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A B S T R A C T   

Cognitive deficits are well documented in schizophrenia. Here, we reviewed alterations in performance moni
toring as potential marker of cognitive deficits in schizophrenia. We found that performance monitoring alter
ations in schizophrenia are specific to early (indexed by blunted error-related negativity (ERN)) and late 
(reflected in blunted error positivity (Pe)) internal error processing, while external performance feedback pro
cessing in simple response feedback tasks is relatively preserved. We propose, that these performance monitoring 
deficits may best be interpret as one aspect of disrupted theta band (4− 8 Hz) oscillations over medial frontal 
recordings sites. Midfrontal theta dynamics are an increasingly established direct neural index of the recruitment 
of cognitive control and are impaired in several clinical populations. While theta-related ERPs (the ERN) may be 
an easy to assess marker of cognitive deficits in schizophrenia, further work investigating the trial-by-trial dy
namics of theta in both the time and time-frequency domain is needed to parse cognitive deficits in schizophrenia 
into finer levels of detail and evaluate theta modulation as a therapeutic tool.   

1. General introduction 

Cognitive and intellectual underperformance is at the core of many 
psychiatric conditions, such as schizophrenia. Hence, there is an urgent 
demand to identify reliable markers of and mechanisms that contribute 
to impaired cognitive functioning to refine diagnosis and to inform 
targeted interventions. In the following, we will review biobehavioral 
correlates of performance monitoring (PM) as a potential key mecha
nism that contributes to cognitive deficits in schizophrenia. 

1.1. Cognitive deficits in schizophrenia 

Schizophrenia is a severe psychiatric condition with a heterogeneous 
combination of symptoms. Typically, these symptoms can be divided 
into ‘positive’, ‘negative’ and ‘cognitive’ categories (Kahn et al., 2015), 
which we will briefly describe in the following: Positive symptoms can 
be characterized as behavior and thoughts that are not normally present. 
These symptoms are typically referred to as recurrent psychosis, which 
is the loss of contact with reality. Psychosis consists of delusions, hal
lucinations and disorganized speech and behavior. Negative symptoms 
include affective flattening, social withdrawal, anhedonia, and 

diminished initiative and energy. Cognitive symptoms in schizophrenia 
are characterized by a variety of cognitive dysfunctions (American 
Psychiatric Association, 2013; Kahn et al., 2015). 

While in the past, schizophrenia was mainly defined by its psychotic 
symptoms, there is a push in the field to position schizophrenia pri
marily as a cognitive illness (Kahn and Keefe, 2013). Kahn and Keefe 
(2013) argue that the emphasis on psychosis in the diagnosis and 
treatment of schizophrenia has precluded the development of adequate 
treatments targeted at cognitive deficits. Indeed, research suggests, that 
cognitive impairment in schizophrenia strongly predicts poor functional 
outcomes (e.g., Strassnig et al., 2015) and that this association is 
mediated by negative symptoms (Ventura et al., 2009). However, 
effective treatments for cognitive impairment and negative symptoms 
are lacking (Fusar-Poli et al., 2015; Insel, 2010). 

Executive functioning is among the cognitive domains most impaired 
in schizophrenia (Reichenberg et al., 2009). Executive functioning 
(often also called cognitive control in the psychological literature) refers 
to a set of processes involved in adaptive, goal-directed behavior and 
involves a broad set of brain regions (e.g., prefrontal cortex, pMFC) and 
multiple neuromodulators (e.g., dopamine, glutamate). In this review 
we focus on performance monitoring as a proposed mechanism of 
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impaired executive functioning in schizophrenia, that is distinguishable 
from other aspects of executive function that are impaired in schizo
phrenia (Kerns et al., 2008). 

1.2. Performance monitoring – a summary 

Human performance monitoring encompasses error detection, eval
uation of performance outcomes and consequent behavioral adjust
ments and is therefore essential for adaptive, goal-directed behavior 
(Ullsperger et al., 2014b). Adaptive behavior in this context can be 
understood as the result of a continuous feedback loop: During and after 
an action, the brain’s performance monitoring system monitors for 
events indicating that outcomes and the states of the organism and its 
environment deviate from the desired goals (i.e., whether there is an 
error in predicting an action outcome). This information (the so-called 
prediction error) is used to signal the necessity and magnitude, and 
perhaps the type of adaptations that aim at compensating the problem 
and at optimizing actions in similar situations in the future (see also 
Fig. 1). Neuroimaging studies have consistently implicated the posterior 
medial frontal cortex (pMFC), in particular the anterior midcingulate 
cortex in this monitoring and signaling function (Ridderinkhof et al., 
2004; Ullsperger et al., 2014a). Using human electroencephalography 
(EEG) various studies demonstrated that action errors and negative 
feedback elicit a stereotypical event-related potential (ERP) sequence 
associated with performance monitoring: a fronto-central negativity 
followed by a central-parietal positivity (Ullsperger et al., 2014b). After 
action errors in simple reaction time task, a fronto-central error related 
negativity peaking around 50–100 ms (called the ERN or Ne; Falkenstein 
et al., 1991; Gehring et al., 1993) is followed by a centro-parietal error 
positivity (Pe) occurring 200–500 ms after incorrect responses (named 
the Pe; Falkenstein et al., 2000). Interestingly, a small negativity in the 
time window of the ERN can be observed after correct responses as well 
(the correct-related negativity (CRN); Vidal et al., 2000). While the 
underlying mechanisms of the ERN are still debated, at least two major 
accounts have been put forward. They suggest that the ERN reflects the 
detection of post-response conflict or prediction error signals (for re
view, see Ullsperger et al., 2014b). The Pe has consistently been asso
ciated with the emergence of error awareness and confidence in 
subjective error judgements (Boldt and Yeung, 2015; Endrass et al., 
2007; Kirschner et al., 2020; Murphy et al., 2012). In situations where 
we have to rely on feedback to evaluate actions, negative feedback is 
followed by a negativity (named the "feedback-related negativity FRN; 
Miltner et al., 1997; Walsh and Anderson, 2012) and a subsequent 
positivity (the P300; Polich, 2007). The FRN peaks 200–300 ms after 
performance feedback and is thought to index consummatory neural 
activity (as opposed to anticipation) thereby allowing an initial evalu
ation of action outcomes and associated attention allocation. The FRN is 
followed by the P300 ERP component which reflects orienting and 
memory updating (Polich, 2007). In the time-frequency space the EEG 
activity described above is reflected in increased mid-frontal theta ac
tivity (i.e., neural oscillations in the theta band (4–8 Hz) over medial 
frontal recording sites), which is thought to indicate the recruitment of 
cognitive control (Cavanagh and Frank, 2014; Gheza et al., 2019). 
Specifically, synchronized theta oscillations have been suggested to 
coordinate neural activity, whereby the pMFC works in concert with 
dorsolateral prefrontal areas to implement cognitive control to support 
adaptive behavioral adjustments following errors (see Fig. 1) (Nar
ayanan et al., 2013; Ullsperger et al., 2014a).The PM related ERPs are 
proposed to reflect the phase-locked midfrontal theta activity (Makeig 
et al., 2002; Van Noordt et al., 2016). On the behavioral level multiple 
adaptations following an error can be observed (dependent on task, 
trial-timing, instructions and so forth; for a review, see Danielmeier and 
Ullsperger, 2011). For example, subjects can slow down in responses 
following an error (post-error slowing, PES), their accuracy can improve 
in post-error trials (post-error improvement in accuracy; PIA) or effects 
of response conflict can be less pronounced in trials following an error 

(post-error reduction in interference; PERI). There is growing literature 
linking the behavioral post-error adaptions to the neural error signal 
noted above (Debener et al., 2005; Fu et al., 2019). 

The neural and behavioral indices of performance monitoring dis
cussed above have been reliably studied in diverse human samples 
ranging from healthy to various clinical populations across the lifespan 
(Weinberg et al., 2015). Moreover, a growing body of research is linking 
stronger activity of the before mentioned ERP-complex associated with 
performance monitoring to better cognitive functioning (Hirsh and 
Inzlicht, 2010; Larson and Clayson, 2011; Miller et al., 2012). However, 
oversimplified interindividual links between ERP amplitudes and per
formance monitoring have been challenged in the past (see Fischer et al., 
2016 and discussion for more information). 

1.3. Motivation and goals of the current review 

Starting back in 1999 Kopp and Rist (1999) were able to show a 
reduced ERN in patients suffering from paranoid schizophrenia while 
behavioral indices of performance monitoring were intact in this patient 
population. Ever since then a number of studies has addressed perfor
mance monitoring deficits in schizophrenia. Evidence from 
meta-analysis on EEG (Martin et al., 2018; Storchak et al., 2021) and 
functional neuroimaging (Minzenberg et al., 2009) correlates of per
formance monitoring in the wider spectrum of psychosis indicate that 
alterations in performance monitoring may be involved in schizo
phrenia. However, current reviews demonstrated inconclusive evidence 
for a relationship between disrupted error signals (e.g., blunted ERN) 
and post-error behavioral adaptations. Hence it is difficult to relate these 
findings to broader deficits in cognitive control and derive a functional 
link between disrupted error signals and behavioral adaptations in 
schizophrenia. In addition, inconsistent results regarding the Pe are re
ported (Martin et al., 2018; Storchak et al., 2021) which, may in part 
result from rather heterogeneous diagnosis included in this literature. 
Therefore, more comprehensive reviews on the literature across different 
performance monitoring matrixes (i.e., electrophysiological correlates 
complemented by their neuro-functional underpinnings and behavioral 
indices of performance monitoring like post error adjustments) but 
within clearly defined patients suffering from schizophrenia are needed 
to better understand the pattern of alterations associated with schizo
phrenia and link results to underlying functional mechanisms. 

In the following sections, we will review recent research on behav
ioral and neural correlates of performance monitoring in patients with 
an established clinical diagnosis of schizophrenia (while excluding 
schizoaffective or other psychotic disorders and subclinical or at-risk 
populations). Studies focusing on psychiatric relevant abnormalities in 
reward processing are not in the scope of this review. A summary of the 
main findings and detailed information on the systematic literature 
search can be found in the corresponding supplementary sections. We 
will then discuss disrupted midfrontal theta activity as a possible 
neurobiological mechanism that underlies dysfunctions in PM and 
cognitive deficits in schizophrenia. 

2. Biobehavioral correlates of performance monitoring in 
schizophrenia 

2.1. Behavioral indices 

In this section we review the evidence of general performance and 
behavioral indices of post-error adjustments (Danielmeier and Ull
sperger, 2011) in performance monitoring tasks in schizophrenia. 

