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ABSTRACT

The  error-related  negativity  (ERN)  is  a  negative  deflection  in  the  event-related  potential  that  is  maximal
approximately 50 ms after the commission of an error. The ERN is generated in the anterior cingulate cortex (ACC),
a region implicated in both cognitive and emotional processing. Despite a growing body of research concerning the
ERN,  discussion  regarding  its  functional  significance  remains  open.  The  conflict  and  reinforcement-learning
theories point at specific, ACC-related processes, involved in generation of the ERN and describe the process of
error monitoring itself in human brain. Above mentioned theories explain what happens on neuronal level when
individual commits an error, but they do not emphasize the crucial role of individual differences in modulating the
ERN magnitude.  On the  other  hand,  there  is  a  dynamically  growing area  of  research  suggesting  that  ERN is
heritable, stable over time and linked with several dimensions of personality, that may interact with motivational,
contextual factors and moderate the magnitude of the ERN. This approach defines ERN as a neural marker of a
neurobehavioral trait and variation in its amplitude is linked with individual differences having impact on emotional
or motivational aspects of error processing. Therefore, we would focus on selective literature review concerning
ERN in the light of motivational factors and individual differences and present implications and future research
directions in this area.
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INTRODUCTION

Effective  behavior-monitoring  is  critical  for  the  efficient  generation  of  goal-directed  behavior.  Humans  must
continually evaluate its actions in the context of motivational goals to determine if those actions are effective and
adaptive to changing environmental demands. Essential to this evaluation of one's action is a neural circuit, which is
responsible for detecting commitment of an error. Cognitive neuroscientists have associated this mental process with
a response-locked event-related brain potential (ERP) called error-related negativity (ERN). ERN can be observed
after committing an error in any cognitively demanding tasks (Falkenstein et al,. 1990; Gehring et al.,  1993). It
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peaks  40-100 ms after  the response  (Falkenstein  et  al.,  1990;  Hoffmann and Falkenstein,  2011)  with maximal
amplitude at fronto-central recording sites of the scalp (Falkenstein et al., 1990; Gehring et al., 1990).

Studies using source localization (Miltner et al., 1997; Holroyd et al., 1998) suggest that the ERN, generated by the
error detection system, has been associated with brain region called anterior cingulate cortex (ACC), implicated in
processing both cognitive conflict and aversive affective information (Busch et al., 2000). ERN can be elicited by
stimuli presented in different modalities (somatosensory, auditory, and visual - Falkenstein et al., 1999, Holroyd,
2002) and can be recorded at the scalp via electroencephalogram (EEG) while participants are engaged a wide
variety of cognitive tasks such as: Go/Nogo (Falkenstein et al., 2000), oddball (Brazdil et al., 2002), antisaccade
(Nieuwenhius et al., 2001), Flanker task (Luu et al., 2000; Tops et al., 2006) and Stroop like task (Hajcak et al.,
2004).

We have conducted a dense-array EEG study, where 20 participants performed the numerical Stroop task. Within
this task, participants are shown a pair of digits and asked to choose the one with greater numerical dimension. The
task provides a well-suited model for investigating erroneous responses as it introduces three levels of congruency -
when  the  numerically  larger  digit  is  physically  smaller,  equal  or  larger.  The  incongruent  trials  require  from
participants to ignore the automatically processed, but task-irrelevant, physical features of the digits (Posner, 1978)
what often results in commision of an error (Suárez-Pellicioni et al., 2013). The ERP analysis time-locked to the
occurrence of an error revealed strong ERN peaking 68 ms after the response (Fig 1). In contrast, correct responses
evoked strong centro-parietal positivity at this time range. ERN is thought to be one of the most distinctive and
significant brain potentials, that could easily be observed in raw data (Luu et al., 2004).  

