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Abstract

Depression is associated with executive cognitive deficits which are not well explored and treated. Such
deficits have a significant impact on remission and recurrence. To understand the neurocognitive
mechanisms of executive processes, a literature search was conducted using bibliographic databases in
neuroscience and cognitive sciences: PubMed, ScienceDirect, EBSCOhost, and PsyArxiv, combining search
terms: “depression”, “executive functions”, and “specific brain event-related potentials”. The theoretical
review focuses on experiments using electrophysiological techniques, non-invasive tools with high
temporal resolution. Depression shows alterations in brain activity linked with cognition: P3 diminished
amplitudes and prolonged latencies, indicating executive attentional dysfunction; similar activity
characterizes mismatch negativity (MMN), reflecting difficulties for change detection, voluntary effort, and
mental shifting. Besides, depression tends to increase N1 latencies related with discrimination, and
amplitudes of loudness dependence of auditory evoked potentials (LDAEP), suggesting inhibitory control’s
deficits. Regarding feedback processing, the alterations of error-related negativity (ERN), correct response
negativity (CRN), and error positivity (Pe), at anterior cingulate cortex (ACC), and frontal regions, are
related with troubles for error awareness, cognitive control, and error monitoring in depression. Lastly, the
ability to interpret coherently the information value of negative feedback (NF), and a propensity to commit
perseverative and non-perseverative errors, need further investigation. Depressive individuals commit
both errors on more occasions than controls, what seems to relate with fronto-striatal networks’
alterations, producing visual attention deficits and difficulties for inhibiting incoming information. Results
show a variety of brain and executive cognitive components that are impaired under depression, although
further research may clarify controversies resulting from depression heterogeneity and methodology used.
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Introduction

Depression is characterized by behavioural, emotional, affective, social, and cognitive changes. Frequently,
persons suffering from depression report a loss of motivation, sadness, pessimism, hopelessness,
psychomotor retardation, issues with concentration, etc.

From a cognitive perspective, different mental functions seem to be compromised under depression.
Among them: memory, attention, executive functions (EFs), learning, processing speed, language, and
psychomotor functions [1-3]. Furthermore, structural and functional alterations in the brain could be
linked with cognitive deficits under depression [4, 5].

Previous researchers have reported that cognitive deficits are not frequently explored in clinical
settings, and they could continue after remission, affecting people’s performance in their works, academic
tasks, or daily life activities, and having a negative impact on societies’ economy [6-12].

Besides, cognitive deficits could increase the likelihood of suffering another depressive episode [13-
16]. Depression is a major risk factor for suicide [17]. About eight hundred thousand (800,000) people die
as consequence of suicide every year in the world, and it is identified as the second cause of mortality in
adults between 15 and 29 years old [18]. Furthermore, during the last years, suicide is also being
accelerated [19].

In a previous work, we described a randomized experiment to explore the benefits of an exergame-
based intervention on EFs under depression [20]. EFs and executive control processes, are cognitive
functions that play a fundamental role in the etiology and maintenance of depression [6, 21-23].

EFs are related to the ability of organizing information, planning, reasoning, decision-making and
problem-solving. These functions are essential for the daily life activities, academic, and job performance.
When EFs are affected, people frequently struggle to adapt to changes, shifting mindsets, inhibiting and
updating information, or searching for appropriate strategies to deal with a variety of troubles.

People suffering from depression show a wide range of impairments in EFs [24, 25]. These deficits
appear to be related to other psychological alterations, and the maintenance or recurrence of depressive
manifestations [26-30].

From a neuroscientific approach, evoked potential studies using electroencephalographic techniques
try to explore the neural substrate of these alterations and the relationship between the cognitive deficits
and the neural correlates. Evoked potential studies allow researchers to assess brain response associated to
stimulus conditions in a non-invasive and cost-effective way, at a high temporal resolution (time scale of
milliseconds) [31-33]. Event-related potential (ERP) technique consists in registering the brain electrical
activity associated to a sensorial, perceptive, cognitive or motor task using electrodes placed on the scalp,
amplifying the signal, and analysing the changes in voltage, what helps to understand individual neuro-
cognitive processes by associating neuro-electrical potentials with specific events.

Using ERP techniques, a variety of brain components have been associated to depression regarding
EFs. Among them, we can cite the P3 components, the N1 component, the P2 component, the mismatch
negativity (MMN), the error-related negativity (ERN) or the negative feedback (NF). We will briefly
describe the most relevant findings to this respect.

When a person executes a psychological experimental task or a neuropsychological test, components
and subcomponents of different mental domains and subdomains activate simultaneously or sequentially,
perceiving the data, organizing the information, integrating it, and providing an adequate response. Thus,
components from different cognitive systems constantly interact when performing a task (perceptive
systems, memory systems, attentional systems, executive systems, and so forth).

Nonetheless, experimental tasks are specially designed to assess specific functions. They do not allow
to study only one mental domain, but they could be designed to increase the demand for given cognitive
domains, allowing the analysis and exploration of those concrete psychological functions.
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As mentioned before, EFs are related to the ability of organizing information, planning, reasoning,
problem-solving, and decision-making. So, they are considered complex cognitive functions that include
diverse cognitive components: cognitive control, inhibition, mental flexibility, task-switching, working
memory, executive attention, or information updating.

EFs’ deficits in depression have been registered in experimental and clinical settings, showing an
impairment in different cognitive and brain components, that affects recovery after depression.
Nonetheless, the studies about brain activity of EFs under depression show a diversity of results that needs
to be clarified [34-37].

In the current work, we try to organize and review the neural information regarding the executive
deficits associated to depression, increasing our understanding about these processes and helping clinical
and scientific communities to develop more appropriate interventions.

Methods

A keyword search was performed using PubMed (https://pubmed.ncbi.nlm.nih.gov/), ScienceDirect
(https://www.sciencedirect.com/), EBSCOhost (https://www.ebsco.com/), and PsyArxiv (https://osf.io/
preprints/psyarxiv), combining search terms: “depression” AND “executive functions” AND “event-related
potentials” OR specific brain components such as: “P3” OR “P2” OR “N1” OR “MMN” OR “Pe” OR “Error
related negativity” OR “Error processing” OR “Feedback processing”. And it was applied to article topics,
titles, abstracts and keywords. Individual papers were then examined for relevance and for additional
references not revealed by previous searches.