2.1.1. General performance indices 
In terms of general performance, the majority of studies report pro

longed reaction times (RT) in schizophrenia (Alain et al., 2002; Bates 
et al., 2002; Becerril and Barch, 2013; Becerril et al., 2011; de la 
Asuncion et al., 2015; Foti et al., 2012; Houthoofd et al., 2013; Huddy 

H. Kirschner and T.A. Klein                                                                                                                                                                                                                  



Neuroscience and Biobehavioral Reviews 133 (2022) 104504

3

(caption on next page) 

H. Kirschner and T.A. Klein                                                                                                                                                                                                                  



Neuroscience and Biobehavioral Reviews 133 (2022) 104504

4

et al., 2011; Kansal et al., 2014; Laurens et al., 2003; Llerena et al., 2016; 
Mathalon et al., 2002; Morris et al., 2008, 2011; Nordahl et al., 2001; 
Perez et al., 2012). The picture regarding general task performance is 
less clear. While several studies report underperformance in patients 
(Agam et al., 2014; Becerril et al., 2011; Charles et al., 2017; Donaldson 
et al., 2019; Houthoofd et al., 2013; Krawitz et al., 2011; Llerena et al., 
2016; Nordahl et al., 2001; Perez et al., 2012), other studies show 
comparable task performance (Alain et al., 2002; Araki et al., 2013; 
Bates et al., 2009, 2004; de la Asuncion et al., 2015; Foti et al., 2012, 
2013; Kansal et al., 2014; Laurens et al., 2003; Mathalon et al., 2002; 
Morris et al., 2011, 2006). Importantly, the proportion of overall errors 
was relatively low for patients and task manipulations (e.g., interference 
effects see Donaldson et al. (2019)) affected both patients and healthy 
controls. Moreover, the performance in these tasks seems to be fairly 
stable over time (Bates et al., 2004; Foti et al., 2016). Differences be
tween groups appear to be task dependent. While patients diagnosed 
with schizophrenia are relatively unimpaired in their performance in 
simple reaction-time tasks (e.g., flanker tasks), there is a consistent 
performance deficit in tasks that required to hold task rule representa
tions in working memory (Becerril et al., 2011) and during antisaccade 
tasks (Agam et al., 2014; Huddy et al., 2011; Polli et al., 2008, 2006; 
Roffman et al., 2011). 

2.1.2. Post-error adjustments 
One important behavioral aspect of performance monitoring are 

post-error adjustments (i.e., behavioral changes after error commission). 
As introduced above three types of behavioral-post-error adaptations 
have been proposed (Danielmeier and Ullsperger, 2011): post-error 
slowing (PES), post-error-reduction of interference (PERI), and 
post-error improvements in accuracy (PIA). In the studies examined in 
this review there appeared to be a focus on PES. A number of studies 
report comparable PES between groups (Araki et al., 2013; Bates et al., 
2002, 2009; Laurens et al., 2003; Mathalon et al., 2002; Morris et al., 
2006; Polli et al., 2006), but other studies indicating a reduced (Alain 
et al., 2002; Donaldson et al., 2019; Perez et al., 2012) or absent 
(Becerril et al., 2011) PES in schizophrenia. There might be several 
reasons that contribute to these mixed findings. For example, perfor
mance between groups was frequently not matched and the 
inter-trial-intervals fluctuated in a wide range. Given that both of these 
factors are suggested to influence PES (Danielmeier and Ullsperger, 
2011) it is important to control for these methodological aspects to 
interpret differences in PES in patients vs. controls. Indeed, Castellar 
et al. (2012) matched the performance in a 4-choice RT task between 
patients diagnosed with schizophrenia and controls and found that PES 
in Schizophrenia depended on the inter-trial-interval (ITI). In particular, 
shorter ITI lead to longer PES in schizophrenia. These results fit well 
with the orientation account of PES, which states that PES is an orien
tation response to unexpected events (Danielmeier and Ullsperger, 

2011; Notebaert et al., 2009) and increased distractibility in schizo
phrenia (Braff, 1993). In terms of other post-error adaptations, there is 
evidence of intact error corrections in patients from antisaccade tasks 
(Polli et al., 2008, 2006). Here, patients showed the same rate of anti
saccade error self-correction as healthy controls. 

2.2. EEG correlates 

2.2.1. ERN and Pe – internal performance feedback 
With respect to performance monitoring impairments during early 

error processing, the results of the studies reviewed here provide clear 
and consistent evidence of an ERN reduction across a broad set of tasks 
in those diagnosed with schizophrenia (see Supplementary Table 1). 
Moreover, blunted ERN amplitudes show impressive stability (Bates 
et al., 2004; Foti et al., 2016; Houthoofd et al., 2013). Early neural 
performance monitoring impairments were also found in unaffected 
siblings, supporting the hypothesis that this impairment is not a mere 
consequence of behavioral disturbance, and that it is a trait marker for 
susceptibility to schizophrenia or a potential endophenotype, rather 
than being a result of illness or medication (Simmonite et al., 2012). 
ERN deficits in schizophrenia are present even under conditions 
demonstrated to maximize the ERN amplitude (Morris et al., 2006). 
Regarding the CRN, there is evidence for increased amplitudes in some 
studies (Alain et al., 2002; Araki et al., 2013; Mathalon et al., 2002), 
which may suggest a general deficit in self-monitoring in schizophrenia 
(Olvet and Hajcak, 2008). 

Interestingly, the mechanism by which conflict increases the ERN 
appears to be intact in schizophrenia, despite a general deficit in ERN 
amplitude in this population (Donaldson et al., 2019). Specifically, 
Donaldson et al. (2019) demonstrated that the probability of incon
gruent trials in a flanker task similarly affected ERN amplitudes in pa
tients as well as in healthy controls. In addition, there is evidence that 
the ERN amplitude was similarly associated with self-correction and 
post error accuracies in schizophrenia and healthy controls (Morris 
et al., 2006). However, there is also evidence from a rather small sample 
showing that compared to healthy controls, no link between ERN 
amplitude and PES is found in schizophrenia (Alain et al., 2002). The 
small sample size (n = 12) of this study precludes generalizations of 
these findings. 

Unlike the consistently reduced ERN, the Pe was reduced in schizo
phrenia in some (Donaldson et al., 2019; Foti et al., 2012, 2013; Kansal 
et al., 2014; Simmonite et al., 2012), but not all studies (Alain et al., 
2002; Bates et al., 2004; Llerena et al., 2016; Morris et al., 2006). When 
having a closer look at the Pe null findings, these results can be 
explained by either a limited sample size (Alain et al., 2002), the applied 
signal filters (i.e., severe higher-frequency cutoffs between 1–2 Hz likely 
to attenuate some of the Pe activity (Bates et al., 2004; Morris et al., 
2006), or different analysis strategies (i.e., temporal principal 

Fig. 1. Error-related midfrontal theta activity and the implementation of post-error adaptations. (Ai) Theta-related readouts on the scalp are thought to be generated 
by theta oscillations in the MCC (van Noordt and Segalowitz, 2012). (Aii) Event-related potentials (ERPs) reflect theta-related activation in the time domain. The ERN 
and Pe are evoked by motor commission errors in simple speeded response tasks. They are thought to reflect phase-locked theta generated in the MCC (Ullsperger 
et al., 2014a, b). However, due to trial-averaging, ERPs do only reflect a small fraction of ongoing neural dynamics. (Aiii) Time-course of regression weights and their 
topographies of error-related EEG activity revealed by single-trial robust regression. Specifically, here we depict the regression weight time course of a 
response-locked error regressor. This analyses approach has the appealing benefit to provide richer information of trial-by-trial dynamics and independent con
tributions of different processes to the EEG time-course (Fischer et al., 2018; Fischer and Ullsperger, 2013; Ullsperger et al., 2014b). (Aiv) Here we employed multiple 
robust regression on time-frequency decomposed response-locked EEG. Shown is the time-frequency plot for the error regressor that reveals a common significant 
increase in theta power after error commission. Analyses in the time-frequency domain have the advantages to show richer spectral dynamics of event-related EEG 
activity, whereby the signal is not required to be phase-locked (Cavanagh and Frank, 2014). (Bi) Inter-site theta-phase synchrony at the scalp is thought to reflect the 
synchronization and communication of local activity across multiple brain regions (Bii), including the lateral prefrontal cortex (lPFC), motor cortex, and sensory 
cortices. (C) Inter-site phase synchrony is proposed to reflect the communication of the need for control and the implementation of adjustments aimed at optimizing 
performance (e.g., attention reorientation in the lPFC; motor threshold adjustments in the motor cortex; boosting sensory gain in sensory cortices) (Cavanagh and 
Frank, 2014). Importantly, the coordination of higher oscillations in the alpha and gamma band also contribute to this optimization process (Gratton, 2018). (D) 
Summary of midfrontal theta-related dysfunctions and their relation to behavior adaptations and real word functioning in schizophrenia. (E) List of main implications 
derived from the current review. Data presented in (Aii), (Aiii), (Aiv), and (Bi) are from a healthy sample who performed an interference and multi-rule target 
detection task (Kirschner et al., 2020). 
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component analysis (Llerena et al., 2016)). Given that Pe has been 
related to conscious error awareness and decision confidence (Boldt and 
Yeung, 2015; Endrass et al., 2007; Kirschner et al., 2020), these results 
may point towards an altered meta-cognitive performance monitoring in 
schizophrenia. Supporting this assumption, Charles et al. (2017) 
demonstrated, that ERN deficits in patients appear to be related to 
conscious top-down deficits. Specifically, they showed that, patients 
displayed decreased ERN and error awareness on trials where errors 
could be consciously perceived. This is further augmented by studies 
demonstrating metacognitive deficits in schizophrenia in other cogni
tive domains like metamemory (Rouy et al., 2021) and the often re
ported lack of awareness of their disorder that seems to be mediated by 
alteration of the right posterior insula (Klein et al., 2013). 

