = 0.04. Post
hoc statistical analysis using the Tukey HSD test confirmed that the transient
downregulation of the pMFC decreased the probability of conformity relative to the
Control (p = 0.033) and Sham (p = 0.025) stimulation conditions.
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Figure 6. The effect of theta-burst transcranial magnetic stimulation on the
probability of conformity in line with a group opinion (Klucharev et al., 2011).

Error bars — the standard error of the mean; * — Significant differences at the level
of p <0.05.

Notably, a number of later neuroimaging studies have confirmed that the pMFC

is involved in different forms of conformity (e.g., (Berns et al., 2010b; Campbell-
Meiklejohn et al., 2010; E. B. Falk et al., 2010; UIf Toelch et al., 2018)).
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IV. Temporal and spatial dynamics of neural signatures of conformity and
group pressure
Articles selected for the defense: Shestakova et al., 2013, Zubarev et al., 2017.

EEG correlates of social conformity. In the third study selected for this defense,
we measured the electrical activity of the brain to explore temporal and spatial dynamics
of neural signatures of conformity (Shestakova et al., 2013). Electro- and magneto-
encephalographic (EEG/MEG) are effective tools to study temporal changes in the neural
correlates of conformity. A neural RPE signal can be measured using event-related
potentials (ERPs). Importantly, an RPE signal is manifested as a component of evoked
responses generated at the pMFC, which is often called feedback-related negativity (FRN)
(see (Cohen & Ranganath, 2007; Miltner et al., 1997) or reward positivity (RewP)
(Mulligan & Hajcak, 2018; Sambrook & Goslin, 2015). Our EEG study focused on FRN,
which is a negative shift in the ERP that occurs within 200—-400 ms after an individual
receives negative performance feedback (Miltner et al., 1997).

Sixteen female students (aged 17-26 years) participated in the conformity task
during two experimental sessions: an ERP session (Session 1) and a behavioral session
(Session 2) that was separated by ~15 min. According to the hypothetical reinforcement
learning mechanism of conformity, mismatches with a group opinion should evoke FRN
that has been associated with pMFC, performance monitoring, and subsequent adjustment
of behavior.

EEG data were recorded (sampling frequency = 250 Hz, Mitsar Medical
Diagnostic Equipment, EEG-201) using nineteen scalp electrodes (Fpl, Fpz, Fp2, F7, F3,
Fz, F4, F8, T3, T4, P3, C3, Cz, C4, Pz, P4, 01, Oz, 02) and two ocular electrodes (one in
the corner of the eye and another above the right eye). Electrode impedances were kept
below 10 kQ. We firstly band-pass filtered (0.1-70 Hz) EEG online and secondly filtered
EEG offline at 0.5-20 Hz. During the recordings, EEG electrodes were on-line referenced
to the average of all scalp electrodes. However, during prepossessing, EEG electrodes

were offline referenced to the average of the two mastoids.
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To identify the EEG signature of social influence, we compared the ERPs in all
‘mismatch group’ trials with ERPs in all ‘match group’ trials. To study subsequent
conformity effects, we compared ‘mismatch group’ trials followed by conformity and
‘mismatch group’ trials not followed by conformity. We found that mismatches between
individual and group opinions triggered a frontocentral negative deflection with a
maximum of 200 ms, similar to FRN (Figure 7). Overall, the analysis showed that
mismatches (conflicts) with group opinion evoked a sequence of neuronal responses: an
earlier FRN-like response that indicated a mismatch with the group norm followed by a
later ERP component that reflected a conformity. These results disentangled in time the

neural signature of norm monitoring and the neural signature of conformal adjustments.
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Figure 7. EEG “fingerprints” of group pressure and conformity. (A) Grand-
averaged ERPs recorded in the trials where participants’ ratings mismatched the group
opinion (black line) or matched the group opinion (gray line). The dotted line indicates
the difference wave. (B) Grand-averaged ERPs recorded in the trials where participants
changed their opinion in line with the group opinion (black line) or did not change it (gray
line). Topographic maps show the voltage field distribution of the difference waves
(Shestakova et al., 2013).
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Several ERP studies have confirmed that a mismatch between individual opinion
and group opinion triggers an FRN-like response (Chen et al., 2012; Kim et al., 2012).
Importantly, FRN has been associated with pMFC activity, performance monitoring, and
subsequent behavioral adjustment (e.g., (Cohen & Ranganath, 2007)). Neuroimaging
studies have suggested that pMFC activity is modulated by a dopamine-related RPE signal
encoding whether the outcome of an action is worse or better than expected (Holroyd &
Coles, 2002; Matsumoto et al., 2007). The prefrontal cortex was shown to receive
extensive dopaminergic projections (Fields et al. 2007), and Campbell-Meiklejohn’s
research group used a dopamine and noradrenaline agonist (methylphenidate) to modulate
social conformity (Campbell-Meiklejohn et al., 2012). The results suggest that
methylphenidate can enhance conformity and further support our hypothesis that the
dopamine-related performance monitoring system is involved in social influence.