Results
Brain components associated with EFs under depression
P300/P3

Starting by the P300 brain component, a number of studies show decrease P300 amplitudes and prolonged
latency under depression [38-40]. This brain component consists in a positive deflection appearing in an
interval of time between 200 ms and 500 ms after the appearance of a stimulus. It has been extensively
studied using experimental paradigms where unexpected stimuli are being presented among series of
repetitive standard stimuli, such as the classical oddball paradigm. P300 occurs with different types of
stimulus’ modalities: visual, auditory, haptic, etc. And its amplitude and latency seem to be related with the
analysis of a stimulus, information processing, categorization, working memory, and decision making.

The distribution of P3 is frontal, central, and parietal, and it can be divided into two subcomponents
named P3a and P3b. The first one has a fronto-central scalp distribution, it happens earlier than the P3b
subcomponent and is associated with a bottom-up capture of attention or orientation to an unexpected
stimulus presentation. On the other hand, the P3b subcomponent has a centro-parietal scalp distribution, it
is registered 300-500 ms after the target stimulus and reflects a top-down processing linked with
allocation of attentional resources, working memory operations, and decision-making processes.

Most of the studies that explore P300 under depression, analyse P3b through an auditory oddball
paradigm, registering attenuated auditory P3b amplitude and prolonged auditory P3b latency, what could
reflect broad cognitive impairment to process target stimuli, a reduction of the ability to allocate attentional
resources and updating information, and longer periods of time to allocate the sufficient amount of
attentional resources to perform a task, affecting working memory and the decision making process.
Besides, it can be directly associated with a tendency of persons suffering depression to be focus inward, in
place of concentrate on external stimulation.

However, several studies show contradictory results in terms of amplitude and latency of P3 in
depression, and the results are explained due to clinical comorbidities, severity of depression, experimental
design, age, sex and so forth [31].
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In relation with EFs, P300 could also be assessed using tasks with a higher executive demand than the
required to perform the oddball paradigm, such as the Wisconsin Card Sorting Test (WCST), the Stroop
Test, the Trail-Making Test, or the Go/No-Go Test. Behaviourally, frequent deficits linked to depression,
consist in a minor number of categories completed, more errors, and slower processing speed; what could
be related with the differences in amplitude and latency observed in P3 under depression, but further
investigation is required [41].

Although it was not possible to find studies on depression, P3 and executive cognitive components,
some experiments have explored the P3 brain components using the WCST, and they registered an
association between P3 and error processing during decision making tasks, and also observed that the
updating of attentional set, or set shifting, could be understood as a modulatory source of the P3b response
[42, 43].

However, further research is required to understand better the role of the executive domains and P3
activity, and how it could be related with depression.

N100/N1, P200/P2, loudness dependence of auditory evoked potentials (LDAEP)

Different from P3, the N100 or N1 brain component, is not modality-independent. Thus, we can observe
several differences in auditory N1 component versus the visual N1 component.

The visual N1 has diverse subcomponents. Earliest subcomponent peaks 100-150 ms after the
appearance of stimulus and it is registered at anterior electrodes. Otherwise, the others N1 subcomponents
peak later, around 150-200 ms post stimulus at posterior sites: parietal cortex and occipital cortex, and
they are associated with attention and discriminative processing.

Concerning the auditory N1, it has also subcomponents. Among them, we can find a frontocentral
component peaking around 75 ms, a central subcomponent peaking around 100 ms, and a lateral
component peaking at 150 ms. These subcomponents seem to be related with attention too.

Regarding depression, studies frequently focus on auditory N1 component assessed through the
oddball paradigm. The main reason to concentrate in auditory processing appears to be that primary
auditory cortex receives many projections from neurons using a neurotransmitter closely linked to
depression: serotonin [44, 45].

Neurotransmitters modulate ERPs, and ERPs’ studies show higher latency and lower amplitude in N1
under depressive conditions [46]. In addition, there are studies which identify a relationship between N1
and P3 components in depression. Increase in N1 latencies is associated with a decrease in P3 amplitude,
what could affect discrimination and information processing. And alteration in attention and perception is
likely to affect later cognitive processes related to updating of new information in working memory [46-
48].

Besides, a specific feature of auditory processing is being studied in the last years. It refers to the
relationship between the N1 and P2 components. P2 component is associated with pre-attentive auditory
responses. The change in amplitude of the auditory N1/P2 component (difference between N1 and P2) in
response to diverse stimulus intensities, also named LDAEP (loudness dependence of auditory evoked
potentials), seems to be and indirect indicator of central nervous system serotonin function [44].

Nonetheless, results were inconsistent concerning LDAEP in depression. Studies comparing LDAEP
between depressed persons and non-depressed controls show an increase LDAEP in depressed in some
cases, a decrease in other cases, or no differences between groups. Reasons could be related with
heterogeneity of depression, experimental designs, or the complexity of the physiology of depression.
Although serotoninergic dysfunction in the central nervous system is considered to be one of the major
organic pathophysiological factors of depression, further neurotransmitters are implicated in depression,
such as dopamine, glutamate or noradrenaline among others.

Additionally, we can find a variety of procedures for measuring LDAEP that have been used in the
experiments. Often, LDAEP is defined as an amplitude change in the auditory N1/P2 component in response
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to a diversity of stimulus intensities, as we have previously mentioned. But LDAEP could also be measured
as amplitude change in N1, P1, P2 and P1/N1 component in response to stimulus intensities [31].

From a cognitive-behavioural perspective, N1 and P2 are not only associated with pre-attentive and
discriminative functions, but also with EFs. Poor performance of No-go in Go/No-go paradigms (related to
EFs, specifically with inhibitory control), could be associated with low serotonin function. As mentioned
before, LDAEP could work as an indirect indicator of serotonin levels, higher LDAEP is linked to low
serotonin. In fact, impulsive persons show stronger LDAEP, difficulties controlling the inhibitory response
for No-go trials, and higher emotional sensitivity associated with depressive states [49, 50].

But further research is needed to clarify the variety of results in LDAEP in relation with depression, and
whether inhibitory control is directly related with N1/P2 or it is the result of the effect of attentional
deficits on other components.

Mismatch negativity (MMN)

Continuing with the auditory response, it is relevant to mention the MMN. This brain component consists in
a negative wave that use to peak between 150-250 ms, at central and fronto-central locus, after the
presence of an occasional, deviant, or mismatching stimulus, appearing in a succession of identical stimuli
(e.g., a sequence of 800-Hz tones and occasionally 1,300-Hz tones).

The MMN is considered an automatic brain response elicited even when the person is not involved
actively in the auditory task, but listening the sounds while performing another activity, such as reading. In
addition, MMN can also be registered under other sensory modalities (i.e., somatosensory, olfactory, visual
modality or even in audio-visual tasks) [51-53].