Figure 1. Response-locked ERPs evoked by numerical Stroop task. (A) Time course at electrode
Fz aligned to correct and erroneous responses. (B) Scalp topography at 68 ms after the response
onset for correct and errors.
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Scientific understanding of the neural basis of error processing has become an important goal of research in the field
of the neurocognitive psychology. Despite a growing body of research concerning the ERN, discussion regarding its
functional significance still persists on the ground of the most influential theories.

THEORIES OF THE ERROR-RELATED NEGATIVITY

Mismatch Theory
One of the earliest attempts to understand the ERN was the Mismatch Theory according to which errors occur in
result  of a comparator  system that  evaluates  the mental  representations of the correct  and actual  response.  The
mismatch between these two representations are hypothesized to elicit the ERN and the degree of this mismatch
seems to related to the magnitude of the ERN (Falkenstein et al., 1991; Bernstein et al., 1995).

The influence of the degree of this mismatch on the ERN magnitude is enhanced when subjects are more confident
in committing an error, therefore, when the mental representation of the actual response is stronger (Scheffers and
Coles, 2000).

From the perspective of functionality, this mismatch is considered to create an element of an internal feedback loop
by which errors can be remediated in the short term (partial errors) or in a long term perspective in reducing the
probability of future errors (Weinberg et al., 2012). However, there are some arguments in opposition to this theory,
suggesting that the ERN signals the comparison process rather than its outcome (Frankenstein et al., 2000).

Conflict Monitoring Theory
The  Conflict  Monitoring  theory  is  based  on  the  assumption  that  ACC  is  sensitive  to  response  conflict,  the
coactivation of mutually incompatible responses  and its  function is to monitor  conflict  between simultaneously
activated response channels (Carter and van Veen, 2007). This theory postulates that errors are detected by the same
process responsible for detecting conflicts and the ERN is taken to index increased response conflict on error trials
in the response-locked ERP (Carter et al., 1998).

Despite the fact that Conflict Theory grew out of the Mismatch Theory and are closely related, they differ from each
other.  The former one denies existence of dedicated error monitoring system responsible for response checking
process postulated by the Mismatch Theory and explain errors in the term of ongoing conflict monitoring.

Reinforcement Learning Theory
The most influential theory of the functional significance of ERN   -   the Reinforcement Learning (Holroyd and
Coles, 2002; Holroyd et al., 2005), stands that the monitoring mechanism, placed in the basal ganglia, produces an
error  signal,  which is transferred  through midbrain dopamine system to the ACC, when the outcome of action
appears  to  be  “worse  than  expected”.  The  expectation  is  a  result  of  learning  through  experience  of  previous
reinforcements associated with a response. The response errors or negative feedback are believed to cause a decrease
in the dopamine level, what results in disinhibiting the apical dendrites of motor neurons in the ACC, more precisely
in the dorsal part of ACC (Debener et al., 2005; Taylor et al., 2007), and in consequence, generation of the ERN
(Jocham and Ullsperger, 2009). In general, this theory suggests that the ERN is elicited when action are evaluated as
worse than expected, based on actual performance, and that this information is used to adjust behavior.

Those cognitive theories of the ERN are crucial from the perspective of understanding and explaining the conditions
of occurrence and processing of an error in the brain. However, there are less powerful in explaining the variability
of the ERN amplitude between subjects. Nowadays, several authors have assigned a crucial role for affective and
motivational factors in their conceptualization of the ERN (Gehring and Willoughby, 2002; Luu et al., 2003, Pailing
and Segalowitz, 2004).

Factors Modulating ERN Amplitude
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As of today, there is  a considerable scientific  attempt to understand the associations among contextual  factors,
personality, and brain activation during performance monitoring (Noordt and Segalowitz, 2012).