MEG correlates of social conformity. In the fourth study selected for the defense
(Zubarev et al., 2017), we collected more detailed information on spatial and temporal
dynamics of neural signatures of conformity using MEG. The vast majority of previous
neuroimaging studies investigated conformity using fMRI, which could limit our
understanding of the neurocognitive mechanisms of conformity. Twenty young females
were invited to participate in our MEG study.

Our previous EEG study focused on the FRN component (Shestakova et al., 2013),
which brain source remains debated. Various fMRI studies have reported the error-
monitoring activity of the pMFC in response to negative outcomes. However, more recent
MEG/EEG studies questioned the sole MFC origin of the error-monitoring activity, such
as FRN (Donamayor et al., 2011; Donamayor, Schoenfeld, et al., 2012) and the closely
related error-related negativity (Agam et al., 2011). Furthermore, these studies suggested
the more posterior source of the activity in the posterior cingulate (PCC). For instance, in
contrast to fMRI data a combined MEG-EEG analysis localized error-monitoring activity
at the PCC of the same participants (Agam et al., 2011). Up to date, in studies of error-
monitoring neural activity, the fMRI and EEG/MEG findings cannot be integrated

straightforwardly. In the current study, we used a 306-channel Elekta Neuromag System
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(102 magnetometers and 204 planar gradiometers, low-pass filter with a 333 Hz cut-off,
sampling rate = 1000 Hz) to further investigate the temporal and spatial aspects of the

detection of perceived mismatches or matches of individual and group opinions. .

We analyzed MEG brain activity that was collected during the conformity task.
The statistical analysis showed that mismatches between individual and group opinions
evoked activity of the posterior medial frontal regions (Figure 8): evoked responses at the
precuneus and PCC ( 220-320 and 380-530 ms, respectively) increased frontal theta
oscillations (4-8 Hz). Our results confirm an expectation bias toward conforming with
group opinion, because the increase in theta oscillatory activity has been linked with
unsigned prediction error signals (Cavanagh et al., 2012). We also conducted the source
modeling of oscillatory activity: in the ‘mismatch group’ trials, frontal theta activity
originated from the ventral MFC, PCC, and ACC, partly overlapping with the sources of
the evoked responses. Thus, in our study, stronger theta activity in ‘mismatch group’ trials

indicates an expectation bias toward a consistency with the group opinion.

We also found that mismatches between group opinions and individual opinions
boosted beta oscillations (13—-30 Hz) in the vMPFC. Thus, our MEG results suggest that
an affiliation with descriptive norms is rewarding: matching the group opinion elevates
beta band oscillatory activity in the ventral MFC, one of the key brain regions for
processing reward information. Therefore, our MEG results also suggest that distinct
neural circuits monitor deviations from norms and norm compliance.

fMRI studies of social influence consistently found elevated posterior MFC
activity during mismatches of individual and group opinions (for a review, see (Izuma,
2013)). By contrast, our MEG results showed no such activity in the pMFC. Our MEG
instead demonstrated more anterior and more posterior medial sources of such brain
responses, similar to other EEG/MEG studies of the FRN (Donamayor, Heilbronner, et
al., 2012; Dofiamayor, Schoenfeld, et al., 2012; Talmi et al., 2012). The multimodal EEG-
MEG-fMRI neuroimaging study of error-related neural activity also reported more

posterior MEG activity in contrast to the more anterior fMRI activation (Agam et al.,
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2011). Overall, our MEG results indicate some discrepancy between fMRI and MEG
responses to the perceived mismatches of individual and group opinions. The MEG
results also highlighted the role of the posterior medial cortices in social influence.
Further multimodal neuroimaging studies are needed to resolve the inconsistency
between fMRI and MEG findings.

Theta (4 - 8 Hz) Beta (13 - 30 Hz)

Figure 8. MEG correlates of the peer pressure. (A) Source reconstruction
illustrates differences between evoked responses in ‘mismatch group’ trials and ‘match
group’ trials. (B) Grand-averaged source localization for event-related
(de)synchronization in theta (left) and beta (right) bands that differed significantly

between ‘mismatch group’ and ‘match group’ trials (Zubarev et al., 2017).

Overall, our MEG results suggest that different learning subroutines may underlie
social conformity. First, we observed an RPE-like signal in response to a perceived
discrepancy with group opinion: both the evoked responses and frontal theta oscillations
signaled deviations from group opinion. This mechanism engages error-processing
circuitry in the anterior and posterior medial cortices. Second, the activity of the vMPFC
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and ACC signals rewarding matches with opinion by bursts of beta oscillations. The role
of the vMPFC in behavior integration is well documented (Knudsen & Wallis, 2022; Rolls
et al., 2020). For example, Roy, Shohamy, and Wager suggested that the vMPFC plays a
role as an integrative hub for sensory, memory, emotional, social, and self-related
information processing (Roy et al., 2012). The vMPFC is highly interconnected with key
functional regions of the brain that enable it to bind large-scale brain networks together
during decision-making, emotional processing, memory formation, self-perception, and
social cognition. Thus, the activity of the vMPFC may reinforce normative behavior and

promote group coherence by making such behavior immediately rewarding.
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V. Neural signatures of the internalization of group pressure

Articles selected for the defense: Gorin et al., 2021.