Taken together, the ERN and Pe are promising measures of impaired 
error processing, with the ERN reduced in psychotic illness broadly and 
the Pe reduced specifically in schizophrenia (Foti et al., 2016). In 
addition, there is evidence that blunted ERN is related to negative 
symptoms and that patients with relatively intact ERN had less reho
spitalization and better employment status (Foti et al., 2012, 2013). This 
validates the ERN as potential marker for cognitive deficits in schizo
phrenia. Importantly, differences in ERN and Pe remain, after control
ling for behavioral measures like error rate or RT (Donaldson et al., 
2019). Computational modeling suggests decreased representation of 
response values in schizophrenia may contribute to blunted 
error-related EEG components (Morris et al., 2011). Several factors 
suggest that ERN and - to some extent - the Pe may be useful endo
phenotypes for schizophrenia. For example, there is evidence, that un
affected siblings also show ERN reductions, indicating that smaller ERN 
is related to a genetic risk for developing this illness (Simmonite et al., 
2012). Moreover, ERN and Pe reductions are fairly state-independent 
and longitudinally stable (Foti et al., 2016). In addition, individuals at 
risk of developing schizophrenia1 also show reductions in the ERN 
amplitudes (Perez et al., 2012). Another intriguing aspect of these per
formance monitoring abnormalities in schizophrenia is, that they relate 
to functional outcome (Foti et al., 2012, 2013). In a recent study, Foti 
et al. (2020) showed that both blunted ERN and Pe amplitudes were 
related to negative symptoms and poor real-world functioning in 
schizophrenia and other psychotic disorders. This link was mediated by 
poor executive functioning assessed in separate tasks. 

2.3. FRN – external performance feedback 

While research has consistently shown that patients with schizo
phrenia show impairments in internal performance monitoring, the 
relatively few findings from studies included in this review suggest that 
neural correlates of external feedback may be intact in simple response 
feedback tasks like time estimation tasks (Llerena et al., 2016; Morris 
et al., 2011). Interestingly, in acute and non-medicated state of schizo
phrenia, there are deficits in neural feedback processing (reflected in 
blunted FRN) that are normalized with treatment (Houthoofd et al., 
2013). In addition, patients in the early course of schizophrenia 
demonstrated impairments to adaptively use negative feedback in a 
simple rule switching task (Huddy et al., 2011). In contrast, feedback 
processing in schizophrenia appears to be abnormal during reward 
processing in probabilistic learning tasks (Morris et al., 2008). These 
effects have been related to dysfunctional phasic striatal dopamine 
signalling (Whitton et al., 2015). However, dysfunctional reward pro
cessing in schizophrenia fall beyond the scope and space of the present 
review (see for example Whitton et al. (2015) for discussions on this 
topic). 

Taken together, these results suggest that, impaired internal error 
processing may be an important trait-like marker in schizophrenia, 

while deficits in feedback processing appears to have a state character (i. 
e., they appear in acute sates of schizophrenia but normalise with 
treatment) and appear to be task specific. 

2.4. Neuroimaging studies – what are the neural underpinnings of the EEG 
effects? 

Structural neuroimaging studies suggest widespread brain abnor
malities in schizophrenia. Early in the course of the illness, volume de
creases are found in the bilateral insula and the mid-cingulate cortex 
(MCC), as well as the hippocampus, thalamus and left uncus and 
amygdala (Crossley et al., 2009). Later during disease progression, 
cortical volume reductions become widespread and are correlated with 
cognitive dysfunction (Ellison-Wright et al., 2008; Kahn et al., 2015; 
Kubota et al., 2015; van Haren et al., 2011). Results from functional 
neuroimaging studies suggest, that the broad impairment in cognitive 
functioning in schizophrenia is reflected in neural system-level alter
ations (Kahn et al., 2015). In the following we review results of dys
functions in the performance monitoring network in schizophrenia. 

Although exact anatomical regions associated with performance 
monitoring reported varies across studies due to different naming con
ventions, the majority of studies reviewed here report a blunted error- 
related activity in the posterior medial frontal cortex (pMFC, Ridder
inkhof et al., 2004) related to schizophrenia (Becerril et al., 2011; Kra
witz et al., 2011; Laurens et al., 2003; Polli et al., 2008; Stern et al., 
2009; Voegler et al., 2016; but see Agam et al., 2014). Voegler et al. 
(2016) demonstrated, that this reduced neural error signal is indepen
dent of error frequency and is also associated with reduced functional 
connectivity between the right anterior insula and regions in the inferior 
frontal gyrus and temporoparietal junction. These results fit well with 
research showing reduced response-related mid-line theta oscillations in 
schizophrenia (Bates et al., 2009; Boudewyn and Carter, 2018; Chid
harom et al., 2021; Reinhart et al., 2015a; Ryman et al., 2018), which 
may help explain the decreased recruitment of brain areas involved in 
performance monitoring. Specifically, in the normative literature frontal 
midline theta has been suggested as a biophysical mechanism by which 
neurons communicate the need for and subsequently implementation of 
cognitive control processes across the brain (Cavanagh and Frank, 
2014). The biobehavioral results in schizophrenia reviewed above sug
gest that this control process appears to be decreased when patients have 
to rely on internal feedback processing. In contrast, when information 
about errors and conflicts are explicitly provided by the task structure, 
error-related activity in the pMFC seems to be relatively preserved 
(Becerril and Barch, 2013). This imaging study is mirroring the EEG 
results for external feedback processing in schizophrenia reviewed 
above. In unmedicated patients diagnosed with paranoid schizophrenia, 
one study reported a trend towards increased error-related metabolic 
activity in the pMFC (Nordahl et al., 2001). This may suggest that error 
sensitivity in this region is preserved to some extent in this specific pa
tient group. 

3. Discussion and outlook 

In this review, we investigated disrupted performance monitoring in 
schizophrenia. We found that recent research on behavioral and neural 
correlates of performance monitoring in schizophrenia show a consis
tent impairment of early (ERN) and late (Pe) internal error processing. 
These deficits are linked to aberrant functioning of the pMFC and the 
wider performance monitoring network during error processing. Form a 
mechanistic perspective this disrupted internal error monitoring may be 
related to decreased midfrontal theta activity. On the other hand, 
external performance feedback processing in simple response feedback 
tasks is relatively preserved in schizophrenia. This conclusion is broadly 
validated by more formal metanalyses on EEG (Martin et al., 2018; 
Storchak et al., 2021) and functional neuroimaging (Minzenberg et al., 
2009) correlates of performance monitoring in the wider spectrum of 

1 These patients met criteria for at least one Criteria of Prodromal Syndromes 
(COPS; Miller et al., 2003). 
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psychosis. Martin et al. (2018) discuss their findings of a reduced ERN in 
a wider range of patients with psychotic symptoms in terms of structural 
and functional abnormalities in the anterior cingulate cortex (ACC). 
Moreover, the authors suggest that adaptive error processing needs co
ordinated activity throughout a network of different brain regions to 
optimize behavior after errors and that blunted ERN may be an index of 
the failure to initiate cognitive control in schizophrenia (see Minzenberg 
et al., 2009 for a similar discussion). Storchak et al. (2021) report a 
reduced ERN or a reduced discriminability between positive and nega
tive action outcomes in schizophrenia and schizoaffective disorders 
because of a more global deficit in predictive processes (are outcomes 
better or worse than expected) in patients suffering from schizophrenia. 
They claim that especially early processes in performance monitoring (i. 
e., the ERN) are subject to pathological changes and are associated with 
positive symptoms while later processes (i.e., the Pe) seem to be intact. 
Initially, the latter finding seem to point towards preserved error 
awareness in schizophrenia. However, a closer evaluation of these 
findings indicates, that it may not be that straightforward. Null findings 
regarding the Pe may be better explained by methodological differences 
between the studies. Future work is needed to answer the question, 
whether deficits in metacognitive functions, such as error awareness, 
contribute to blunted ERN and Pe amplitudes in schizophrenia. 

A major goal of this narrative review was to investigate whether 
disrupted error processing leads to impaired behavioral adaptations in 
schizophrenia and to related a plausible neurobiological mechanism to 
this pattern of results. Impaired midfrontal theta oscillations have 
recently been suggested as an fundamental cognitive subprocess that is 
affected in psychiatric disorders and relates to cognitive deficits, such as 
reduced behavioral adaptations (McLoughlin et al., 2021). The incon
sistent association between impaired internal error processing and 
behavioral adaptations demonstrated in the current review suggest, that 
it is too early to clearly link neural PM indices to behavior in schizo
phrenia. By integrating our biobehavioral findings into the emerging 
research on disrupted theta-related dynamics as an index of cognitive 
control deficits in schizophrenia, we argue, that finer-grained tri
al-by-trial analyses are needed to parse the current pattern of results into 
finer levels of detail. 

3.1. Abnormal neural oscillations in schizophrenia may best explain 
reduced ERP correlates of internal error processing 

Evidence from anatomical and electrophysiological studies show 
that abnormal neural oscillations are central to cognitive deficits in 
schizophrenia. Specifically, pre-frontal cortex-related dysfunctional 
neural activation and synchronization in the gamma and theta band 
have been related to cognitive deficits in schizophrenia (Senkowski and 
Gallinat, 2015; Uhlhaas and Singer, 2010). In healthy individuals, 
gamma activity (i.e., oscillations > 30 Hz) facilitates the synchroniza
tion of local cortical networks (Womelsdorf et al., 2007). Lower fre
quencies like theta are thought to modulate the power in the gamma 
spectrum (Canolty et al., 2006) and to coordinate neural activity over 
longer cortical distances (von Stein et al., 2000). As noted above and 
illustrated in Fig. 1, midfrontal theta activation has been suggested as an 
index of the recruitment of cognitive control (Cavanagh and Frank, 
2014) and is thought to be generated in the MCC (van Noordt and 
Segalowitz, 2012). Research showed that disrupted midfrontal theta 
might reflect the failure to initiate cognitive control in speeded reaction 
time tasks in schizophrenia (Boudewyn and Carter, 2018; Chidharom 
et al., 2021; Reinhart et al., 2015b; Ryman et al., 2018). Specifically, 
disrupted phase coherence across trials may underly cognitive deficits 
on schizophrenia (Reinhart et al., 2015a). In addition, there is also ev
idence of impaired theta-gamma coupling during cognitive functioning 
in schizophrenia (Barr et al., 2017) indicating an involvement of 
impaired coordination of theta and gamma activation in cognitive def
icits in this group. These abnormalities are likely caused by anatomical 
deficits (e.g., reduced synaptic connectivity) and abnormalities in 

neurotransmitter systems (in particular GABA-ergic interneurons) that 
have been found in patients with schizophrenia (for a review on the 
neuobiology of abnormal oscillations in schizophrina see Uhlhaas and 
Singer, 2010). In the time domain, midfrontal theta activity has been 
strongly related to the ERN and the FRN (Van Noordt et al., 2016). These 
theta-related ERPs are thought to reflect either phase resetting of theta 
oscillations after a stimulus (FRN) or response (ERN) or evoked theta 
due to the event itself (Makeig et al., 2002). Hence, the reliable blunted 
ERN in schizophrenia can be directly related to reduced midfrontal theta 
in the time domain (see Figure Aii and Aiii). 