Although some studies have claimed that the MMN is not different from the N1 wave, and they consider
the MMN response a product of a posterior subcomponent of N1 peaking around 85 ms (“N1p”) and an
anterior subcomponent of N1, peaking about 150 ms after stimulus (“N1a”) [54], extensive research seems
to demonstrate that MMN must be considered a differentiate component from N1 due to several facts.

First, the MMN latency and duration do not match the latency and duration of N1a; secondly, the MMN
response could be elicited by deviants that do not produce N1 response; third, when an experiment
presents a repeated sequence of tones increasing or decreasing in frequency (standards), a different MMN
response could be registered, even if the settings do not allow the adaptation of N1-generating neurons that
appears with deviants occurring in a sequence of similar-frequency repetitive stimuli.

Then, the MMN scalp distribution and generator locus are different from those of N1a. Auditory-
cortical N1 subcomponents show larger amplitude on the hemisphere contra-lateral to the stimulated ear,
while the MMN changes due to frequency, duration, and intensity of stimuli, are right-hemispheric
predominant. Moreover, the MMN has a second main generator in the frontal lobes, with higher amplitudes
at these sites, that cannot be observed in N1a topography.

Lately, an important difference between MMN and N1 components, concerns the effects on N1a after
experimental changes, which do not mimic the effects on the MMN response. It has been explored analysing
diverse effects of pharmacological interventions on N1 and MMN, or how certain lesions may eliminate the
MMN but do not affect the N1 activity [55].

Regarding the MMN functions, this automatic brain response is considered a pre-attentive index of
deviance detection occurring not only when the person is concentrated in the task, but also when subjects
perform another activity that is not related with the auditory stimulus or another passive task [56].

It has been stated that brain may elicit MMN because it can recognize a distinct stimulation. Thus,
information has been previously stored in sensory memory, and a deviant stimulus is being compared with
the other sounds. Then, the brain, cognitive, and perceptive systems, can detect the discrepancy between
the neural representation of the regular stimuli and the representation of the given mismatch stimulus,
producing the MMN [57]. Thus, MMN could be considered an index of change detection occurring
unintentionally and automatically, and also, an index associated with auditory sensory memory.
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However, the auditory memory cannot be understood as a unique process, but rather as a domain
including several processes. In regard to MMN, at least four steps can be identified: (1) analysis,
categorization and classification of incoming input, (2) integration of information into a logical model, (3)
predictions about future stimulations based on the built model, and (4) comparison of representation,
between previous organized and stored information, with new information [58].

Additionally, some authors assert that the MMN could be described as a stage of the distraction effect
or the involuntary capture of attention, where the sound that violates expectations trigger initially a MMN,
then, in a second stage, P3 reflects the orientation of attention toward the unexpected stimulus, and finally,
the reorienting negativity (RON) response appears, a negative wave occurring 500 ms after stimulus, linked
to the turning attention back to the primary task [59, 60].

Nonetheless, some studies have reported contradictory results, showing that N1/MMN, P3a and RON
do not form a coupled chain reflecting the three stages of auditory distraction. Indeed, P3 could appear
without eliciting MMN and consequently RON response [61].

About EFs, MMN appears to be not only related with an automatic pre-attentive response or an
involuntary capture of attention by deviant auditory stimuli, but also with a voluntary effort related to
attention switching or mental shift.

Previous experiments have reported that the MMN originates from auditory cortex on the
supratemporal region and have at least two sources. One in the right lateral temporal cortex and another in
the right frontal cortex [62]. The prefrontal cortex has a relevant role in controlling the direction of
attention, so it could represent the initiation of the involuntary orienting of attention to a previous detected
changed by the auditory-cortex MMN. Thus, the prefrontal activation of MMN, occurring later than the
temporal source of MMN, could be understood as a process of attention switching [63].

However, Toyomaki et al. [64] found a correlation between low MMN amplitude and poor EFs
performance in schizophrenia patients, using non-auditory tasks, specifically using the WCST, the Trail
Making Test, and the Stroop Test to assess cognitive control, cognitive witching, and response inhibition.
And they concluded that the frontal component of the MMN may be associated with conscious perception of
attention switch to stimulus change.

Future research needs to clarify whether the frontal source of MMN is related with a voluntary or an
involuntary process, associated exclusively with attention or also with executive domains and other
networks.

Respecting depression, a recent meta-analysis including 13 studies out of 438, based on auditory
paradigms, has shown that amplitude and latency of MMN regarding duration but not frequency deviants,
were significantly impaired under depression in comparison with healthy controls, registering lower MMN
amplitudes and prolonged MMN latencies [65].

Further projects have tried to analyse how a variety of deviant types might elicit a different MMN
waves under depression, registering an increase on MMN amplitudes following tones that deviated in
intensity and location [66].

Conclusively, although many studies report a decrease of MMN amplitudes and longer latencies under
depression, results are inconsistent due to the variety of stimuli features, methodological issues and the
severity of depression [31], and more research is required to evaluate the relationship among depression,
MMN and EFs.

Feedback processing, error processing

Lately, it is important to highlight the brain activity associated with feedback processing and error
processing. Once the person has provided a response, the evaluation of the feedback (correct or incorrect
answer), and the ability to update the information, conflict monitoring, error processing, and the decision
about continuing a response criterion or change it, are essential EFs that allow persons to adapt constantly
to the environmental demands, and perform efficiently daily life activities.
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ERN or error negativity (EN) consists in a negative deflection peaking around 100 ms of error
commission at frontal and central electrodes, during simple decision tasks [67, 68].

Although an association between depression and ERN has been demonstrated [69, 70], it is not clear
the direction of it. Some experiments have obtained enhanced ERN amplitudes in people with depression,
while other show smaller ERN amplitudes under depression [71, 72].

Traditionally, depression has been characterized by excessive sensitivity to negative information.
There is a tendency to amplify mistakes and consequences, a bias towards negative experiences, and a
higher sensitivity to NF.

Authors who find an enhanced amplitude of the ERN component, explain it due to the hypersensitivity
to errors that depressed persons show in early stages of error detection and error processing. Depression
triggers an exaggerated early error response that require higher neural, cognitive and perceptive resources,
generating subsequently difficulties to adapt to new situations or stimuli.

This idea is supported by neuro-structural and functional data which recognize that the anterior
cingulate cortex (ACC) is likely the generator of ERN. This brain structure shows significant increase of
metabolic activity under depression, coupled with a decreased activity in prefrontal regions, what could be
related with the alterations observed in EFs [71, 73, 74].

However, some studies do not replicate these results. They find smaller (less negative) ERN amplitudes
using different types of tasks, accounting for errors of choice (pressing an incorrect response button in an
Erikson Task), and errors of commission (pressing a button when one is not supposed to, in a Go/No-go
Task), that could be linked to difficulties in the evaluation of NF under depression.