In the fifth study selected for the defense (Gorin et al., 2021), we used MEG to
explore internalization of group pressure. Most neurocognitive studies have focused
merely on neural responses to group norms. A limited number of studies have investigated
the long-term effects of group pressure. Does group pressure result in a real modification
of beliefs and opinions or just in public compliance (Berns et al., 2010a; Edelson et al.,
2011; Schnuerch, Koppehele-Gossel, et al., 2015; Schnuerch, Schnuerch, et al., 2015;
Zaki et al., 2011)? In a pioneering fMRI study, Jamil Zaki and colleagues used the
conformity task to investigate the effect of social influence on intrinsic preferences (Zaki
et al., 2011). The participants were scanned while they rated the stimuli a second time
with no group ratings (Session 2). The data analysis searched for traces of social influence
occurring 30 min prior to the session recording of the neural activity. This social influence
echoed in the activity of the ventral striatum and vMPFC, indicating that norms modulate
the neural representations of values assigned to stimuli. The results showed that social
influence during the conformity task had relatively long-lasting effects on the valuation
system of the brain. A follow-up study showed that after participants learned their peers’
preferences, neural activity in the vMPFC started to depict the popularity of food items
(Nook & Zaki, 2015).

In the current study, we used the magnetic source imaging to further study the
after-effects of conformity. We used a modified conformity task in which, during Session
1, participants rated the facial trustworthiness and observed the group (trustworthiness)
rating of each face. To detect the neural correlates of the internalization of group pressure,
we analyzed MEG activity during Session 2 while participants rated the facial
trustworthiness again, with no social normative information presented. Twenty female
volunteers participated in the experiment (mean age 24.2 years; one participant was

excluded from further analysis due to extensive artifacts).
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The MEG data were recorded and processed according to good practice guidelines
(Gross et al., 2013). We used a 306-channel Elekta Neuromag System comprising 102
magnetometers and 204 planar gradiometers, with a sampling rate of 1000 Hz and a low-
pass filter with a 333 Hz cut-off frequency.

Our data analysis showed at the parietal cortices MEG-traces of past matches or
mismatches with the group opinion. These early parietal correlates of mismatches with
the majority (230 ms after face onset) were followed by vMPFC activity peaking around
320 ms after the face onset. The earliest traces of group pressure may indicate modulation
of the social processing of faces or/and modulation of the memory for faces (Figure 9).
The latest prefrontal markers of social influence could be related to modulation of the
valuation process in the VMPFC. Thus, our MEG results have clarified spatiotemporal
details of the long term effects of social influence. Our MEG results demonstrated the
dynamics of the MEG “fingerprints” of the long-term effects of peer pressure: early
parietal signatures of modified cognitive facial processing are followed by later prefrontal

markers of long-term social influence on the neural valuation process.
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Figure 9. MEG signatures of the long-term effects of social influence (Session 2
of the conformity task). MEG markers of matches versus mismatches with the majority in

the source space (t-statistics) (Gorin et al., 2021).

Interestingly, in the current study, the MEG correlates of the internalization of the

peer pressure (Session 2 of the conformity task) shared some features with the neural
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correlates of the mismatches with descriptive norms (Session 1 of the conformity task)
reported in our previous MEG study (Zubarev et al., 2017). Mismatches with the (group)
descriptive norms (regardless of whether they happened right now (Zubarev et al., 2017)
or 30 min ago (Gorin et al., 2021)) evoked activity in the medial parietal and prefrontal
cortices in both studies. Interestingly, our MEG data support other EEG studies of social
influence (Chen et al., 2012; Kim et al., 2012; Shestakova et al., 2013) that demonstrated
neural correlates of peer pressure also at the latency of around 200 ms. We can speculate
that the long-term MEG signatures of mismatches with the descriptive norms fit the
proposed (reinforcement learning-like) performance monitoring mechanism of social
influence. Stimuli in Session 2 of the conformity task may trigger an error-related
response associated with RPE circuitry. In line with this hypothesis, previous EEG studies
have demonstrated that cues predicting future losses trigger stronger error-related
negativity responses as compared to cues predicting future rewards (Baker & Holroyd,
2011; Dunning & Hajcak, 2008). Further, probabilistic information about future losses
triggers stronger neural activity than probabilistic information about future rewards
(Holroyd et al., 2009; Liao et al., 2011; Walsh & Anderson, 2012). Interestingly, evoked
responses to cues predicting future losses often have a topography similar to the evoked
responses to the losses themselves. Thus, in our MEG study, stimuli for which
participants previously disagreed with the group opinion could become cues signaling

mismatches with descriptive norms, leading to potential conflicts.

Our MEG results also highlighted the role of the precuneus in the internalization
of group pressure. Previous fMRI studies showed stronger precuneus activity during
mismatches with group opinion regarding healthy and unhealthy food items (Nook &
Zaki, 2015), facial attractiveness (Klucharev et al., 2009), and facial trustworthiness
(Zubarev et al., 2017). Since the precuneus has been implicated in general error
processing (Nadig et al., 2010), it can encode long-term traces of social RPE-like signals.
Furthermore, the precuneus has been implicated in trustworthiness information updates
when current moral information mismatches with past moral information (Mende-

Siedlecki et al., 2013). Alternatively, the parietal MEG signatures of social influence in
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our study may indicate long-term changes in the processing of faces evoked by

mismatches with descriptive norms.