To date, electrophysiological investigations of performance moni
toring in psychopathology have predominantly used grand mean ERP 
data (i.e., trial-averaging in the time domain). This work has revealed 
that ERN alterations may be a promising endophenotype across disor
ders like schizophrenia (see also 2.2.1), substance use disorder, and OCD 
(Riesel, 2019). Such endophenotypes have the potential to inform pre
vention, refine classification criteria, link basic empirical neuroscience 
and clinical praxis, and help to better target and evaluate treatments 
(Riesel, 2019). For example, studies showed that combining multiple 
neural and behavioural metrics of error processing help to better classify 
and predict mental disorders (Cavanagh et al., 2017; Meyer et al., 2018). 
The ERN may lend itself particular well as a easy to assess marker of 
cognitive deficits in schizophrenia and across psychiatric illness as it is 
robustly measured within only a few trials (e.g., Fischer et al., 2017 
demonstrated that ERN reaches a high reliability within subjects with a 
trial number of 15) and because EEG is routinely integrated into the 
clinical practice (Cavanagh, 2019). However, trial-averaging in the time 
domain leads to substantial loss of information and precludes the ana
lyses of trial-to-trial associations between neural signals and behavioral 
adjustments (Ullsperger et al., 2014b). Moreover, the focus on a single 
aspect of midfrontal theta (e.g., the ERN) strongly limits investigations 
of its full functional role in psychiatric conditions like schizophrenia 
(McLoughlin et al., 2021). In particular, time-frequency analyses enable 
investigations of power modulations and phase relationships related to 
cognitive control processes and directly relate to behavioral adjustments 
(see Fig. 1B and C). 

3.2. What’s next? 

Utilizing single-trial analyses in the time and time-frequency domain 
will help to investigate the role of midfrontal theta signals in transient 
and ongoing deficits in cognitive control processes in schizophrenia (see 
also Figure Aiii and Aiv). Indeed, a recent study demonstrated that 
midfrontal theta activation was specifically disrupted in patients during 
periods of high RT variability and increased errors (Chidharom et al., 
2021). This suggests, that deficits in theta signals in schizophrenia might 
be related to attentional fluctuations and should not only be evaluated 
on an inter-individual basis, but also on an intra-individual level. These 
intra-individual fluctuations during task performances might also 
contribute to the inconsistent relationship between blunted theta signals 
in the time domain (i.e., a blunted ERN) and post-error adaptation found 
in this review. As for the neural data, grand mean averaging of behav
ioral data may have precluded the evaluation of trial-by-trial dynamics 
in post-error adaptions. This issue has been repeatedly put forward in 
the literature (Derrfuss et al., 2021; Dutilh et al., 2012). Moreover, we 
know from the normative literature that for the error signal to be 
adaptive, the inter-trial-interval (ITI) has to be long enough (Jentzsch 
and Dudschig, 2009; Wessel, 2018). Mass-univariate multiple robust 
regression analysis across single trial EEG data and behavior (Fischer 
et al., 2016; Fischer and Ullsperger, 2013; Ullsperger et al., 2014b) will 
help to better understand if, how and under which conditions reduced 
theta signals are related to adjustments of behavioral responses. 

There is evidence in healthy individuals, that in-phase theta stimu
lation over the medial frontal cortex (MFC) and the right lateral pre
frontal cortex (lPFC) using transcranial direct current stimulation (tDCS) 
can improve adaptive behaviour lasting longer than 40 min (Reinhart, 
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2017). Using a similar design, it was possible to normalize synchrony 
over MFC and lPFC following errors in patients with schizophrenia, 
which also resulted in a normalization of their PES (Reinhart et al., 
2015b) and better learning (Reinhart et al., 2015a). These results 
highlight the involvement of midfrontal theta activity in cognitive 
function and its potential as a novel treatment target. Further work is 
need to evaluate the potential of theta modulation as a therapeutic tool 
in clinical setting and its relation to cognitive improvements outside the 
laboratory. 

Besides studying the dynamic involvement of midfrontal theta sig
nals in the process of cognitive deficits, future work may be com
plemented by representational similarity analysis (RSA) to better 
understand cognitive deficits in terms of maladaptive cognitive control 
representations (see Freund et al., 2021 for a recent review on the use
fulness of RSA within several recent RSA studies on cognitive control). 

3.3. Are effects driven by medication? 

An important question is to what extent disrupted theta activity seen 
in patients with schizophrenia are affected by antipsychotic medication. 
Indeed, the majority of studies reviewed here are conducted with pa
tients who were taking antipsychotic medications at the time of the 
study. In contrast, there is some evidence that abnormal neural oscil
lations are present in schizophrenia regardless of medication-status 
(Gallinat et al., 2004; Spencer et al., 2008), suggesting that disrupted 
oscillations are present in schizophrenia regardless of medication status. 
However, it is possible, that medication may interact with task perfor
mance and brain activity. Critically, most participants are taking 
different antipsychotic medications at different doses. This may pre
clude post-hoc analyses examining the role of medication with sufficient 
power. Here, dose equivalents for antipsychotics (Leucht et al., 2016) 
may server as parameter that controls for such a confound. More 
research is needed to address this important issue. One way of directly 
investigate the effect of medication does on theta activity is to include 
dose equivalents as a 2nd level predictor in the regression analyses 
described above. 

4. Conclusions 

Cognitive deficits are central to the pathology of many mental dis
orders, and mounting evidence suggests that neural and behavioural 
metrics of error processing may be biobehavioural markers or even 
endophenotypes of such deficits. Here, we reviewed alterations in per
formance monitoring in schizophrenia. We found that performance 
monitoring alterations in schizophrenia are specific to early (ERN) and 
late (Pe) internal error processing, while external performance feedback 
processing in simple response feedback tasks is relatively preserved. On 
a functional level, these performance monitoring deficits may be 
considered as an aspect of disrupted midfrontal theta (i.e., an index of 
the recruitment of cognitive control) in patients with schizophrenia. 
While theta-related ERPs (the ERN) may be an easy to assess marker of 
cognitive deficits in schizophrenia, further work investigating the trial- 
by-trial dynamics of theta in both the time and time-frequency domain is 
needed to parse cognitive deficits in schizophrenia into finer levels of 
detail. 

Funding 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 

Acknowledgements 

The authors thank Markus Ullsperger for helpful discussion and 
comments on the manuscript and Yannick Hill for help with the litera
ture search. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.neubiorev.2021.12.0 
27. 

References 

Agam, Y., Vangel, M., Roffman, J.L., Gallagher, P.J., Chaponis, J., Haddad, S., Goff, D.C., 
Greenberg, J.L., Wilhelm, S., Smoller, J.W., Manoach, D.S., 2014. Dissociable genetic 
contributions to error processing: a multimodal neuroimaging study. PLoS One 9 (7). 
http://search.ebscohost.com/login.aspx?direct=true&db=psyh&AN=2014-36606- 
001&lang=de&site=ehost-live. 

Alain, C., McNeely, H.E., He, Y., Christensen, B.K., West, R., 2002. Neurophysiological 
evidence of error-monitoring deficits in patients with schizophrenia [Article]. Cereb. 
Cortex 12 (8), 840–846. https://doi.org/10.1093/cercor/12.8.840. 

Araki, T., Niznikiewicz, M., Kawashima, T., Nestor, P.G., Shenton, M.E., McCarley, R.W., 
2013. Disruption of function-structure coupling in brain regions sub-serving self 
monitoring in schizophrenia [Article]. Schizophr. Res. 146 (1–3), 336–343. https:// 
doi.org/10.1016/j.schres.2013.02.028. 

Association, A. P, 2013. Diagnostic and Statistical Manual of Mental Disorders. https:// 
doi.org/10.1176/appi.books.9780890425596. 

Barr, M.S., Rajji, T.K., Zomorrodi, R., Radhu, N., George, T.P., Blumberger, D.M., 
Daskalakis, Z.J., 2017. Impaired theta-gamma coupling during working memory 
performance in schizophrenia. Schizophr. Res. 189, 104–110. https://doi.org/ 
10.1016/j.schres.2017.01.044. 

Bates, A.T., Kiehl, K.A., Laurens, K.R., Liddle, P.F., 2002. Error-related negativity and 
correct response negativity in schizophrenia [Article]. Clin. Neurophysiol. 113 (9), 
1454–1463. https://doi.org/10.1016/s1388-2457(02)00154-2. 

Bates, A.T., Liddle, P.F., Kiehl, K.A., Ngan, E.T., 2004. State dependent changes in error 
monitoring in schizophrenia. J. Psychiatr. Res. 38 (3), 347–356. https://doi.org/ 
10.1016/j.jpsychires.2003.11.002. 

Bates, A.T., Kiehl, K.A., Laurens, K.R., Liddle, P.F., 2009. Low-frequency EEG oscillations 
associated with information processing in schizophrenia [Article]. Schizophr. Res. 
115 (2–3), 222–230. https://doi.org/10.1016/j.schres.2009.09.036. 

Becerril, K.E., Barch, D.M., 2013. Conflict and error processing in an extended cingulo- 
opercular and cerebellar network in schizophrenia [Article]. Neuroimage Clin. 3, 
470–480. https://doi.org/10.1016/j.nicl.2013.09.012. 

Becerril, K.E., Repovs, G., Barch, D.M., 2011. Error processing network dynamics in 
schizophrenia. NeuroImage 54 (2), 1495–1505. https://doi.org/10.1016/j. 
neuroimage.2010.09.046. 

Boldt, A., Yeung, N., 2015. Shared neural markers of decision confidence and error 
detection. J. Neurosci. 35 (8), 3478–3484. https://doi.org/10.1523/ 
JNEUROSCI.0797-14.2015. 

Boudewyn, M.A., Carter, C.S., 2018. Electrophysiological correlates of adaptive control 
and attentional engagement in patients with first episode schizophrenia and healthy 
young adults. Psychophysiology 55 (3), 1–17. https://doi.org/10.1111/psyp.12820. 

Braff, D.L., 1993. Information processing and attention dysfunctions in schizophrenia. 
Schizophr. Bull. 19 (2), 233–259. https://doi.org/10.1093/schbul/19.2.233. 

Canolty, R.T., Edwards, E., Dalal, S.S., Soltani, M., Nagarajan, S.S., Kirsch, H.E., 
Berger, M.S., Barbaro, N.M., Knight, R.T., 2006. High gamma power is phase-locked 
to theta oscillations in human neocortex. Science 313 (5793), 1626–1628. https:// 
doi.org/10.1126/science.1128115. 

Castellar, E.N., Houtman, F., Gevers, W., Morrens, M., Vermeylen, S., Sabbe, B., 
Notebaert, W., 2012. Increased orienting to unexpected action outcomes in 
schizophrenia schizophrenia. Front. Hum. Neurosci. 6 https://doi.org/10.3389/ 
fnhum.2012.00032. 