In these cases, the results are in line with deficits in prefrontal functions and executive components of
goal-directed behaviour, strategic reasoning, and cognitive control under depression. But functional and
neuroimaging studies show decrease activation not just at prefrontal cortex but also at ACC, what
contradicts previous results [75, 76].

Thus, the data regarding ERN are contradictory, and it is necessary to perform replication studies to
understand the differential amplitudes of this brain component, and the neural networks implicated in
error processing under depression. In addition, it is required to clarify whether depression severity and
heterogeneity, together with comorbidity, could explain partly the differential results.

Moreover, wrong responses or errors are associated not only with ERN but also with a positive
deflection peaking around 200 ms after the erroneous answer at posterior midline scalp distribution. This
positive wave is named error positivity (Pe). Pe is independent of ERN and is linked with a later aspect of
error processing. It has been related with conscious error awareness, orienting response to errors,
cognitive control, and an emotional assessment process or motivational significance of errors, where
mistakes are evaluated depending on the significance for the individual [67, 77, 78].

Further investigation needs to explain the relationship between Pe and depression, but several studies
have found smaller Pe amplitudes under depression, what could be explained because depression could
lead to a difficulty to be aware of errors and differentiate wrong and correct responses. A second
explanation related to the emotional role of Pe is that a lower Pe in depressive persons is due to
indifference to commit mistakes [72], what could be connected with anhedonia and apathy, indirectly
associated with EFs [79, 80].

However, it is necessary to clarify why some experiments show a decrease in Pe under depression,
coupled in some cases with an enhancement of ERN, and in other situations, with a reduction of ERN, and to
understand its functional and clinical significance.

Pe has also been coupled with P300. Findings show reduced Pe and covariation of P3 amplitude under
depression, but they seem to reflect distinct responses or manifestations of the same impairment in
depression: reduced awareness and attentional allocation to stimuli [81, 82].
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Similar to ERN, it is possible to identify a negative wave related to correct responses, the correct
response negativity (CRN), peaking around 50 ms after the positive feedback at fronto-central regions,
indicating a basic response monitoring process.

Regarding depression, results about CRN are also mixed, showing studies with a CRN amplitude
reduction, experiments where CRN amplitudes are more negative in depression, or cases with similar CRN
activity in experimental and control groups.

Besides, some studies report increased CRN under severe depression, what could be explained by an
increased error monitoring on correct choices due to a tendency of depressed individuals to be uncertain
about the veracity of their correct answers or the expectancy for committing more errors [83].

Nonetheless, these results need to be more investigated, because some analysis demonstrated that CRN
could be considered an ERN, and the ERN may not be just understood in terms of error detection but from a
broad perspective [84].

Continuing with the feedback processing, and regarding the WCST, this task requires subjects to
stablish, maintain or shift sorting rules depending on the received feedback. These abilities are related with
the capacity of individuals for adapting to changing environments, what is named set-shifting, mind-
switching or cognitive flexibility, key components of EFs.

According to previous research, we can distinguish two moments of feedback in the WCST. The first
one refers to NF coming after a sequence of positive feedback, what means that the subject must change the
classification criteria. The second moment of feedback comes after the switching rule has been applied.
Here, the participant could receive second-learning NF, so the new criteria is not correct, and it is required
a second change; or the person can get positive feedback, indicating that the new sorting rule is right.

It is recognized that feedback has two components. The feedback could indicate whether the answer is
correct or incorrect. This component is the valence of the feedback. Additionally, we can learn something
else from the feedback beyond the valence, we can infer information about the rules and its implications.
This component is named the informative value of feedback.

Thus, in the classic WCST we differentiate two moments: the first NF and possibly a second-learning
NF; and two feedback components: the valence (correct or wrong response), and the informative value
(information and implications of the rules and criteria).

Once a person gets feedback with a negative valence (incorrect answer), the person stays in the first
moment or stage of NF. The person knows that it is not possible to continue with the same sorting criteria,
and it should be changed according to the rules in order to get positive feedback. All these processes are
related with the informative value of the NF, and this first moment could be identified as a rule-switch
stage.

Then, the person tries another criterion and gets feedback (positive or negative) that is going to help to
learn the new classification rule. This second moment is also called rule-learning stage. In both stages is
possible to obtain NF and they are frequently denominated Switch-NF and Learn-NF.

Concerning neural activity, several studies have found diverse brain activity associated with both
moments and components. Data shows that P3 is linked to the information value of feedback, and it
increases in amplitude when it is necessary to extract more information from the feedback, what could be
related with information updating [85, 86].

However, no information was found about the ERN and CRN for the different valence and moments of
feedback in general, and specifically for the NF. And no information was found about Switch-NF and Learn-
NF under depression either.

Finally, some studies using WCST, have analysed the brain components associated with the two types
of errors that could be made in this task: perseverative errors and non-perseverative errors. Perseverative
errors refer to the perseverance or persistence to respond according to an incorrect criterion or stimulus
characteristics.
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On the other hand, non-perseverative errors refer: firstly to errors that happen immediately after the
sorting rule changes and indicate that it is necessary to adjust the response to a new matching criterion,
and secondly, non-perseverative errors refer to failures to maintain mind-setting responding to the same
sorting rule, due to the inability to maintain the focus or to inhibit the distracting interference of the other
stimuli presented.

Depression characterizes by executive deficits assessed with the WCST, in terms of perseverative
errors and non-perseverative errors, what could lead to poorer clinical outputs [87, 88].

If a person tends to commit perseverative errors, it likely means that experience difficulties during
both moments of NF: the first NF and the second learning NF (Switch-NF and Learn-NF), and difficulties to
understand the informative value of the NF.

The neural bases of this phenomenon need to be further explored, but some experiments have
analysed the underlying mechanisms of perseverative and non-perseverative errors under healthy
conditions, and they found distinct patterns of brain activation evoked by both types of errors.

Perseverative errors evoked larger P3b than non-perseverative errors or distractions, mainly at Pz
location, what could suggest different brain processing in later stages at posterior regions as consequence
of different early frontal activity. Moreover, at fronto-central regions, P2 showed higher amplitudes on
distractions than on perseverative errors, and the parieto-occipital N1 was absent at perseverative errors.

It may reflect that perseverative errors are the result of alteration of fronto-extriatal network, because
the absence of extrastriate N1 precedes the reduction of P2 at frontal areas, indicating troubles in visual
attention to stimuli; whereas, distractions or non-perseverative errors seems to be more related with an
inability to inhibit interfering information [42]. Nonetheless, further research should be conducted,
specially, to understand the error and feedback processing under depression.