ERN and Motivational Factors

Several studies have shown that motivational factors can affect the amplitude of the   ERN. Ghering et al. (1993)
found that the ERN was larger when participants were rewarded for being accurate rather than fast. Hajcak et al.
(2005) manipulated the value of errors on a trial-by-trial basis and found that 100-point  errors were characterized by
a  larger  ERN than  5-point  errors.  Moreover,  there  were  no  differences  in  terms  of  any  behavioral  measures
(accuracy, reaction times- RTs)  between high - and low value errors. Therefore, by showing that the magnitude of
the  ERN is  significantly  enhanced  for  more  valuable  errors  they  confirmed  that  the  error-detection  system is
sensitive to the significance of errors. Recently, Potts et al. (2011) found that the ERN was larger to errors under
punishment condition, in which the error resulted in monetary loss, compared to reward condition, where the error
led to failure to acquire a monetary reward.  Moreover,  it  has been shown that  external  evaluation of behavior
influences  the  amplitude  of  the  ERN.  When  participants  were  informed  that  experimenter  compares  their
performance with results obtained by other participants, they had the ERN of a greater amplitude (Hajcak et al.,
2005).   In our preliminary study (12 subjects) we confirmed the abovementioned effects: the valence of feedback
modulated the perceived value of the error indicated by the decreased amplitude of ERN in negative vs. positive
feedback condition (mean amplitude from 64 to 136 ms after the response; t(1,11)=3,15; p<0.01; Fig 2).

Figure 2. ERN obtained from preliminary study with numerical  Stroop paradigm under the
conditions of a positive feedback after correct trials (Error Pos) and negative feedback after
erroneous  trials  (Error  Neg).  Grey  shadings  indicate  significant  difference  between  the
conditions.

On the contrary, manipulations that reduce the perceived value of errors such as alcohol application (Easdon et al.,
2005; Ridderinkhof et  al.,  2002) or sleep deprivation (Hsieh et  al.,  2007; Hsieh et al.,  2010; Tsai  et  al.,  2005;
however, see Murphy et al., 2006) have been linked to reduced ERN magnitude.
Those findings are line with the view that the ERN reflects the motivational significance of errors and conveys
information beyond purely error monitoring. It suggests that the behavior monitoring system performs a function
other than the simple detecting behavioral errors, perhaps performing some evaluation of executed actions in the
context of motivational goals (Phan et al., 2004; Suchan et al., 2003).

ERN and Personality
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A growing number of research verifies the role of individual differences, particularly with respect to variation in
temperament and personality, in magnitude of ERN. If affective processes are reflected in the ERN (as suggested by
motivational  model), individual differences in this brain signal may reflect the extent to which an individual is
emotionally invested in error monitoring.

For example, Luu et al., (2000) found significant correlations between negative affect (NA) and ERN amplitude in
college students. Precisely, ERNs were enhanced in students who were high on self-reported NA. However, high-
NA students had larger ERNs only in the first testing quartile: the relationship between NA and ERN was in the
opposite  direction  later  in  the  course  of  testing.  Luu  et  al.,  (2000)  interpret  this  results  in  terms  of  task
disengagement over time in this group of high-NA students. Hajcak et al., (2004) confirmed that participants scoring
high on self-reported negative affect were characterized by enhanced ERN and therefore supported the explanation
of the increased ERN in terms of the over-engagement of the response monitoring system in the high-NA group.

Another factor, from the area of individual differences, modulating the ERN amplitude is impulsiveness. Ruschow
et al., (2005) while investigating electrophysiological correlates of this trait discovered that participants with higher
impulsiveness showed smaller ERN amplitude than subjects with lower impulsiveness.

Further research conducted by Tops et al., (2006) proved that personality traits that relate to concerns over social
evaluation and mistakes,  both personality measures  reflecting positive affectivity (e.g.  agreeableness)  and those
reflecting negative affectivity (e.g. behavioral shame proneness) are associated with an increased likelihood of high
task engagement and hence to increased ERN amplitude.