Our MEG results also show signatures of the mismatches with group opinion in
other brain regions: the superior parietal lobule and the intraparietal sulcus. Studies of
top-down attention implicated the superior parietal lobule in memory retrieval (Cabeza et
al., 2008; Corbetta & Shulman, 2002). Thus, in the present study, the activity of the
superior parietal lobule may signal stronger memory strength for faces that have been
associated with mismatches with group opinion (Hutchinson et al., 2014). Alternatively,
mismatches with group’s judgments could make such stimuli more salient, strengthening
their memory engrams to facilitate future social interactions. Interestingly, we did not
observe a neural echo of conformal changes of opinion that took place during Session 1,
but we observed echoes of mismatches with group’s judgments. Further studies are
clearly needed to further explore the MEG signatures of the long-term effects of
conformity. New paradigms that are more sensitive to minor changes in attitudes may

discover fragile MEG signatures of the internalization of social influence.

Intraparietal sulcus activity observed in our MEG study confirmed the previous
fMRI finding that showed the effect of social influence on this parietal region during a
mental rotation task (Berns et al., 2005). We found that the activity of the right
intraparietal sulcus was stronger if individual opinions were previously mismatched with
group opinions. Interestingly, an influential line of research suggests that the activity of
the intraparietal sulcus encodes a “mental line” (Nieder & Dehaene, 2009). When people
think about numbers or evaluate facial attractiveness/trustworthiness using a Likert scale,
they use a mental number line that maps numbers in a linear fashion. Neuroimaging and
neuropsychological studies have indicated that numbers are represented along a
continuous, left-to-right oriented mental line in the intraparietal sulcus. For example,
damage to the intraparietal sulcus disrupts number processing (Ganor-Stern et al., 2020).
Thus, in the present MEG study, the intraparietal sulcus activity may indicate a

recalibration of the facial ratings induced by group’s judgments.
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In the present MEG study, we also observed that the activity of the vMPFC and
ACC echoed previous mismatches with descriptive norms. Interestingly, ventromedial
correlates of disagreement with the majority were observed within the 388-412 ms time
interval at the vMPFC. It supports and updates previous fMRI findings that demonstrated
signatures of social influence internalization in VMPFC activity (Zaki et al., 2011).
Importantly, the role of the vMPFC in reward processing, value-based learning, decision
making, and social cognition is well documented (e.g., (Elliott et al., 2010; O’Doherty,
2004; Padoa-Schioppa & Assad, 2006; Rushworth et al., 2007)). Thus, our MEG findings
may further support our hypothesis that social influence manipulates an RPE-like learning

mechanism and modulates our neural value representations of stimuli.

Similar to our EEG study (Shestakova et al., 2013), we found no significant effect
of mismatches with the group judgments in Session 1 on the face-specific M170
component in Session 2. The M170 component has been associated with the early stages
of facial perception (Halgren et al., 2000). Interestingly, an EEG study (Schnuerch,
Koppehele-Gossel, et al., 2015), showed a larger posterior P2 component (155-175 ms)
to faces for which participants previously matched with the group judgment, as compared
to those on which they mismatched with the group. In our MEG study (Gorin et al., 2021),
in Session 2, within a 158-312 ms time window, we observed a MEG echo of the earlier
mismatches with the group judgments in Session 1. Possibly, this MEG signature of
mismatches with the descriptive norm could be equivalent to the P2 component in EEG
studies. This finding may suggest that mismatches with descriptive norms enhance
attention to the relevant stimulus. However, we have to take into account that it is difficult
to correctly compare EEG and MEG studies without a simultaneous EEG/MEG
recording, since EEG and MEG are sensitive to different cortical sources of brain activity
(Hamaéldinen & Ilmoniemi, 1994). Thus, future studies combining EEG-MEG recordings
are necessary to clarify whether the neural fingerprints of the long-term effects of social

influence indicate enhanced attention or private acceptance.
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In contrast to previous fMRI studies, the long-term signatures of group pressure
in our MEG study were unspecific and insensitive to the sign and the level of mismatches
with group opinions. Importantly, some discrepancies between the results of fMRI and
MEG studies of social influence can be explained by methodological differences. First,
MEG studies often require a larger number of trials than fMRI studies. A limited number
of trials in our MEG study studies could decrease the statistical power of our data analysis.
Second, behavioral paradigms often differ between studies of social influence. For
example, in the present MEG study, participants rated facial trustworthiness, but in a
similar fMRI study, participants rated facial attractiveness (Zaki et al., 2011). Future
multimodal MEG-EEG-fMRI experiments are clearly needed to fully reconcile the results

of different studies.
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V1. A general neurobiological mechanism of social conformity
Articles selected for the defense: Klucharev et al., 2014, Zinchenko, Klucharev
2017.