Discussion

Conclusively, executive cognitive functioning, associated with a negative impact on remission and
recurrence of depression, could be analysed from a neuroscientific perspective to understand the
relationship among cognitive, perceptive, affective systems and brain networks, and implement the
nowadays therapeutic approaches.

The study concentrates on ERPs techniques, that are non-invasive and easy access tools that allow to
get neurophysiological information at high temporal resolution.

After extensive reviewing the neuronal basis of executive cognitive functioning under depression,
several conclusions are extracted from electrophysiological studies.

Most of the information concerning depression and ERPs refer to a few brain components: P3,
including P3a and P3b; N1 and the relation with P2 or the LDAEP response; MMN, and the components of
error and feedback processing: the ERN response, the Pe, the CRN, the Switch-NF and the Learn-NF.

Starting by P3, studies mainly focused on P3b, and they reveal that depression may cause lower
amplitudes and longer latencies, what is not only associated with attentional difficulties but also with
working memory and decision-making process, altering information updating and mind setting.

However, further research must differentiate between P3a and P3b when considering depression and
clarify inconsistencies about its amplitude and latency and the potential effects of comorbidities,
experimental design or demographic variables among others.

In second place, N1 has been studied in association with P3 and P2. Under depression, decreased P3
amplitude is linked with increased N1 latency, what could affect discrimination, information processing,
and later cognitive activity.

About the relationship between N1 and P2, first it is important to mention that P2 is connected with
pre-attentional processing. When considering the association N1 and P2, it refers to the difference in
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amplitude between N1 and P2 in response to a variety of stimuli intensity, what is called “loudness
dependence of auditory evoked potentials” or LDAEP.

People suffering from depression show lower amplitude and longer latency in N1 component, but
results concerning LDAEP are contradictory. In some cases, depressed register an increase in LDAEP, in
other cases, a decrease has been observed, and finally there are studies which do not show differences
between depressed and non-depressed groups.

LDAEP could be considered and indirect indicator of central nervous system serotonin function, a
major pathophysiological factor of depression, and it is not just associated with attentional disruption but
also with EFs, specifically with inhibitory control. In cases where a high LDAEP has been registered under
depression, low serotonin appears, and people show a tendency to impulsivity, difficulties to control
inhibitory response, and an enhancement of sensitivity concurrent to depression states.

Third, MMN, a negative wave peaking between 150-250 ms at central and frontocentral electrodes,
after the appearance of a deviant stimulus presented in a sequence of similar stimuli, is considered an index
of change detection occurring unintentionally and automatically. Furthermore, it is interpreted as an index
of auditory sensory memory, as well as a component of voluntary effort related to attention switching or
mental shift.

Depression elicits a decrease in MMN amplitudes and prolonged latencies, what could be linked to
deficits in voluntary and involuntary capture of attention and mental flexibility, but more studies should
clarify discrepancy in MMN activity, accounting for depression severity and methodological issues.

Concerning the feedback processing and error processing, ERN/EN, Pe, CRN, Switch-NF and Learn-NF
have been revised.

Starting with ERN, contradictory results have been found about the effect of depression. Some studies
register enhanced ERN amplitudes under depression while others show smaller ERN amplitudes.

In the first case, the phenomenon observed is associated with hypersensitivity to errors in depression,
what causes an exaggerated error response that requires higher neural and cognitive resources. This
explanation seems to be supported by the fact that the ACC is believed to be the generator of ERN, and a
significant metabolic activity is registered at ACC on depression, coupled with a decreased activity of
prefrontal regions, what may explain executive deficits.

On the other hand, experiments that register lower ERN amplitudes explain that it might be the cause
of difficulties for evaluating NF and adjustment response. Indeed, some studies do not show an increment of
ACC, but a decrease in activation, paired with diminished prefrontal activation. Thus, those controversies
must be clarified taking into account the heterogeneity of depression and comorbidities.

Together with the ERN, normally a positive wave peaks around 200 ms after the erroneous response.
Pe is linked to later error processing, conscious error awareness, cognitive control and emotional
significance of errors. In general, studies have found a reduction of Pe amplitudes under depression related
with difficulties to be aware of errors, differentiate mistakes from correct answers, plus, indifference and
apathy, indirectly related to EFs.

Similar to ERN, a negative wave appears after right choices at fronto-central regions, but results are
also mixed concerning CRN and depression. Studies report increasing CRN amplitudes in some situations,
decreasing amplitudes in other cases or no differences between depressive subjects and controls.

However, it seems that severe depression is associated with increased CRN amplitudes, what could be
explained by increased error monitoring on correct choices due to a tendency of depressive individuals to
believe that they are going to commit more errors.

Nonetheless, some authors emphasize the importance of foster research to understand whether CRN
could be considered an extension of ERN, understanding EN not only in terms of error detection but from a
broad perspective.
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Continuing with error and feedback processing, some approaches distinguish two different moments of
error processing related to tasks with a high executive demand, such as the WCST. In those cases, there is a
first stage of NF where the person performing the task gets an incorrect answer and it is necessary a
different response (Switch-NF), and later, a second moment of NF could appear implying that the person
needs to accurately assess the information value of the feedback, adapting the choice according to a new
sorting criteria (Learn-NF).

These two moments: Switch-NF, when obtaining the first feedback and Learn-NF, when getting the
second NF, need to be more studied under depression, due to the connection of Learn-NF, information
value, and enhanced P3 amplitudes, relevant for extracting and updating previous information.

Similarly, executive deficits measured with the WCST are linked with a growing number of
perseverative and non-perseverative errors in depression.

Perseverative errors or the tendency to continue responding to a criterion that is no longer valid, may
be connected to both moments of NF, Switch-NF and Learn-NF, and difficulties understanding the
information value of the NF.

Although more investigation is needed, perseverative errors evoke larger P3b primarily at central
posterior areas, lower P2 amplitudes at fronto-central locations, and there is an absence of parieto-occipital
N1 on perseverative errors but not on non-perseverative errors or distractions. This fact indicates
distinctive brain patterns connected with diverse types of errors.

Specifically, perseverative errors, augmented during depression, are associated with alterations of
frontal-striatal networks, indicating troubles in visual attention to stimuli, whereas, non-perseverative
errors, also increased in depression, are linked to lower P3b amplitudes at posterior areas, higher P2
amplitudes at frontal sites, and the presence of parieto-occipital N1, what seems to be related with an
inability to inhibit interfering information, an important component of EFs.

Conclusion

In conclusion, this review provides important information to understand the connection between
depression and neuro-executive functioning.