Individual differences in punishment and reward sensitivity are also correlated with error-related ERP components.
Boksem  et  al.,  (2006)  based  their  research  one  of  the  most  popular  temperament  theory  referred  to  as  the
Reinforcement Sensitivity Theory (RST) which explain fundamental human personality traits in terms of individual
differences in the sensitivity of basic brain-behavioral systems that respond to reinforcing stimuli   (Gray, 1987).
This theory proposed two basic systems known as behavioral activation system (BAS) and behavioral inhibition
system (BIS) and outlined that both BAS and BIS have the potential to influence punishment-mediated and reward-
mediated behavior. More precisely, the BAS facilitates and the BIS antagonizes the process of reward stimuli, i.e.,
high-BAS/low-BIS  individuals  display  the  highest  appetitive  responses  and  positive  emotions  to  these  stimuli.
Therefore,  the learning of highly BAS-reactive individuals is more strongly affected by positive reinforcements
compared to those with low BAS-reactivity. Similarly, the BIS facilitates and the BAS antagonizes the process of
punishment stimuli, i.e., high-BIS/low-BAS individuals show the highest aversive responses and negative emotions
to these stimuli. Boksem et al., (2006) found that subjects scoring high on the BIS scale displayed larger ERN
amplitudes compared to subjects with lower BIS scores.  Therefore, ERN amplitude has been shown to vary with
personality  traits  in  which  sensitivity  to  negative  stimuli  (e.g.  negative  affectivity,  high-BIS)  and  monitoring
problems (e.g. impulsiveness) are crucial elements.

Finally,  there are  findings emphasizing that  to understand an individual’s  response to errors,  it  is  necessary  to
simultaneously  account  for  motivational  states  as  well  as  personality  traits  that  may  influence  sensitivity  to
motivational  incentives  and  play  the  role  of  moderating  variable  for  motivation-related  changes.  Pailing  and
Sagalowitz  (2004)  using  both  a  motivational  and  a  personality  approach  examined  changes  in  the  ERN  and
discovered that however motivation effects were not observed for the entire sample of university students, there was
evidence  that  error  salience  was  reflected  only  for  individuals  scoring  high  on  Neurotism  or  low  on
Conscientiousness.  However  it  is  worth  to  notice,  that  Neuroticism  accounted  for  more  variance  in  ERN-
motivational effects than did Conscientiousness and is more directly related to the affective-related changes in the
ERN. Dikman and Alen (2000) examined ERN under conditions of reward and punishment among participants who
scored  extremely  low or high on the socialization scale.  Participants  were  rewarded  for  correct  responses  and
punished for incorrect responses. A significant interaction between socialization and motivational condition revealed
that low socialized participants produced smaller ERNs during the punishment task than during the reward task,
whereas high socialized participants produced similar ERNs in both conditions. Potts and co-authors (2006) also
examined ERN under conditions of reward and punishment among undergraduate students separated into high- and
low- impulsive groups. Their results showed that high-impulsive group had a smaller ERN on punishment trials than
the  low-impulsive  group.  Finally,  the  interaction  between  personality  (precisely,  temperament)  measures  and
reinforcement conditions was also interest of the scientific research. Boksem et al., (2008) discovered that high-BIS
individuals  displayed  a  larger  ERN  in  the  punishment  condition  than  in  reward  condition,  whereas  low-BIS
individuals displayed a larger ERN in the reward condition. Thus, from these studies it is apparent that the ERN
amplitude is significantly dependent on motivational factors and their interaction with selected personality traits.
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ERN and Pathology 