Cavanagh, J.F., 2019. Electrophysiology as a theoretical and methodological hub for the 
neural sciences. Psychophysiology 56 (2), e13314. https://doi.org/10.1111/ 
psyp.13314. 

Cavanagh, J.F., Frank, M.J., 2014. Frontal theta as a mechanism for cognitive control. 
Trends Cogn. Sci. 18 (8), 414–421. https://doi.org/10.1016/j.tics.2014.04.012. 

Cavanagh, J.F., Meyer, A., Hajcak, G., 2017. Error-specific cognitive control alterations 
in generalized anxiety disorder. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2 
(5), 413–420. https://doi.org/10.1016/j.bpsc.2017.01.004. 

Charles, L., Gaillard, R., Amado, I., Krebs, M.O., Bendjemaa, N., Dehaene, S., 2017. 
Conscious and unconscious performance monitoring: evidence from patients with 
schizophrenia. Neuroimage 144 (Pt A), 153–163. https://doi.org/10.1016/j. 
neuroimage.2016.09.056. 

Chidharom, M., Krieg, J., Bonnefond, A., 2021. Impaired frontal midline theta during 
periods of high reaction time variability in schizophrenia. Biol. Psychiatry Cogn. 
Neurosci. Neuroimaging 6 (4), 429–438. https://doi.org/10.1016/j. 
bpsc.2020.10.005. 

Crossley, N.A., Mechelli, A., Fusar-Poli, P., Broome, M.R., Matthiasson, P., Johns, L.C., 
Bramon, E., Valmaggia, L., Williams, S.C., McGuire, P.K., 2009. Superior temporal 
lobe dysfunction and frontotemporal dysconnectivity in subjects at risk of psychosis 
and in first-episode psychosis. Hum. Brain Mapp. 30 (12), 4129–4137. https://doi. 
org/10.1002/hbm.20834. 

Danielmeier, C., Ullsperger, M., 2011. Post-error adjustments. Front. Psychol. 2, 233. 
https://doi.org/10.3389/fpsyg.2011.00233. 

de la Asuncion, J., Docx, L., Morrens, M., Sabbe, B., de Bruijn, E.R., 2015. 
Neurophysiological evidence for diminished monitoring of own, but intact 
monitoring of other’s errors in schizophrenia. Psychiatry Res. 230 (2), 220–226. 
https://doi.org/10.1016/j.psychres.2015.08.043. 

H. Kirschner and T.A. Klein                                                                                                                                                                                                                  

https://doi.org/10.1016/j.neubiorev.2021.12.027
https://doi.org/10.1016/j.neubiorev.2021.12.027
http://search.ebscohost.com/login.aspx?direct=true%26db=psyh%26AN=2014-36606-001%26lang=de%26site=ehost-live
http://search.ebscohost.com/login.aspx?direct=true%26db=psyh%26AN=2014-36606-001%26lang=de%26site=ehost-live
https://doi.org/10.1093/cercor/12.8.840
https://doi.org/10.1016/j.schres.2013.02.028
https://doi.org/10.1016/j.schres.2013.02.028
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1016/j.schres.2017.01.044
https://doi.org/10.1016/j.schres.2017.01.044
https://doi.org/10.1016/s1388-2457(02)00154-2
https://doi.org/10.1016/j.jpsychires.2003.11.002
https://doi.org/10.1016/j.jpsychires.2003.11.002
https://doi.org/10.1016/j.schres.2009.09.036
https://doi.org/10.1016/j.nicl.2013.09.012
https://doi.org/10.1016/j.neuroimage.2010.09.046
https://doi.org/10.1016/j.neuroimage.2010.09.046
https://doi.org/10.1523/JNEUROSCI.0797-14.2015
https://doi.org/10.1523/JNEUROSCI.0797-14.2015
https://doi.org/10.1111/psyp.12820
https://doi.org/10.1093/schbul/19.2.233
https://doi.org/10.1126/science.1128115
https://doi.org/10.1126/science.1128115
https://doi.org/10.3389/fnhum.2012.00032
https://doi.org/10.3389/fnhum.2012.00032
https://doi.org/10.1111/psyp.13314
https://doi.org/10.1111/psyp.13314
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1016/j.bpsc.2017.01.004
https://doi.org/10.1016/j.neuroimage.2016.09.056
https://doi.org/10.1016/j.neuroimage.2016.09.056
https://doi.org/10.1016/j.bpsc.2020.10.005
https://doi.org/10.1016/j.bpsc.2020.10.005
https://doi.org/10.1002/hbm.20834
https://doi.org/10.1002/hbm.20834
https://doi.org/10.3389/fpsyg.2011.00233
https://doi.org/10.1016/j.psychres.2015.08.043


Neuroscience and Biobehavioral Reviews 133 (2022) 104504

8

Debener, S., Ullsperger, M., Siegel, M., Fiehler, K., von Cramon, D.Y., Engel, A.K., 2005. 
Trial-by-trial coupling of concurrent electroencephalogram and functional magnetic 
resonance imaging identifies the dynamics of performance monitoring. J. Neurosci. 
25 (50), 11730–11737. https://doi.org/10.1523/JNEUROSCI.3286-05.2005. 

Derrfuss, J., Danielmeier, C., Klein, T.A., Fischer, A.G., Ullsperger, M., 2021. Unbiased 
post-error slowing in interference tasks: a confound and a simple solution. Behav. 
Res. Methods. https://doi.org/10.3758/s13428-021-01673-8. 

Donaldson, K.R., Roach, B.J., Ford, J.M., Lai, K., Sreenivasan, K.K., Mathalon, D.H., 
2019. Effects of conflict and strategic processing on neural responses to errors in 
schizophrenia [Article]. Biol. Psychol. 140, 9–18. https://doi.org/10.1016/j. 
biopsycho.2018.11.001. 

Dutilh, G., van Ravenzwaaij, D., Nieuwenhuis, S., van der Maas, H.L.J., Forstmann, B.U., 
Wagenmakers, E.-J., 2012. How to measure post-error slowing: a confound and a 
simple solution. J. Math. Psychol. 56 (3), 208–216. https://doi.org/10.1016/j. 
jmp.2012.04.001. 

Ellison-Wright, I., Glahn, D.C., Laird, A.R., Thelen, S.M., Bullmore, E., 2008. The 
anatomy of first-episode and chronic schizophrenia: an anatomical likelihood 
estimation meta-analysis. Am. J. Psychiatry 165 (8), 1015–1023. https://doi.org/ 
10.1176/appi.ajp.2008.07101562. 

Endrass, T., Reuter, B., Kathmann, N., 2007. ERP correlates of conscious error 
recognition: aware and unaware errors in an antisaccade task. Eur. J. Neurosci. 26 
(6), 1714–1720. https://doi.org/10.1111/j.1460-9568.2007.05785.x. 

Falkenstein, M., Hohnsbein, J., Hoormann, J., Blanke, L., 1991. Effects of crossmodal 
divided attention on late ERP components. II. Error processing in choice reaction 
tasks. Electroencephalogr. Clin. Neurophysiol. 78 (6), 447–455. https://doi.org/ 
10.1016/0013-4694(91)90062-9. 

Falkenstein, M., Hoormann, J., Christ, S., Hohnsbein, J., 2000. ERP components on 
reaction errors and their functional significance: a tutorial. Biol. Psychol. 51 (2–3), 
87–107. https://doi.org/10.1016/s0301-0511(99)00031-9. 

Fischer, A.G., Ullsperger, M., 2013. Real and fictive outcomes are processed differently 
but converge on a common adaptive mechanism. Neuron 79 (6), 1243–1255. 
https://doi.org/10.1016/j.neuron.2013.07.006. 

Fischer, A.G., Danielmeier, C., Villringer, A., Klein, T.A., Ullsperger, M., 2016. Gender 
influences on brain responses to errors and post-error adjustments. Sci. Rep. 6, 
24435. https://doi.org/10.1038/srep24435. 

Fischer, A.G., Klein, T.A., Ullsperger, M., 2017. Comparing the error-related negativity 
across groups: the impact of error- and trial-number differences. Psychophysiology 
54 (7), 998–1009. https://doi.org/10.1111/psyp.12863. 

Fischer, A.G., Nigbur, R., Klein, T.A., Danielmeier, C., Ullsperger, M., 2018. Cortical beta 
power reflects decision dynamics and uncovers multiple facets of post-error 
adaptation. Nat. Commun. 9 (1), 5038. https://doi.org/10.1038/s41467-018-07456- 
8. 

Foti, D., Kotov, R., Bromet, E., Hajcak, G., 2012. Beyond the broken error-related 
negativity: functional and diagnostic correlates of error processing in psychosis. Biol. 
Psychiatry 71 (10), 864–872. https://doi.org/10.1016/j.biopsych.2012.01.007. 

Foti, D., Kotov, R., Hajcak, G., 2013. Psychometric considerations in using error-related 
brain activity as a biomarker in psychotic disorders [Article]. J. Abnorm. Psychol. 
122 (2), 520–531. https://doi.org/10.1037/a0032618. 

Foti, D., Perlman, G., Hajcak, G., Mohanty, A., Jackson, F., Kotov, R., 2016. Impaired 
error processing in late-phase psychosis: four-year stability and relationships with 
negative symptoms. Schizophr. Res. 176 (2–3), 520–526. https://doi.org/10.1016/j. 
schres.2016.05.009. 

Foti, D., Perlman, G., Bromet, E.J., Harvey, P.D., Hajcak, G., Mathalon, D.H., Kotov, R., 
2020. Pathways from performance monitoring to negative symptoms and functional 
outcomes in psychotic disorders. Psychol. Med. 1–11. https://doi.org/10.1017/ 
S0033291720000768. 

Freund, M.C., Etzel, J.A., Braver, T.S., 2021. Neural coding of cognitive control: the 
representational similarity analysis approach. Trends Cogn. Sci. https://doi.org/ 
10.1016/j.tics.2021.03.011. 

Fu, Z., Wu, D.J., Ross, I., Chung, J.M., Mamelak, A.N., Adolphs, R., Rutishauser, U., 2019. 
Single-neuron correlates of error monitoring and post-error adjustments in human 
medial frontal cortex. Neuron 101 (1), 165–177. https://doi.org/10.1016/j. 
neuron.2018.11.016 e165.  

Fusar-Poli, P., Papanastasiou, E., Stahl, D., Rocchetti, M., Carpenter, W., Shergill, S., 
McGuire, P., 2015. Treatments of negative symptoms in schizophrenia: meta- 
analysis of 168 randomized placebo-controlled trials. Schizophr. Bull. 41 (4), 
892–899. https://doi.org/10.1093/schbul/sbu170. 