Summarizing (Table S1), P3b activity in depression shows lower amplitude and longer latency,
implying attentional and executive deficits. Besides, P3b decreased amplitude is linked to increased N1
latency affecting discrimination and information processing.

In addition, longer N1 latency and lower amplitude in relation with P2 activity, is associated with
attentional disruption and inhibitory control deficits in depression.

Moreover, depression produces decreased MMN amplitude and prolonged latency, compromising
mental flexibility and the voluntary and involuntary capture of attention.

Regarding feedback processing, hypersensitivity to errors in depression is linked to an exaggerated
ERN and a reduction of Pe amplitude, what is linked to difficulties for errors’ awareness and executive
dysfunction. Furthermore, the processing of right results in depression is associated with increased CRN
amplitudes indicating an enhanced error monitoring.

Conclusively, although these findings bring to light neuro-cognitive mechanisms of depression, further
research might clarify previous findings and inconsistencies resulting from heterogeneity of depression,
demographic variables, and distinct methodological approaches, to implement the quality of investigations
and the potential therapeutic benefits.

Abbreviations
ACC: anterior cingulate cortex

CRN: correct response negativity

Explor Neurosci. 2025;4:100696 | https://doi.org/10.37349/en.2025.100696 Page 11



EFs: executive functions

EN: error negativity

ERN: error-related negativity

ERP: event-related potential

LDAEP: loudness dependence of auditory evoked potentials
MMN: mismatch negativity

NF: negative feedback

Pe: error positivity

RON: reorienting negativity

WCST: Wisconsin Card Sorting Test

Supplementary materials

The supplementary material for this article is available at: https://www.explorationpub.com/uploads/
Article/file/100696_sup_1.pdf.

Declarations

Author contributions

ERM: Conceptualization, Investigation, Methodology, Writing—original draft, Project administration,
Visualization, Funding acquisition, Writing—review & editing.

Conflicts of interest

The author declares no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

The data that support the findings of this study are openly available in the [OPEN SCIENCE FRAMEWORK] [
https://osf.io/RQ357/]. This work is available as Preprint at Open Science Framework [https://doi.org/10.
31219/osf.io/f5dhq].

Funding

This work was developed independently, with the support of MAP Institute Centre of Psychology. The
funder had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Copyright
© The Author(s) 2025.

Explor Neurosci. 2025;4:100696 | https://doi.org/10.37349/en.2025.100696 Page 12


https://www.explorationpub.com/uploads/Article/file/100696_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/100696_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/100696_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/100696_sup_1.pdf
https://www.explorationpub.com/uploads/Article/file/100696_sup_1.pdf
https://osf.io/RQ357/
https://doi.org/10.31219/osf.io/f5dhq
https://doi.org/10.31219/osf.io/f5dhq

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations

and maps. All opinions expressed in this article are the personal views of the author(s) and do not

represent the stance of the editorial team or the publisher.

References

1.

10.

11.

12.

13.

14.

15.

16.

Zuckerman H, Pan Z, Park C, Brietzke E, Musial N, Shariq AS, et al. Recognition and Treatment of
Cognitive Dysfunction in Major Depressive Disorder. Front Psychiatry. 2018;9:655. [DOI] [PubMed]
[PMC]

Weiland-Fiedler P, Erickson K, Waldeck T, Luckenbaugh DA, Pike D, Bonne O, et al. Evidence for

continuing neuropsychological impairments in depression. ] Affect Disord. 2004;82:253-8. [DOI]
[PubMed]

Yang KC, Hsieh WC, Chou YH. Cognitive factor structure and measurement invariance between
healthy controls and patients with major depressive disorder. ] Psychiatr Res. 2022;151:598-605.
[DOI] [PubMed]

Miller CH, Hamilton JP, Sacchet MD, Gotlib IH. Meta-analysis of Functional Neuroimaging of Major
Depressive Disorder in Youth. JAMA Psychiatry. 2015;72:1045-53. [DOI] [PubMed] [PMC]

Francis AM, Bissonnette JN, Hull KM, Leckey ], Pimer L, Berrigan LI, et al. Alterations of novelty
processing in major depressive disorder. ] Affect Disord Reports. 2021;4:100083. [DOI]

Cha DS, Carmona NE, Subramaniapillai M, Mansur RB, Lee Y, Hon Lee ], et al. Cognitive impairment as
measured by the THINC-integrated tool (THINC-it): Association with psychosocial function in major
depressive disorder. ] Affect Disord. 2017;222:14-20. [DOI] [PubMed]

Matcham F, Simblett SK, Leightley D, Dalby M, Siddi S, Haro JM, et al. The association between
persistent cognitive difficulties and depression and functional outcomes in people with major
depressive disorder. Psychol Med. 2023;53:6334-44. [DOI] [PubMed] [PMC(C]

Woo YS, Rosenblat JD, Kakar R, Bahk WM, McIntyre RS. Cognitive Deficits as a Mediator of Poor
Occupational Function in Remitted Major Depressive Disorder Patients. Clin Psychopharmacol
Neurosci. 2016;14:1-16. [DOI] [PubMed] [PMC]

Knight MJ, Baune BT. Executive Function and Spatial Cognition Mediate Psychosocial Dysfunction in
Major Depressive Disorder. Front Psychiatry. 2018;9:539. [DOI] [PubMed] [PMC]

Chow TK, Bowie CR, Morton M, Lalovic A, Mclnerney S]J, Rizvi S]. Contributors of Functional
Impairment in Major Depressive Disorder: a Biopsychosocial Approach. Curr Behav Neurosci Reports.
2022;9:59-72. [DOI]

Bernhardt M, Klauke S, Schroder A. Longitudinal course of cognitive function across treatment in
patients with MDD: A meta-analysis. ] Affect Disord. 2019;249:52-62. [DOI] [PubMed]

Bernhardt M, Schwert C, Aschenbrenner S, Weisbrod M, Schroder A. Longitudinal Changes of
Cognitive Deficits and Treatment Outcome of Cognitive Behavioral Therapy for Major Depression. ]
Nerv Ment Dis. 2021;209:336-42. [DOI] [PubMed]

Vervaeke ], Van Looy ], Hoorelbeke K, Baeken C, Koster EH. Gamified Cognitive Control Training for
Remitted Depressed Individuals: User Requirements Analysis. JMIR Serious Games. 2018;6:e6. [DOI]
[PubMed] [PMC]

Beshai S, Dobson KS, Bockting CL, Quigley L. Relapse and recurrence prevention in depression:
current research and future prospects. Clin Psychol Rev. 2011;31:1349-60. [DOI] [PubMed]