A neurobiological mechanism of conformity

In the sixth and seventh studies selected for the defense (Klucharev et al., 2014;
Zinchenko & Klucharev, 2017), we discussed and suggested a general mechanism of
conformity. Three main neural mechanisms have been proposed for the social influence
of descriptive group norms. According to the first proposed mechanism, perceived
deviations from descriptive norms trigger a negative affect that calls for conformal
adjustments (Berns et al., 2005). The second mechanism highlights the key role of
cognitive inconsistency that is encoded in the pMFC (Izuma & Adolphs, 2013). The third
perceived mechanism is similar to reinforcement learning (Klucharev et al., 2009;
Montague & Lohrenz, 2007) that is also implemented in the pMFC and ventral striatum,
which occurs when individuals adjust their intrinsic decision values in line with the group
opinion based on an RPE-like neural signal. Below, we propose a hypothetical general
mechanism of social conformity that attempts to integrate our current knowledge of the
neural signature of group pressure.

A hypothetical neurocognitive mechanism of conformity should account for a
number of key factors. The behavior of a social group normally signals relevant
information to the individuals. Since our behaviors are tested by natural selection, the
majority would adopt only the same behavioral patterns if they were advantageous in the
current environment. Thus, from the evolutionarily perspective, the group’s normative
behavior is an “evolutionarily stable strategy” that cannot be bettered by an alternative
strategy (J. M. Smith & Price, 1973). It follows that the best individual strategy is one that
matches the strategy of the majority (Dawkins, 1989), since natural selection penalizes
deviations from descriptive norms. Therefore, the monitoring of deviations from the
descriptive norms is vital for survival, and could be integrated into the general neuronal

performance-monitoring mechanisms.
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On the whole, conformity to descriptive norms requires a learning signal that
monitors deviations from norms and calls for adjustments in line with norms. In a
constantly changing environment, efficient behavioral adjustments are vital for survival.
Through millions of years of evolution, organisms have developed a learning mechanism
that assigns expectations to all available options that are continuously updated via a
reinforcement learning mechanism (Schultz et al., 1997). Many experts in the field have
concluded that social influence may share the same mechanisms as nonsocial learning
(e.g., Behrens et al., 2009; Heyes, 2012). For instance, Behrens and colleagues
demonstrated that two neighboring subregions of the pMFC were involved in learning
about social- and rewards-based information, further suggesting that social influence is
underlined by the basic learning mechanism, that is, the dopamine-related activity of the
pPMFC (Behrens et al., 2009).

Thus, a hypothetical error signal, indicating deviations from descriptive norms,
could initiate a learning mechanism similar to the standard RPE in reinforcement learning.
A single exposure to a social influence in many conformity tasks makes it virtually
impossible to apply conventional (model-free) reinforcement learning models to explain
conformity. Nevertheless, a perceived conflict with a group opinion might generate a
“social” RPE signal that reflects a difference between an individual and normative
behavior. Such an error signal is then used to adjust individual beliefs, depending on how
much weight is assigned to it. Previous neuroimaging studies largely support our
hypothesis and indicate that the ventral striatum and pMFC continuously monitor and
update subjective values based on a comparison of our own judgments/actions and

normative ones.
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Figure 10. A hypothetical neuropsychological framework (left) and large-scale

networks (right) of social conformity. Here, social conformity is initiated by the detection
of descriptive norm violations. The salience network (red) detects (AMFC) violations of
norms, and together with the dopaminergic system (ventral striatum), generates an RPE-
like learning signal. Based on other lines of research (Krueger & Hoffman, 2016), we
hypothesize that the aforementioned learning signal should be controlled for the social
contexts (e.g., violations of in- versus out-group’s norms should have different behavioral
effects) via the default mode network (blue), including mentalizing regions (PCC, TPJ).
Finally, the central executive network, which includes the dorsolateral prefrontal cortex
(DLPFC), translates the context-dependent learning signal into decisions and attitude
changes.

Abbreviations and notations. Salience network, in red: pMFC, posterior medial
frontal cortex, VTA, ventral tegmental area. Default-mode network, in blue: mPFC,
medial prefrontal cortex; dMFC, dorsomedial frontal cortex; PCC, posterior cingulate
cortex; TPJ, temporoparietal junction. Central executive network, in green: DLPFC,
dorsolateral prefrontal cortex; PPC, posterior parietal cortex.
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A number of neuroimaging studies have implicated the pMFC, insula, and ventral
striatum in neural mechanisms of social influence (e.g., Behrens et al., 2009; Berns et al.,
2010a; Falk et al., 2010; Klucharev et al., 2009). An extensive meta-analysis demonstrated
that the dorsal pMFC, ventral striatum, and anterior insula are consistently involved in
normative decision-making (Wu et al., 2016): mismatches of individual opinion with
group opinion reliably deactivate the ventral striatum and activate the dorsal pMFC and
insula. Importantly, activity in the pMFC consistently predicts conforming adjustments in
neuroimaging studies. The extent to which social conformity and reinforcement learning
share a common neural mechanism remains unclear (Levorsen et al., 2021).