Gallinat, J., Winterer, G., Herrmann, C.S., Senkowski, D., 2004. Reduced oscillatory 
gamma-band responses in unmedicated schizophrenic patients indicate impaired 
frontal network processing. Clin. Neurophysiol. 115 (8), 1863–1874. https://doi. 
org/10.1016/j.clinph.2004.03.013. 

Gehring, W.J., Goss, B., Coles, M.G.H., Meyer, D.E., Donchin, E., 1993. A neural system 
for error detection and compensation. Psychol. Sci. 4 (6), 385–390. https://doi.org/ 
10.1111/j.1467-9280.1993.tb00586.x. 

Gheza, D., Bakic, J., Baeken, C., De Raedt, R., Pourtois, G., 2019. Abnormal approach- 
related motivation but spared reinforcement learning in MDD: evidence from fronto- 
midline theta oscillations and frontal Alpha asymmetry. Cogn. Affect. Behav. 
Neurosci. 19 (3), 759–777. https://doi.org/10.3758/s13415-019-00693-4. 

Gratton, G., 2018. Brain reflections: a circuit-based framework for understanding 
information processing and cognitive control. Psychophysiology 55 (3). https://doi. 
org/10.1111/psyp.13038. 

Hirsh, J.B., Inzlicht, M., 2010. Error-related negativity predicts academic performance. 
Psychophysiology 47 (1), 192–196. https://doi.org/10.1111/j.1469- 
8986.2009.00877.x. 

Houthoofd, S., Morrens, M., Sabbe, B., Schrijvers, D., Vandendriessche, F., Hulstijn, W., 
de Bruijn, E.R., 2013. Trait and state aspects of internal and external performance 

monitoring in schizophrenia. Int. J. Psychophysiol. 87 (1), 42–51. https://doi.org/ 
10.1016/j.ijpsycho.2012.10.016. 

Huddy, V.C., Hodgson, T.L., Ron, M.A., Barnes, T.R., Joyce, E.M., 2011. Abnormal 
negative feedback processing in first episode schizophrenia: evidence from an 
oculomotor rule switching task. Psychol. Med. 41 (9), 1805–1814. https://doi.org/ 
10.1017/S0033291710002527. 

Insel, T.R., 2010. Rethinking schizophrenia. Nature 468 (7321), 187–193. https://doi. 
org/10.1038/nature09552. 

Jentzsch, I., Dudschig, C., 2009. Why do we slow down after an error? Mechanisms 
underlying the effects of posterror slowing. Q. J. Exp. Psychol. (Hove) 62 (2), 
209–218. https://doi.org/10.1080/17470210802240655. 

Kahn, R.S., Keefe, R.S., 2013. Schizophrenia is a cognitive illness: time for a change in 
focus. JAMA Psychiatry 70 (10), 1107–1112. https://doi.org/10.1001/ 
jamapsychiatry.2013.155. 

Kahn, R.S., Sommer, I.E., Murray, R.M., Meyer-Lindenberg, A., Weinberger, D.R., 
Cannon, T.D., O’Donovan, M., Correll, C.U., Kane, J.M., van Os, J., Insel, T.R., 2015. 
Schizophrenia. Nat. Rev. Dis. Primers 1, 15067. https://doi.org/10.1038/ 
nrdp.2015.67. 

Kansal, V., Patriciu, I., Kiang, M., 2014. Illness insight and neurophysiological error- 
processing deficits in schizophrenia. Schizophr. Res. 156 (1), 122–127. https://doi. 
org/10.1016/j.schres.2014.03.023. 

Kerns, J.G., Nuechterlein, K.H., Braver, T.S., Barch, D.M., 2008. Executive functioning 
component mechanisms and schizophrenia. Biol. Psychiatry 64 (1), 26–33. https:// 
doi.org/10.1016/j.biopsych.2008.04.027. 

Kirschner, H., Humann, J., Derrfuss, J., Danielmeier, C., Ullsperger, M., 2020. Neural and 
behavioral traces of error awareness. Cogn. Affect. Behav. Neurosci. https://doi.org/ 
10.3758/s13415-020-00838-w. 

Klein, T.A., Ullsperger, M., Danielmeier, C., 2013. Error awareness and the insula: links 
to neurological and psychiatric diseases. Front. Hum. Neurosci. 7, 14. https://doi. 
org/10.3389/fnhum.2013.00014. 

Kopp, B., Rist, F., 1999. An event-related brain potential substrate of disturbed response 
monitoring in paranoid schizophrenic patients. J. Abnorm. Psychol. 108 (2), 
337–346. https://doi.org/10.1037/0021-843x.108.2.337. 

Krawitz, A., Braver, T.S., Barch, D.M., Brown, J.W., 2011. Impaired error-likelihood 
prediction in medial prefrontal cortex in schizophrenia [Article]. NeuroImage 54 (2), 
1506–1517. https://doi.org/10.1016/j.neuroimage.2010.09.027. 

Kubota, M., van Haren, N.E., Haijma, S.V., Schnack, H.G., Cahn, W., Hulshoff Pol, H.E., 
Kahn, R.S., 2015. Association of IQ changes and progressive brain changes in 
patients with schizophrenia. JAMA Psychiatry 72 (8), 803–812. https://doi.org/ 
10.1001/jamapsychiatry.2015.0712. 

Larson, M.J., Clayson, P.E., 2011. The relationship between cognitive performance and 
electrophysiological indices of performance monitoring. Cogn. Affect. Behav. 
Neurosci. 11 (2), 159–171. https://doi.org/10.3758/s13415-010-0018-6. 

Laurens, K.R., Ngan, E.T., Bates, A.T., Kiehl, K.A., Liddle, P.F., 2003. Rostral anterior 
cingulate cortex dysfunction during error processing in schizophrenia. Brain 126 (Pt 
3), 610–622. https://doi.org/10.1093/brain/awg056. 

Leucht, S., Samara, M., Heres, S., Davis, J.M., 2016. Dose equivalents for antipsychotic 
drugs: the DDD method. Schizophr. Bull. 42 (Suppl. 1), S90–94. https://doi.org/ 
10.1093/schbul/sbv167. 

Llerena, K., Wynn, J.K., Hajcak, G., Green, M.F., Horan, W.P., 2016. Patterns and 
reliability of EEG during error monitoring for internal versus external feedback in 
schizophrenia [Article]. Int. J. Psychophysiol. 105, 39–46. https://doi.org/10.1016/ 
j.ijpsycho.2016.04.012. 

Makeig, S., Westerfield, M., Jung, T.P., Enghoff, S., Townsend, J., Courchesne, E., 
Sejnowski, T.J., 2002. Dynamic brain sources of visual evoked responses. Science 
295 (5555), 690–694. https://doi.org/10.1126/science.1066168. 

Martin, E.A., McCleery, A., Moore, M.M., Wynn, J.K., Green, M.F., Horan, W.P., 2018. 
ERP indices of performance monitoring and feedback processing in psychosis: a 
meta-analysis. Int. J. Psychophysiol. 132 (Pt B), 365–378. https://doi.org/10.1016/ 
j.ijpsycho.2018.08.004. 

Mathalon, D.H., Fedor, M., Faustman, W.O., Gray, M., Askari, N., Ford, J.M., 2002. 
Response-monitoring dysfunction in schizophrenia: an event-related brain potential 
study. J. Abnorm. Psychol. 111 (1), 22–41. https://doi.org/10.1037/0021- 
843X.111.1.22. 

McLoughlin, G., Gyurkovics, M., Palmer, J., Makeig, S., 2021. Midfrontal theta activity in 
psychiatric illness: an index of cognitive vulnerabilities across disorders. Biol. 
Psychiatry. https://doi.org/10.1016/j.biopsych.2021.08.020. 

Meyer, A., Nelson, B., Perlman, G., Klein, D.N., Kotov, R., 2018. A neural biomarker, the 
error-related negativity, predicts the first onset of generalized anxiety disorder in a 
large sample of adolescent females. J. Child Psychol. Psychiatry 59 (11), 1162–1170. 
https://doi.org/10.1111/jcpp.12922. 

Miller, T.J., McGlashan, T.H., Rosen, J.L., Cadenhead, K., Cannon, T., Ventura, J., 
McFarlane, W., Perkins, D.O., Pearlson, G.D., Woods, S.W., 2003. Prodromal 
assessment with the structured interview for prodromal syndromes and the scale of 
prodromal symptoms: predictive validity, interrater reliability, and training to 
reliability. Schizophr. Bull. 29 (4), 703–715. https://doi.org/10.1093/ 
oxfordjournals.schbul.a007040. 

Miller, A.E., Watson, J.M., Strayer, D.L., 2012. Individual differences in working memory 
capacity predict action monitoring and the error-related negativity. J. Exp. Psychol. 
Learn. Mem. Cogn. 38 (3), 757–763. https://doi.org/10.1037/a0026595. 

Miltner, W.H., Braun, C.H., Coles, M.G., 1997. Event-related brain potentials following 
incorrect feedback in a time-estimation task: evidence for a “generic” neural system 
for error detection. J. Cogn. Neurosci. 9 (6), 788–798. https://doi.org/10.1162/ 
jocn.1997.9.6.788. 

Minzenberg, M.J., Laird, A.R., Thelen, S., Carter, C.S., Glahn, D.C., 2009. Meta-analysis 
of 41 functional neuroimaging studies of executive function in schizophrenia. Arch. 