Stordal KI, Lundervold A], Egeland ], Mykletun A, Asbjgrnsen A, Landrg NI, et al. Impairment across
executive functions in recurrent major depression. Nord ] Psychiatry. 2004;58:41-7. [DOI] [PubMed]
Vanderhasselt MA, De Raedt R. Impairments in cognitive control persist during remission from
depression and are related to the number of past episodes: an event related potentials study. Biol
Psychol. 2009;81:169-76. [DOI] [PubMed]

Explor Neurosci. 2025;4:100696 | https://doi.org/10.37349/en.2025.100696 Page 13


https://dx.doi.org/10.3389/fpsyt.2018.00655
http://www.ncbi.nlm.nih.gov/pubmed/30564155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6288549
https://dx.doi.org/10.1016/j.jad.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15488254
https://dx.doi.org/10.1016/j.jpsychires.2022.05.029
http://www.ncbi.nlm.nih.gov/pubmed/35636038
https://dx.doi.org/10.1001/jamapsychiatry.2015.1376
http://www.ncbi.nlm.nih.gov/pubmed/26332700
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11890701
https://dx.doi.org/10.1016/j.jadr.2021.100083
https://dx.doi.org/10.1016/j.jad.2017.06.036
http://www.ncbi.nlm.nih.gov/pubmed/28667888
https://dx.doi.org/10.1017/S0033291722003671
http://www.ncbi.nlm.nih.gov/pubmed/37743838
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10520589
https://dx.doi.org/10.9758/cpn.2016.14.1.1
http://www.ncbi.nlm.nih.gov/pubmed/26792035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4730927
https://dx.doi.org/10.3389/fpsyt.2018.00539
http://www.ncbi.nlm.nih.gov/pubmed/30420817
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6215806
https://dx.doi.org/10.1007/s40473-022-00247-y
https://dx.doi.org/10.1016/j.jad.2019.02.021
http://www.ncbi.nlm.nih.gov/pubmed/30753954
https://dx.doi.org/10.1097/NMD.0000000000001301
http://www.ncbi.nlm.nih.gov/pubmed/33555821
https://dx.doi.org/10.2196/games.8609
http://www.ncbi.nlm.nih.gov/pubmed/29622525
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5909053
https://dx.doi.org/10.1016/j.cpr.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/22020371
https://dx.doi.org/10.1080/08039480310000789
http://www.ncbi.nlm.nih.gov/pubmed/14985153
https://dx.doi.org/10.1016/j.biopsycho.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19482234

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hawton K, Casafias I Comabella C, Haw C, Saunders K. Risk factors for suicide in individuals with
depression: a systematic review. ] Affect Disord. 2013;147:17-28. [DOI] [PubMed]

WHO | Suicide prevention [Internet]. WHO; c2019 [cited 2025 Mar 28]. Available from: https://www.
who.int/mental_health/suicide-prevention/en/

Brenner MH, Bhugra D. Acceleration of Anxiety, Depression, and Suicide: Secondary Effects of
Economic Disruption Related to COVID-19. Front Psychiatry. 2020;11:592467. [DOI] [PubMed] [PMC]
Ruiz-Marquez E. Protocol for measuring the benefits of exergames on executive functions under
depression through a randomized multi-arm controlled experiment. Explor Neurosci. 2024;3:564-83.
[DOI]

Bredemeier K, Warren SL, Berenbaum H, Miller GA, Heller W. Executive function deficits associated
with current and past major depressive symptoms. ] Affect Disord. 2016;204:226-33. [DOI] [PubMed]
[PMC]

Gao W, Yan X, Yuan J. Neural correlations between cognitive deficits and emotion regulation
strategies: understanding emotion dysregulation in depression from the perspective of cognitive
control and cognitive biases. Psychoradiology. 2022;2:86-99. [DOI] [PubMed] [PMC(]

Joormann ], Siemer M. Affective Processing and Emotion Regulation in Dysphoria and Depression:
Cognitive Biases and Deficits in Cognitive Control. Soc Personal Psychol Compass. 2011;5:13-28.
[DOI]

Liu ], Liu B, Wang M, Ju Y, Dong Q, Lu X, et al. Evidence for Progressive Cognitive Deficits in Patients
With Major Depressive Disorder. Front Psychiatry. 2021;12:627695. [DOI] [PubMed] [PMC(]

Walters M, Hines-Martin V. Overview of executive functions in mood and depressive disorders: A
review of the literature. Arch Psychiatr Nurs. 2018;32:617-37. [DOI] [PubMed]

Paelecke-Habermann Y, Pohl ], Leplow B. Attention and executive functions in remitted major
depression patients. ] Affect Disord. 2005;89:125-35. [DOI] [PubMed]

Eckland NS, Letkiewicz AM, Berenbaum H. Examining the latent structure of emotional awareness and
associations with executive functioning and depression. Cogn Emot. 2021;35:805-21. [DOI] [PubMed]
Warren SL, Heller W, Miller GA. The Structure of Executive Dysfunction in Depression and Anxiety. ]
Affect Disord. 2021;279:208-16. [DOI] [PubMed] [PMC]

LiY, Li T, Zhang Q, Kan R, Cao L, Kong H, et al. The relationship between different components of
executive function and depression in Chinese adolescents: Sequential mediation involving rumination.
Curr Psychol. 2024;43:9665-75. [DOI]

Hui Q, Yao C, You X. The mechanism of executive dysfunction in depressive symptoms: the role of
emotion regulation strategies. Curr Psychol. 2023;42:3340-8. [DOI]

Kangas ES, Vuoriainen E, Lindeman S, Astikainen P. Auditory event-related potentials in separating
patients with depressive disorders and non-depressed controls: A narrative review. Int ]
Psychophysiol. 2022;179:119-42. [DOI] [PubMed]

Sanei S, Chambers JA. EEG signal processing. John Wiley & Sons Ltd.; 2007. [DOI]

Helfrich RF, Knight RT. Cognitive neurophysiology: Event-related potentials. Handb Clin Neurol. 2019;
160:543-58. [DOI] [PubMed]

Vandoolaeghe E, van Hunsel F, Nuyten D, Maes M. Auditory event related potentials in major
depression: prolonged P300 latency and increased P200 amplitude. ] Affect Disord. 1998;48:105-13.
[DOI] [PubMed]

Kaiser S, Unger ], Kiefer M, Markela ], Mundt C, Weisbrod M. Executive control deficit in depression:
event-related potentials in a Go/Nogo task. Psychiatry Res. 2003;122:169-84. [DOI] [PubMed]
Krompinger JW, Simons RF. Cognitive inefficiency in depressive undergraduates: stroop processing
and ERPs. Biol Psychol. 2011;86:239-46. [DOI] [PubMed]