To suggest a neuropsychological framework of social influence, we adopt the
approach of Krueger and Hoffman, who applied it to neural mechanisms of social
punishment of norm violations (Krueger & Hoffman, 2016). Importantly, modern
cognitive neuroscience focuses on large-scale networks at the level of multiple areas.
Neuroimaging suggests that large-scale networks, rather than individual brain regions,
build the biological basis of human cognitive architecture. A large corpus of studies
identified several large-scale brain networks that operate during judgment and decision-
making tasks, such as the central executive network, default mode network, and salience
network. Overall, to suggest a neuropsychological framework of social influence, we must
acknowledge that cognitive functions are distributed within the brain and implemented by
large-scale brain networks.

Our studies suggest that the salience network plays a key role in detecting
deviations from descriptive norms (Figure 10). The salience network includes the anterior
insula and pMFC and includes subcortical structures such as the amygdala, the ventral
striatum, and the substantia nigra/ventral tegmental area (Menon, 2015). We suggest that
this network recognizes descriptive norm violations (pMFC) and generates an RPE-like
learning signal (ventral striatum), which is a critical predictor of conformal adjustments.
The role of the default mode network has been largely ignored in previous studies of

conformity. Here, we hypothesize that during social influence, the salience network
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interacts with the engagement of the default mode network, understood generally to be
associated with mentalizing, memory, and self-monitoring (Bressler & Menon, 2010).
Social and personal contexts modulate the effects of social influence. For example, we
have a tendency to conform to the in-group majority but can largely ignore the out-group
majority. Thus, the default mode network, including the medial prefrontal cortex, posterior
cingulate cortex, and TPJ, should be involved in integrating emotional processing of the
personal and social contexts with the learning signal, indicating violations of descriptive
norms. Further, conformal adjustments of beliefs and behavior should involve the central
executive network, including the dorsolateral prefrontal cortex, which is involved in
higher-order context-dependent valuation, self-control, and decision making (Bressler &
Menon, 2010). Such a framework assumes that the central executive network should
translate the context-dependent learning signal (encoding the norm violation) into an
actual behavioral adjustment. Overall, this process is likely to consist of calculating the
personal relevance of norm violation (default mode network) and then selecting a way to
adjust or ignore the group pressure (central executive network). Lastly, such a cascade of
neurocognitive computations results in the interiorization of social norms and top-down
effects on attention and sensory processing. Previous studies have largely focused on the
role of the salience network in conformity. Further studies are needed to test our
hypothesis about the role of the default mode network and the central executive network
in the effects of social influence on beliefs and behavior. Most probably, the proposed
neurocognitive mechanism of conformity can be extended to other forms of social
influence.
The broader context of social conformity

It is essential to support the proposed mechanism of conformity by using other
behavioral paradigms and social contexts. For example, fMRI data showed the
involvement of the pMFC in the processing of group behavior during an ultimatum game,
in which participants were exposed to decisions of other players (Wei et al., 2013). A
mismatch with group opinion activated the salience network, including the pMFC and the

insular cortex. Notably, the stronger pMFC and insula activity led to stronger adjustments
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of the participants’ initial choices, in line with the group descriptive norms. Another
incisive fMRI study that focused on the learning of descriptive norms (Apps & Ramnani,
2017) demonstrated that participants learned the group’s normative preferences during a
delay-discounting task and then performed a similar task. Specifically, pMFC activities
encode the value of rewards during normative choices.

It is also vital to verify whether the proposed neural mechanism of conformity is
affected by key factors that modulate social influence. Toelch and colleagues created a
novel paradigm that manipulates perceptual information, descriptive group norms, and
financial bonuses for following group norms (Toelch et al., 2018). Similar to our study,
mismatches with others, compared to matches with others, activated the pMFC. The
special pattern of this activation differed in trials in which participants received a bonus
for the agreements with the group as compared with trials in which they received a bonus
for the disagreements with the group. Another fMRI study manipulated the source of
group pressure (Izuma & Adolphs, 2013). The participants observed group’s judgments
of the liked in-group or the disliked out-group. Notably, the pMFC activity was shown to
track the mismatches between individual and group judgments, also indicating whether
an individual judgment differed from that of a liked or disliked group. A cross-cultural
fMRI study of American and Chinese participants confirmed the differential effects of the
in- and out-groups on conformity-related activity of the pMFC, insular cortex, and ventral
striatum (Lin et al., 2018). In line with the robust findings of social psychology,
participants demonstrated stronger conformity to the in-group than the out-group and a
similar differential modulation of the activity of the pMFC, insular cortex, and ventral
striatum. Thus, a broad spectrum of neuroimaging studies has confirmed that the salience
network (pMFC, ventral striatum, and insular cortex) is involved in the detection of norm
violations and conformal adjustments. The activity of this network is affected by relevant
social and reward contexts that daily modulate the behavioral effects of social influence.