H. Kirschner and T.A. Klein                                                                                                                                                                                                                  

https://doi.org/10.1523/JNEUROSCI.3286-05.2005
https://doi.org/10.3758/s13428-021-01673-8
https://doi.org/10.1016/j.biopsycho.2018.11.001
https://doi.org/10.1016/j.biopsycho.2018.11.001
https://doi.org/10.1016/j.jmp.2012.04.001
https://doi.org/10.1016/j.jmp.2012.04.001
https://doi.org/10.1176/appi.ajp.2008.07101562
https://doi.org/10.1176/appi.ajp.2008.07101562
https://doi.org/10.1111/j.1460-9568.2007.05785.x
https://doi.org/10.1016/0013-4694(91)90062-9
https://doi.org/10.1016/0013-4694(91)90062-9
https://doi.org/10.1016/s0301-0511(99)00031-9
https://doi.org/10.1016/j.neuron.2013.07.006
https://doi.org/10.1038/srep24435
https://doi.org/10.1111/psyp.12863
https://doi.org/10.1038/s41467-018-07456-8
https://doi.org/10.1038/s41467-018-07456-8
https://doi.org/10.1016/j.biopsych.2012.01.007
https://doi.org/10.1037/a0032618
https://doi.org/10.1016/j.schres.2016.05.009
https://doi.org/10.1016/j.schres.2016.05.009
https://doi.org/10.1017/S0033291720000768
https://doi.org/10.1017/S0033291720000768
https://doi.org/10.1016/j.tics.2021.03.011
https://doi.org/10.1016/j.tics.2021.03.011
https://doi.org/10.1016/j.neuron.2018.11.016
https://doi.org/10.1016/j.neuron.2018.11.016
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1016/j.clinph.2004.03.013
https://doi.org/10.1016/j.clinph.2004.03.013
https://doi.org/10.1111/j.1467-9280.1993.tb00586.x
https://doi.org/10.1111/j.1467-9280.1993.tb00586.x
https://doi.org/10.3758/s13415-019-00693-4
https://doi.org/10.1111/psyp.13038
https://doi.org/10.1111/psyp.13038
https://doi.org/10.1111/j.1469-8986.2009.00877.x
https://doi.org/10.1111/j.1469-8986.2009.00877.x
https://doi.org/10.1016/j.ijpsycho.2012.10.016
https://doi.org/10.1016/j.ijpsycho.2012.10.016
https://doi.org/10.1017/S0033291710002527
https://doi.org/10.1017/S0033291710002527
https://doi.org/10.1038/nature09552
https://doi.org/10.1038/nature09552
https://doi.org/10.1080/17470210802240655
https://doi.org/10.1001/jamapsychiatry.2013.155
https://doi.org/10.1001/jamapsychiatry.2013.155
https://doi.org/10.1038/nrdp.2015.67
https://doi.org/10.1038/nrdp.2015.67
https://doi.org/10.1016/j.schres.2014.03.023
https://doi.org/10.1016/j.schres.2014.03.023
https://doi.org/10.1016/j.biopsych.2008.04.027
https://doi.org/10.1016/j.biopsych.2008.04.027
https://doi.org/10.3758/s13415-020-00838-w
https://doi.org/10.3758/s13415-020-00838-w
https://doi.org/10.3389/fnhum.2013.00014
https://doi.org/10.3389/fnhum.2013.00014
https://doi.org/10.1037/0021-843x.108.2.337
https://doi.org/10.1016/j.neuroimage.2010.09.027
https://doi.org/10.1001/jamapsychiatry.2015.0712
https://doi.org/10.1001/jamapsychiatry.2015.0712
https://doi.org/10.3758/s13415-010-0018-6
https://doi.org/10.1093/brain/awg056
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1016/j.ijpsycho.2016.04.012
https://doi.org/10.1016/j.ijpsycho.2016.04.012
https://doi.org/10.1126/science.1066168
https://doi.org/10.1016/j.ijpsycho.2018.08.004
https://doi.org/10.1016/j.ijpsycho.2018.08.004
https://doi.org/10.1037/0021-843X.111.1.22
https://doi.org/10.1037/0021-843X.111.1.22
https://doi.org/10.1016/j.biopsych.2021.08.020
https://doi.org/10.1111/jcpp.12922
https://doi.org/10.1093/oxfordjournals.schbul.a007040
https://doi.org/10.1093/oxfordjournals.schbul.a007040
https://doi.org/10.1037/a0026595
https://doi.org/10.1162/jocn.1997.9.6.788
https://doi.org/10.1162/jocn.1997.9.6.788


Neuroscience and Biobehavioral Reviews 133 (2022) 104504

9

Gen. Psychiatry 66 (8), 811–822. https://doi.org/10.1001/ 
archgenpsychiatry.2009.91. 

Morris, S.E., Yee, C.M., Nuechterlein, K.H., 2006. Electrophysiological analysis of error 
monitoring in schizophrenia [Article]. J. Abnorm. Psychol. 115 (2), 239–250. 
https://doi.org/10.1037/0021-843X.115.2.239. 

Morris, S.E., Heerey, E.A., Gold, J.M., Holroyd, C.B., 2008. Learning-related changes in 
brain activity following errors and performance feedback in schizophrenia. 
Schizophr. Res. 99 (1–3), 274–285. https://doi.org/10.1016/j.schres.2007.08.027. 

Morris, S.E., Holroyd, C.B., Mann-Wrobel, M.C., Gold, J.M., 2011. Dissociation of 
response and feedback negativity in schizophrenia: electrophysiological and 
computational evidence for a deficit in the representation of value [Article]. Front. 
Hum. Neurosci. 5 (OCTOBER), 123. https://doi.org/10.3389/fnhum.2011.00123. 

Murphy, P.R., Robertson, I.H., Allen, D., Hester, R., O’Connell, R.G., 2012. An 
electrophysiological signal that precisely tracks the emergence of error awareness. 
Front. Hum. Neurosci. 6, 65. https://doi.org/10.3389/fnhum.2012.00065. 

Narayanan, N.S., Cavanagh, J.F., Frank, M.J., Laubach, M., 2013. Common medial 
frontal mechanisms of adaptive control in humans and rodents. Nat. Neurosci. 16 
(12), 1888–1895. https://doi.org/10.1038/nn.3549. 

Nordahl, T.E., Carter, C.S., Salo, R.E., Kraft, L., Baldo, J., Salamat, S., Robertson, L., 
Kusubov, N., 2001. Anterior cingulate metabolism correlates with Stroop errors in 
paranoid schizophrenia patients [Article]. Neuropsychopharmacology 25 (1), 
139–148. https://doi.org/10.1016/S0893-133X(00)00239-6. 

Notebaert, W., Houtman, F., Opstal, F.V., Gevers, W., Fias, W., Verguts, T., 2009. Post- 
error slowing: an orienting account. Cognition 111 (2), 275–279. https://doi.org/ 
10.1016/j.cognition.2009.02.002. 

Olvet, D.M., Hajcak, G., 2008. The error-related negativity (ERN) and psychopathology: 
toward an endophenotype [Review]. Clin. Psychol. Rev. 28 (8), 1343–1354. https:// 
doi.org/10.1016/j.cpr.2008.07.003. 

Perez, V.B., Ford, J.M., Roach, B.J., Woods, S.W., McGlashan, T.H., Srihari, V.H., 
Loewy, R.L., Vinogradov, S., Mathalon, D.H., 2012. Error monitoring dysfunction 
across the illness course of schizophrenia [Article]. J. Abnorm. Psychol. 121 (2), 
372–387. https://doi.org/10.1037/a0025487. 

Polich, J., 2007. Updating P300: an integrative theory of P3a and P3b. Clin. 
Neurophysiol. 118 (10), 2128–2148. https://doi.org/10.1016/j.clinph.2007.04.019. 

Polli, F.E., Barton, J.J., Vangel, M., Goff, D.C., Iguchi, L., Manoach, D.S., 2006. 
Schizophrenia patients show intact immediate error-related performance 
adjustments on an antisaccade task. Schizophr. Res. 82 (2–3), 191–201. https://doi. 
org/10.1016/j.schres.2005.10.003. 

Polli, F.E., Barton, J.J., Thakkar, K.N., Greve, D.N., Goff, D.C., Rauch, S.L., Manoach, D. 
S., 2008. Reduced error-related activation in two anterior cingulate circuits is related 
to impaired performance in schizophrenia. Brain 131 (Pt 4), 971–986. https://doi. 
org/10.1093/brain/awm307. 

Reichenberg, A., Harvey, P.D., Bowie, C.R., Mojtabai, R., Rabinowitz, J., Heaton, R.K., 
Bromet, E., 2009. Neuropsychological function and dysfunction in schizophrenia and 
psychotic affective disorders. Schizophr. Bull. 35 (5), 1022–1029. https://doi.org/ 
10.1093/schbul/sbn044. 

Reinhart, R.M.G., 2017. Disruption and rescue of interareal theta phase coupling and 
adaptive behavior. Proc. Natl. Acad. Sci. U. S. A. 114 (43), 11542–11547. https:// 
doi.org/10.1073/pnas.1710257114. 

Reinhart, R.M., Zhu, J., Park, S., Woodman, G.F., 2015a. Medial-frontal stimulation 
enhances learning in schizophrenia by restoring prediction error signaling. 
J. Neurosci. 35 (35), 12232–12240. https://doi.org/10.1523/JNEUROSCI.1717- 
15.2015. 

Reinhart, R.M., Zhu, J., Park, S., Woodman, G.F., 2015b. Synchronizing theta oscillations 
with direct-current stimulation strengthens adaptive control in the human brain. 
Proc. Natl. Acad. Sci. U. S. A. 112 (30), 9448–9453. https://doi.org/10.1073/ 
pnas.1504196112. 

Ridderinkhof, K.R., Ullsperger, M., Crone, E.A., Nieuwenhuis, S., 2004. The role of the 
medial frontal cortex in cognitive control. Science 306 (5695), 443–447. https://doi. 
org/10.1126/science.1100301. 

Riesel, A., 2019. The erring brain: error-related negativity as an endophenotype for OCD- 
a review and meta-analysis. Psychophysiology 56 (4), e13348. https://doi.org/ 
10.1111/psyp.13348. 

Roffman, J.L., Nitenson, A.Z., Agam, Y., Isom, M., Friedman, J.S., Dyckman, K.A., 
Brohawn, D.G., Smoller, J.W., Goff, D.C., Manoach, D.S., 2011. A hypomethylating 
variant of MTHFR, 677C&T, blunts the neural response to errors in patients with 
schizophrenia and healthy individuals [Article]. PLoS One 6 (9), e25253. https:// 
doi.org/10.1371/journal.pone.0025253. 

Rouy, M., Saliou, P., Nalborczyk, L., Pereira, M., Roux, P., Faivre, N., 2021. Systematic 
review and meta-analysis of metacognitive abilities in individuals with 
schizophrenia spectrum disorders. Neurosci. Biobehav. Rev. 126, 329–337. https:// 
doi.org/10.1016/j.neubiorev.2021.03.017. 

Ryman, S.G., Cavanagh, J.F., Wertz, C.J., Shaff, N.A., Dodd, A.B., Stevens, B., Ling, J., 
Yeo, R.A., Hanlon, F.M., Bustillo, J., Stromberg, S.F., Lin, D.S., Abrams, S., Mayer, A. 

R., 2018. Impaired midline theta power and connectivity during proactive cognitive 
control in schizophrenia. Biol. Psychiatry 84 (9), 675–683. https://doi.org/10.1016/ 
j.biopsych.2018.04.021. 

Senkowski, D., Gallinat, J., 2015. Dysfunctional prefrontal gamma-band oscillations 
reflect working memory and other cognitive deficits in schizophrenia. Biol. 
Psychiatry 77 (12), 1010–1019. https://doi.org/10.1016/j.biopsych.2015.02.034. 