Another line of research focuses on how various pathological factors influence the ERN. It is well established that
the amplitude of the ERN is enhanced among individuals who experience errors as abnormally salient and aversive.
Studies on clinical groups of patients with general anxiety disorder (GAD; Weinberg et al., 2010; Xiao et al., 2011),
and obsessive-compulsive disorder (OCD; Endrass et al., 2008; Gehring et al., 2000), showed increase in the ERN
amplitude,  compared  to  healthy  controls.  Interestingly,  Endrass  and  colleagues  (2010)  reported  that  when  the
experimental  design  involves  external  manipulation  by  punishing  errors  with  monetary  loss,  this  additional
condition has no impact on the already-enhanced ERN among OCD patients, while it does increases the ERN among
healthy controls. There is also evidence for relationship between the increased ERN amplitude and depression (Chiu
and Deldin 2007; Holmes and Pizzagalli, 2008, 2010), however the results are far less consistent (Olvet et al., 2010;
Ruchsow et al.,  2006),  what may be caused by the heterogeneity of depressive symptoms among subjects (e.g.
medication, severity of symptoms etc.). Moreover, researches on non-clinical groups of individuals with high levels
of negative affect (Hajcak et al., 2004), high trait anxiety (Hajcak et al., 2003; Pourtois et al., 2010), and obsessive–
compulsive characteristics (Grundler et al., 2009; Hajcak and Simons, 2002) are also characterized by increased
ERN amplitudes.

On the contrary, there has been observed association between the reduced ERN amplitude and schizophrenia (Alain
et al., 2002; Mathalon et al., 2002; Mathalon et al., 2009), psychopathy (Munro et al., 2007; von Borries et al., 2010;
however, see Brazil et al., 2009), borderline personality disorder (de Bruijn et al., 2006), ADHD (Herrmann et al.,
2010;  van Meel  et  al.,  2007;  however,  see  Burgio-Murphy et  al.,  2007;  Van De Voorde  et  al.,  2010),  autism
(Henderson et al., 2006; South et al., 2010; however, see Groen et al., 2008), and substance abuse (Franken et al.,
2007; however, see Schellekens et al., 2010). It is still under discussion, what causes decrease in the ERN amplitude.
In the majority of the above presented studies, participants presented poorer performance, compared to controls -
thus one of the possible explanations states that complex of factors, like decrease in the motivational salience of
errors associated directly with clinical characteristic of presented disorders; lack of engagement in the task; and
finally low performance level could together account for the smaller ERN (Weinberg et al., 2012).

ERN and Learning

Considerable scientific interest  gained the neuropsychological  analysis of mechanisms through which individual
differences  in personality  may further  influence  error-related processing  and learning.  These two processes  are
strongly connected with error-sensitive components of brain potentials, i.e. the ERN and fERN. The fERN appears
in EEG recording  after  presenting  participants  with an  external  negative  feedback  e.g.  in  time estimation task
(Miltner et al., 1997; Holroyd et al., 2004). It reflects a difference in neural processing between error feedback and
correct feedback while guessing or performing trial-and-error learning task (Holroyd and Coles, 2008). Its’ peak can
be observed about 250 ms after the onset of a negative feedback and shows a scalp distribution similar to ERN. The
fERN is elicited when an achieved result is below the expectancies, irrespective to whether the response is an error
or not (Nieuwenhuis et al., 2004), based on binary categorization of the outcome as “better or worse than expected”
(Holroyd and Coles, 2002).

The ability to detect  errors  and respond to them with performance improvement  remains crucial  for the whole
process of learning per se. Frank and colleagues (Frank et al., 2005) proposed a model of negative and positive
learners according to which positive learners perform better in learning task while presented with positive feedback,
informing about correct answers. In contrast to positive, negative learners learn more efficiently when presented
with  negative  feedback  informing  about  committed  errors.  Frank  et  al.,  (2007)  based  on  the  assumption  that
amplitude of  the  ERN can reflect  the degree  to  which  subjects  are  focused  on their  mistakes,  discovered  that
negative learners had larger ERNs than positive learners.  Additionally, negative learners had also larger  fERNs
following  negative  feedback,  what  may  suggests  that  the  fERN  may  index  a  trait  associated  with  whether
participants are more responsive to positive or negative reinforcement.

Direction for Future Research
 
Recently, there is a rapid development of genetic research on personality, and the obtained results allow to conclude
that  the  genetic  factor  is  one  of  the  most  important  determinants  of  individual  differences  in  temperament.
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According to Plomin and Kosslyn, 2001 diagnostic methods based on molecular genetics will soon become the
standard way of studying personality. Psychobiological model of personality provided by Cloninger  (1994a; 1994b)
makes  a  huge  contribution  to  the  determination  of  individual  differences  based  on  genetically  determined
differences in activities of neurotransmitters systems (dopaminergic, serotonergic and noradrenergic).