Our MEG results (Gorin et al., 2021) suggested that social influence may lead to
long-term effects, internalization of the group pressure, or modulate perceptual processing

of the socially relevant information. Thus, some cognitive and neuroimaging findings may
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suggest that descriptive norms modulate attention to (or/and processing of) the relevant
information. Nonsocial rewards can enhance attention toward relevant stimulus features
that form involuntary biases (Hickey et al., 2010). For example, our EEG study
demonstrated that reward-based learning enhances the attention-related neural response
to reward-prediction cues (Krugliakova et al., 2019). Interestingly, descriptive norms
modulate the activity of the occipital and parietal cortices, suggesting that peer pressure
may modify sensory processing (Berns et al., 2005). Few EEG studies have also indicated
the effect of social influence on visual processing and perceptual attention (Schnuerch et
al., 2016; Schnuerch, Koppehele-Gossel, et al., 2015). Social influence has been shown
to modulate early P1 components related to early visual processing (Trautmann-Lengsfeld
& Herrmann, 2013) and this effect is even stronger in participants with low levels of
autonomy (Trautmann-Lengsfeld & Herrmann, 2014). Using an incisive behavioral
paradigm, Germar and colleagues demonstrated that social influence biases choices by
altering the uptake of available sensory evidence (Germar et al., 2014, 2016). Thus, under
social influence, people may analyze information more carefully, which is reflected in a
diffusion model analysis as a smaller drift rate. We have also replicated these interesting
findings in our lab using different visual stimuli (unpublished data). Overall, both
neuroimaging and behavioral data indicate the effect of descriptive norms on the
processing of visual stimuli.

Notably, it is hard to disentangle the value- and attention-based effects of
conformity. Emotionally salient stimuli are often processed pre-attentively or get priority
access to selective attention (e.g., Compton et al., 2003). Therefore, future studies should
further elucidate the mechanisms of social influence—particularly in the context of the
long-lasting effects of conformity that can be either value- or attention-based.

It can be somewhat challenging to integrate all neuroimaging studies of social
influence due to substantial differences in methodology. For example, the EEG method
differs from fMRI because it has a much better temporal resolution but lower spatial
resolution. Since social influence is very much driven by subcortical dopaminergic

activity, EEG can be particularly insensitive to the value-related effects of conformity.
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However, fMRI is not sufficiently sensitive to disentangle the bottom-up and top-down
effects of social influence on sensory processing. There are also clear differences in
behavioral paradigms used in investigating social influence: in some studies (Berns et al.,
2005; Germar et al., 2016; Huber et al., 2013; Trautmann-Lengsfeld & Herrmann, 2013;
Welborn et al., 2016), the group judgments were presented prior to the participant’s
individual judgments, while other studies presented group judgments after the individual
judgments (e.g., Izuma & Adolphs, 2013; Klucharev et al., 2009). Importantly, the former
approach may highlight the informational nature of conformity, while the latter approach
may boost the effects of conformity.

Here, we focused on social conformity. Unfortunately, until now, only a limited
number of neuroimaging studies have investigated the neurocognitive mechanisms of
other forms of social influence (e.g., Edelson et al., 2011; Falk et al., 2012, 2013;
Klucharev et al., 2008; Stallen et al., 2010). A pioneering fMRI study explored brain
activity evoked by effective persuasive smoking-cessation messages (Chua et al., 2009).
The findings showed that pMFC and VMPFC activities were enhanced by more effective
antismoking arguments. In a unique line of research, Emily Falk and Christin Scholz
focused on the neurocognitive mechanisms of social influence from the perspectives of
both communicators and receivers (Falk & Scholz, 2018). The researchers demonstrated
that the neural mechanisms of effective persuasive communication and receptive
conformity may substantially differ. For example, social approval could be particularly
motivating for communicators of social influence. Neuroimaging studies have shown that
both decisions to share information and the high success of the communicator are
associated with activity in the brain valuation system (Baek et al., 2017; Falk et al., 2013;
Scholz et al., 2017; Tamir et al., 2015). This suggests a positive value for sharing
information with others. Information promoted by communicators more enthusiastically
increased activity of the pMFC, vMPFC, and ventral striatum of communicators (Falk et
al., 2012). Such brain activity of effective persuaders, particularly in the ventral striatum
and VMPFC, suggests that sharing persuasive information with others is rewarding.

However, some cognitive skills can be particularly important for effective
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communicators; for example, mentalizing ability and theory of mind are essential for
persuasive communication. Indeed, more effective salespeople tend to be stronger self-
reported mentalizers and show stronger activity in the brain regions associated with
mentalizing, including the TPJ and MFC (Dietvorst et al., 2009).

LEVELS

LEVELS

Algorithm 2 what (rules)

2. RPE-like learning signal

Implementation 3 how (physical)
3. Dopaminergic system + large-scale networks

- —

’ _--_-h|ghl
dopaminergic

system + large-scale networks

adjust to optimal
group behavior

David Marr’s Three Levels of Analysis Conformity: Three Levels
(Krakauer et al, 2017)

Figure 11. Conformity in a nutshell. Following David Marr’s three levels of
analysis of any information processing system (left panel), we suggest the following three
explanatory levels of conformity to descriptive norms (right panel): (1) Conformity is an
evolutionarily advantageous form of cheap social learning that boosts group coherence.
(2) The brain detects deviations from descriptive norms and generates an RPE-like
learning signal. (3) Large-scale brain networks, such as the salience network, default
mode network, and central executive network, integrate the learning signal with personal

and social contexts and convert it to the final behavioral conformal adjustments.