Simmonite, M., Bates, A.T., Groom, M.J., Jackson, G.M., Hollis, C., Liddle, P.F., 2012. 
Error processing-associated event-related potentials in schizophrenia and unaffected 
siblings. Int. J. Psychophysiol. 84 (1), 74–79. https://doi.org/10.1016/j. 
ijpsycho.2012.01.012. 

Spencer, K.M., Salisbury, D.F., Shenton, M.E., McCarley, R.W., 2008. Gamma-band 
auditory steady-state responses are impaired in first episode psychosis. Biol. 
Psychiatry 64 (5), 369–375. https://doi.org/10.1016/j.biopsych.2008.02.021. 

Stern, E.R., Welsh, R.C., Fitzgerald, K.D., Taylor, S.F., 2009. Topographic analysis of 
individual activation patterns in medial frontal cortex in schizophrenia. Hum. Brain 
Mapp. 30 (7), 2146–2156. https://doi.org/10.1002/hbm.20657. 

Storchak, H., Ehlis, A.C., Fallgatter, A.J., 2021. Action-monitoring alterations as 
indicators of predictive deficits in schizophrenia. Top. Cogn. Sci. 13 (1), 142–163. 
https://doi.org/10.1111/tops.12495. 

Strassnig, M.T., Raykov, T., O’Gorman, C., Bowie, C.R., Sabbag, S., Durand, D., 
Patterson, T.L., Pinkham, A., Penn, D.L., Harvey, P.D., 2015. Determinants of 
different aspects of everyday outcome in schizophrenia: the roles of negative 
symptoms, cognition, and functional capacity. Schizophr. Res. 165 (1), 76–82. 
https://doi.org/10.1016/j.schres.2015.03.033. 

Uhlhaas, P.J., Singer, W., 2010. Abnormal neural oscillations and synchrony in 
schizophrenia. Nat. Rev. Neurosci. 11 (2), 100–113. https://doi.org/10.1038/ 
nrn2774. 

Ullsperger, M., Danielmeier, C., Jocham, G., 2014a. Neurophysiology of performance 
monitoring and adaptive behavior. Physiol. Rev. 94 (1), 35–79. https://doi.org/ 
10.1152/physrev.00041.2012. 

Ullsperger, M., Fischer, A.G., Nigbur, R., Endrass, T., 2014b. Neural mechanisms and 
temporal dynamics of performance monitoring. Trends Cogn. Sci. 18 (5), 259–267. 
https://doi.org/10.1016/j.tics.2014.02.009. 

van Haren, N.E., Schnack, H.G., Cahn, W., van den Heuvel, M.P., Lepage, C., Collins, L., 
Evans, A.C., Hulshoff Pol, H.E., Kahn, R.S., 2011. Changes in cortical thickness 
during the course of illness in schizophrenia. Arch. Gen. Psychiatry 68 (9), 871–880. 
https://doi.org/10.1001/archgenpsychiatry.2011.88. 

van Noordt, S.J., Segalowitz, S.J., 2012. Performance monitoring and the medial 
prefrontal cortex: a review of individual differences and context effects as a window 
on self-regulation. Front. Hum. Neurosci. 6, 197. https://doi.org/10.3389/ 
fnhum.2012.00197. 

Van Noordt, S.J., Campopiano, A., Segalowitz, S.J., 2016. A functional classification of 
medial frontal negativity ERPs: theta oscillations and single subject effects. 
Psychophysiology 53 (9), 1317–1334. https://doi.org/10.1111/psyp.12689. 

Ventura, J., Hellemann, G.S., Thames, A.D., Koellner, V., Nuechterlein, K.H., 2009. 
Symptoms as mediators of the relationship between neurocognition and functional 
outcome in schizophrenia: a meta-analysis. Schizophr. Res. 113 (2–3), 189–199. 
https://doi.org/10.1016/j.schres.2009.03.035. 

Vidal, F., Hasbroucq, T., Grapperon, J., Bonnet, M., 2000. Is the ‘error negativity’ specific 
to errors? Biol. Psychol. 51 (2–3), 109–128. https://doi.org/10.1016/s0301-0511 
(99)00032-0. 

Voegler, R., Becker, M.P., Nitsch, A., Miltner, W.H., Straube, T., 2016. Aberrant network 
connectivity during error processing in patients with schizophrenia [Article]. 
J. Psychiatry Neurosci. 41 (2), E3–E12. https://doi.org/10.1503/jpn.150092. 

von Stein, A., Chiang, C., Konig, P., 2000. Top-down processing mediated by interareal 
synchronization. Proc. Natl. Acad. Sci. U. S. A. 97 (26), 14748–14753. https://doi. 
org/10.1073/pnas.97.26.14748. 

Walsh, M.M., Anderson, J.R., 2012. Learning from experience: event-related potential 
correlates of reward processing, neural adaptation, and behavioral choice. Neurosci. 
Biobehav. Rev. 36 (8), 1870–1884. https://doi.org/10.1016/j. 
neubiorev.2012.05.008. 

Weinberg, A., Dieterich, R., Riesel, A., 2015. Error-related brain activity in the age of 
RDoC: a review of the literature. Int. J. Psychophysiol. 98 (2 Pt 2), 276–299. https:// 
doi.org/10.1016/j.ijpsycho.2015.02.029. 

Wessel, J.R., 2018. An adaptive orienting theory of error processing. Psychophysiology 
55 (3). https://doi.org/10.1111/psyp.13041. 

Whitton, A.E., Treadway, M.T., Pizzagalli, D.A., 2015. Reward processing dysfunction in 
major depression, bipolar disorder and schizophrenia. Curr. Opin. Psychiatry 28 (1), 
7–12. https://doi.org/10.1097/YCO.0000000000000122. 

Womelsdorf, T., Schoffelen, J.M., Oostenveld, R., Singer, W., Desimone, R., Engel, A.K., 
Fries, P., 2007. Modulation of neuronal interactions through neuronal 
synchronization. Science 316 (5831), 1609–1612. https://doi.org/10.1126/ 
science.1139597. 

H. Kirschner and T.A. Klein                                                                                                                                                                                                                  

https://doi.org/10.1001/archgenpsychiatry.2009.91
https://doi.org/10.1001/archgenpsychiatry.2009.91
https://doi.org/10.1037/0021-843X.115.2.239
https://doi.org/10.1016/j.schres.2007.08.027
https://doi.org/10.3389/fnhum.2011.00123
https://doi.org/10.3389/fnhum.2012.00065
https://doi.org/10.1038/nn.3549
https://doi.org/10.1016/S0893-133X(00)00239-6
https://doi.org/10.1016/j.cognition.2009.02.002
https://doi.org/10.1016/j.cognition.2009.02.002
https://doi.org/10.1016/j.cpr.2008.07.003
https://doi.org/10.1016/j.cpr.2008.07.003
https://doi.org/10.1037/a0025487
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1016/j.schres.2005.10.003
https://doi.org/10.1016/j.schres.2005.10.003
https://doi.org/10.1093/brain/awm307
https://doi.org/10.1093/brain/awm307
https://doi.org/10.1093/schbul/sbn044
https://doi.org/10.1093/schbul/sbn044
https://doi.org/10.1073/pnas.1710257114
https://doi.org/10.1073/pnas.1710257114
https://doi.org/10.1523/JNEUROSCI.1717-15.2015
https://doi.org/10.1523/JNEUROSCI.1717-15.2015
https://doi.org/10.1073/pnas.1504196112
https://doi.org/10.1073/pnas.1504196112
https://doi.org/10.1126/science.1100301
https://doi.org/10.1126/science.1100301
https://doi.org/10.1111/psyp.13348
https://doi.org/10.1111/psyp.13348
https://doi.org/10.1371/journal.pone.0025253
https://doi.org/10.1371/journal.pone.0025253
https://doi.org/10.1016/j.neubiorev.2021.03.017
https://doi.org/10.1016/j.neubiorev.2021.03.017
https://doi.org/10.1016/j.biopsych.2018.04.021
https://doi.org/10.1016/j.biopsych.2018.04.021
https://doi.org/10.1016/j.biopsych.2015.02.034
https://doi.org/10.1016/j.ijpsycho.2012.01.012
https://doi.org/10.1016/j.ijpsycho.2012.01.012
https://doi.org/10.1016/j.biopsych.2008.02.021
https://doi.org/10.1002/hbm.20657
https://doi.org/10.1111/tops.12495
https://doi.org/10.1016/j.schres.2015.03.033
https://doi.org/10.1038/nrn2774
https://doi.org/10.1038/nrn2774
https://doi.org/10.1152/physrev.00041.2012
https://doi.org/10.1152/physrev.00041.2012
https://doi.org/10.1016/j.tics.2014.02.009
https://doi.org/10.1001/archgenpsychiatry.2011.88
https://doi.org/10.3389/fnhum.2012.00197
https://doi.org/10.3389/fnhum.2012.00197
https://doi.org/10.1111/psyp.12689
https://doi.org/10.1016/j.schres.2009.03.035
https://doi.org/10.1016/s0301-0511(99)00032-0
https://doi.org/10.1016/s0301-0511(99)00032-0
https://doi.org/10.1503/jpn.150092
https://doi.org/10.1073/pnas.97.26.14748
https://doi.org/10.1073/pnas.97.26.14748
https://doi.org/10.1016/j.neubiorev.2012.05.008
https://doi.org/10.1016/j.neubiorev.2012.05.008
https://doi.org/10.1016/j.ijpsycho.2015.02.029
https://doi.org/10.1016/j.ijpsycho.2015.02.029
https://doi.org/10.1111/psyp.13041
https://doi.org/10.1097/YCO.0000000000000122
https://doi.org/10.1126/science.1139597
https://doi.org/10.1126/science.1139597

	Beyond a blunted ERN - Biobehavioral correlates of performance monitoring in schizophrenia
	1 General introduction
	1.1 Cognitive deficits in schizophrenia
	1.2 Performance monitoring – a summary
	1.3 Motivation and goals of the current review

	2 Biobehavioral correlates of performance monitoring in schizophrenia
	2.1 Behavioral indices
	2.1.1 General performance indices
	2.1.2 Post-error adjustments

	2.2 EEG correlates
	2.2.1 ERN and Pe – internal performance feedback

	2.3 FRN – external performance feedback
	2.4 Neuroimaging studies – what are the neural underpinnings of the EEG effects?

	3 Discussion and outlook
	3.1 Abnormal neural oscillations in schizophrenia may best explain reduced ERP correlates of internal error processing
	3.2 What’s next?
	3.3 Are effects driven by medication?

	4 Conclusions
	Funding
	Acknowledgements
	Appendix A Supplementary data
	References