Our  research  aims  at  characterizing neural  correlates  of  the  genetically  determined  temperament  dimensions,
proposed by Robert  Cloninger,  in error  detection and learning under the conditions of reward and punishment.
Neural  indicators  will  be achieved  by applying dense electroencephalography (dEEG) and  functional  magnetic
resonance  imaging  (fMRI)  techniques  to  participants  who perform two cognitive  tasks:  (1)  the  numerical  and
physical  Stroop  Task  and  (2)  the  modified  version  of  paired  associate  learning  paradigm  (PAL).  Cloninger’s
psychobiological personality model (Cloninger, 1994a; Cloninger, 1994b) comprises four heritable and independent
temperamental dimensions and three environmentally shaped character dimensions. The study will focus on the first,
three main temperament dimensions as they have a precisely defined biological basis. Novelty Seeking (NS) is the
tendency to respond actively to novel stimuli leading to pursuit of rewards and escape from punishment.  Harm
Avoidance  (HA)  is  the  tendency  to  inhibit  responses  to  signals  of  aversive  stimuli  that  lead  to  avoidance  of
punishment and non-reward, while Reward Dependence (RD) is a tendency for a positive response to conditioned
signals of reward that maintain behavior. In the model, temperament refers to an automatic emotional arousal in
response to events that is heritable, stable through life, and defined in terms of individual differences in learning by
reward and punishment (Cloninger, 2002).

Therefore,  further  research  is  required  to  shed  light  on  temperamentally  driven  differences  in  error-related
processing explaining motivational differences in task engagement.  People with strong HA dimension might be
motivated differently than those with strong NS dimension. The possible explanation is that people with high HA,
while avoiding the punishment, activate the amygdala as a response to the fear of failure, while people with high
NS, looking for stimulation from their performance, activate reward system as a response to the positive emotional
stimuli.

Therefore, the neural pathways of both, positive and negative, motivation might have a different output in the ACC.
This project will verify whether there are relations between temperamental traits and activation of different parts of
the ACC engaged during error detection and learning under conditions of reward or punishment.  To the best of our
knowledge, there was no previous research study providing the answer, if genetically determined temperamental
differences  (based  on  psychobiological  model  of  personality  proposed  by  Cloninger)  influence  the  ERN  or
characteristics  and  if  there  are  any  differences  in  those  neural  indicators  under  condition  of  rewards  and
punishments.  Moreover,  although  there  is  a  logical  link  between  temperamental  differences  in  sensitivity  to
reward/punishment and learning types, none of research has analyzed those relationships on the neuronal level.
Finally, there is no study concerning correlates of temperamental traits to brain activation obtained with fMRI in
error processing.

Thus, the currently conducted project is innovative due to implementing complementary neuroimaging techniques
(dEEG and fMRI) to characterize neural correlates of the genetically determined temperament dimensions in error
detection and learning under the conditions of reward and punishment. It  is one of the first studies focused on
explanation of those individual differences in the sensitivity to reinforcement stimuli in terms of neural patterns
(including temporal and spatial information).
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	​ Theories of the error-related negativity
	​ Mismatch Theory
	​ Conflict Monitoring Theory
	​ Reinforcement Learning Theory
	​ Factors Modulating ERN Amplitude
	​ As of today, there is a considerable scientific attempt to understand the associations among contextual factors, personality, and brain activation during performance monitoring (Noordt and Segalowitz, 2012).
	​ ERN and Personality
	​ A growing number of research verifies the role of individual differences, particularly with respect to variation in temperament and personality, in magnitude of ERN. If affective processes are reflected in the ERN (as suggested by motivational model), individual differences in this brain signal may reflect the extent to which an individual is emotionally invested in error monitoring.