Figure 11 summarizes our current view of the neural mechanism of social
conformity. We suggest that in order to implement an evolutionary advantageous social
learning of group norms, the salience network (pMEC, ventral striatum, insular cortex)
detects deviations from descriptive norms and generates an RPE-like learning signal that

interacts with large-scale brain networks, such as the default mode network (PCC, TPJ:
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mentalizing, memory, and self-monitoring) and the central executive network (DLPFC:
higher-order context-dependent valuation, self-control, and decision making). The default
mode network integrates emotional processing of personal and social contexts with the
learning signal, while the central executive network converts this context-dependent
learning signal into behavioral conformal adjustment that could play a role in resistance
to social influence. Here, the vMPFC participates in linking large-scale networks. Future
studies will verify this neurocognitive mechanism of conformity and may extend it to
other forms of social influence.

Overall, much research remains to be done to clarify the detailed neural
mechanism of social conformity using other computational models (e.g. Friedman et al.,
2017), but recent neuroimaging studies have provided a tool to explore one of the most

dramatic and elusive “mistakes” in our lives—that of being different from others.
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VI1I1. Conclusions

Day by day, our behavior is monitored and controlled by the social environment.
Cognitive and social psychology demonstrated the profound impact of social descriptive
norms on judgments, beliefs, and behavior. Nevertheless, the neurocognitive mechanisms
of conformity to descriptive norms remain largely unknown. Our studies investigated the
neural underpinnings of conformity. The studies selected for this defense were among the
first to examine the neurocognitive mechanism of conformal adjustments of individual
judgments to descriptive norms.

First, in the fMRI study, we demonstrated the involvement of the pMFC, ventral
striatum, and insular cortex in social conformity to descriptive norms. The fMRI data
showed that the activity of the pMFC and the ventral striatum not only reflects social
influence but also predicts conformal adjustments of opinion in line with descriptive
norms. Second, through the TMS study, we verified the causal role of the pMFC in
conformal adjustments of opinion, in line with that of the group. The downregulation of
the pMFC by theta-burst TMS reduced the extent and probability of conformity to
descriptive norms relative to a sham and a control stimulation. Overall, we provided the
first evidence of the causal role of the pMEFC in social influence.

Third, our EEG study demonstrated that mismatches between individual
judgments and descriptive norms triggered a frontocentral FRN-like evoked response with
the maximum at 200 ms, followed by a later ERP component (peaking at 380 ms),
reflecting conformal adjustment to descriptive norms. Therefore, we disentangled the
EEG signature of norm monitoring and the EEG signature of conformal adjustments.

Fourth, in the MEG study, we showed that mismatches between individual and
descriptive norms modulated the activity of the PCC, TPJ, vMPFC, ACC, and occipital
cortex. Our MEG results suggest that two generic learning sub-mechanisms may underlie
social influence: (1) an RPE-like signal at dorsal medial frontal cortices that monitors the
mismatches between individual judgments and descriptive norms, and (2) activity of the
vMPFC and ACC, as indicated by an increase in power of beta oscillations that positively

reinforces conformity.
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Fifth, MEG source imaging (MEG study) showed signatures of the prolonged
effect of descriptive norms. During the conformity task, when participants were exposed
to the stimuli for the second time, previous mismatches between individual judgments and
descriptive norms were still featured in (a) early signatures (230 ms) of modified stimuli
processing at the parietal cortices and (b) later markers of social pressure on the valuation
at the vMPFC.

Finally, based on two theoretical papers offering neuroimaging evidence, we
concluded that individuals adjust their intrinsic decision values so that they are in line
with group opinion based on a fundamental learning mechanism that is implemented in
the salience network. Our results suggest that this network monitors descriptive norm
violations and generates an RPE-like learning signal at the pMFC and ventral striatum.
We also hypothesized that during social influence, the learning signal emitted by the
salience network is modulated by the default mode network and central executive network

to encode broader social and personal contexts and form an actual behavioral adjustment.
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Glossary

ACC — anterior cingulate cortex

DLPFC — dorsolateral prefrontal cortex

dMFC — dorsal medial frontal cortex

EEG — electroencephalography

ERPs — event-related potentials

fMRI — functional magnetic resonance imaging

FRN — feedback related negativity

MEG — magnetoencephalography

PCC — posterior cingulate cortex

PMFC — posterior medial frontal cortex, an area that encompasses a posterior
portion of the anterior cingulate cortex and the pre-supplementary motor area, plays a
critical role in adaptive, goal-directed behavior

RPE — reward prediction error, the difference between expected rewards and the
reward that has just been experienced

TMS — transcranial magnetic stimulation

TPJ — temporoparietal junction

VMPFC — ventromedial prefrontal cortex

VTA — ventral tegmental area

Keywords
Social conformity, fMRI, TMS, MEG, EEG, reinforcement learning,
neuroimaging, cognitive mechanisms, social influence, medial prefrontal cortex, ventral

striatum, dopamine system
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