Palmwood EN, Krompinger JW, Simons RF. Electrophysiological indicators of inhibitory control
deficits in depression. Biol Psychol. 2017;130:1-10. [DOI] [PubMed]

Explor Neurosci. 2025;4:100696 | https://doi.org/10.37349/en.2025.100696 Page 14


https://dx.doi.org/10.1016/j.jad.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23411024
https://www.who.int/mental_health/suicide-prevention/en/
https://www.who.int/mental_health/suicide-prevention/en/
https://dx.doi.org/10.3389/fpsyt.2020.592467
http://www.ncbi.nlm.nih.gov/pubmed/33384627
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7771384
https://dx.doi.org/10.37349/en.2024.00068
https://dx.doi.org/10.1016/j.jad.2016.03.070
http://www.ncbi.nlm.nih.gov/pubmed/27379618
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5064806
https://dx.doi.org/10.1093/psyrad/kkac014
http://www.ncbi.nlm.nih.gov/pubmed/38665606
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10917239
https://dx.doi.org/10.1111/j.1751-9004.2010.00335.x
https://dx.doi.org/10.3389/fpsyt.2021.627695
http://www.ncbi.nlm.nih.gov/pubmed/33664684
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7921310
https://dx.doi.org/10.1016/j.apnu.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/30029757
https://dx.doi.org/10.1016/j.jad.2005.09.006
http://www.ncbi.nlm.nih.gov/pubmed/16324752
https://dx.doi.org/10.1080/02699931.2021.1885349
http://www.ncbi.nlm.nih.gov/pubmed/33554734
https://dx.doi.org/10.1016/j.jad.2020.09.132
http://www.ncbi.nlm.nih.gov/pubmed/33059224
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7738359
https://dx.doi.org/10.1007/s12144-023-05054-6
https://dx.doi.org/10.1007/s12144-021-01528-7
https://dx.doi.org/10.1016/j.ijpsycho.2022.07.003
http://www.ncbi.nlm.nih.gov/pubmed/35839902
https://dx.doi.org/10.1002/9780470511923
https://dx.doi.org/10.1016/B978-0-444-64032-1.00036-9
http://www.ncbi.nlm.nih.gov/pubmed/31277875
https://dx.doi.org/10.1016/s0165-0327(97)00165-1
http://www.ncbi.nlm.nih.gov/pubmed/9543199
https://dx.doi.org/10.1016/s0925-4927(03)00004-0
http://www.ncbi.nlm.nih.gov/pubmed/12694891
https://dx.doi.org/10.1016/j.biopsycho.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21185350
https://dx.doi.org/10.1016/j.biopsycho.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/28986284

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

Santopetro NJ, Brush CJ], Bruchnak A, Klawohn ], Hajcak G. A reduced P300 prospectively predicts
increased depressive severity in adults with clinical depression. Psychophysiology. 2021;58:e13767.
[DOI] [PubMed]

Santopetro NJ, Kallen AM, Threadgill AH, Amir N, Hajcak G. Blunted Flanker P300 Demonstrates
Specificity to Depressive Symptoms in Females during Adolescence. Res Child Adolesc Psychopathol.
2022;50:537-48. [DOI] [PubMed]

Zhou L, Wang G, Nan C, Wang H, Liu Z, Bai H. Abnormalities in P300 components in depression: an
ERP-sLORETA study. Nord ] Psychiatry. 2019;73:1-8. [DOI] [PubMed]

Ruiz-Marquez E. Benefits of Exergames on Neurocognitive Functions in Adults Suffering From
Depression (MUDGAME) [Internet]. [Cited 2025 Mar 28]. Available from: https://clinicaltrials.gov/stu
dy/NCT06536530?cond=mudgame&rank=1

Barcel6 F. Electrophysiological evidence of two different types of error in the Wisconsin Card Sorting
Test. Neuroreport. 1999;10:1299-303. [DOI] [PubMed]

Barcel6 F, Mufioz-Céspedes JM, Pozo MA, Rubia F]. Attentional set shifting modulates the target P3b
response in the Wisconsin card sorting test. Neuropsychologia. 2000;38:1342-55. [DOI] [PubMed]
Hegerl U, Gallinat ], Juckel G. Event-related potentials. Do they reflect central serotonergic
neurotransmission and do they predict clinical response to serotonin agonists? ] Affect Disord. 2001;
62:93-100. [DOI] [PubMed]

Ruohonen EM, Astikainen P. Brain responses to sound intensity changes dissociate depressed
participants and healthy controls. Biol Psychol. 2017;127:74-81. [DOI] [PubMed]

Urretavizcaya M, Moreno I, Benlloch L, Cardoner N, Serrallonga J, Menchén JM, et al. Auditory event-
related potentials in 50 melancholic patients: increased N100, N200 and P300 latencies and
diminished P300 amplitude. ] Affect Disord. 2003;74:293-7. [DOI] [PubMed]

Horowitz-Kraus T. Pinpointing the deficit in executive functions in adolescents with dyslexia

performing the Wisconsin card sorting test: an ERP study. ] Learn Disabil. 2014;47:208-23. [DOI]
[PubMed]

Posner MI, Petersen SE. The attention system of the human brain. Annu Rev Neurosci. 1990;13:25-42.
[DOI] [PubMed]

Kim JS, Kim S, Jung W, Im CH, Lee SH. Auditory evoked potential could reflect emotional sensitivity
and impulsivity. Sci Rep. 2016;6:37683. [DOI] [PubMed] [PMC(]

Lee SH, Park YC, Yoon S, Kim ]I, Hahn SW. Clinical implications of loudness dependence of auditory
evoked potentials in patients with atypical depression. Prog Neuropsychopharmacol Biol Psychiatry.
2014;54:7-12. [DOI] [PubMed]

Akatsuka K, Wasaka T, Nakata H, Inui K, Hoshiyama M, Kakigi R. Mismatch responses related to

temporal discrimination of somatosensory stimulation. Clin Neurophysiol. 2005;116:1930-7. [DOI]
[PubMed]

Maekawa T, Goto Y, Kinukawa N, Taniwaki T, Kanba S, Tobimatsu S. Functional characterization of
mismatch negativity to a visual stimulus. Clin Neurophysiol. 2005;116:2392-402. [DOI] [PubMed]
Naatdnen R, Paavilainen P, Rinne T, Alho K. The mismatch negativity (MMN) in basic research of
central auditory processing: a review. Clin Neurophysiol. 2007;118:2544-90. [DOI] [PubMed]
Jaaskeldinen IP, Ahveninen ], Bonmassar G, Dale AM, [Imoniemi R], Levanen S, et al. Human posterior
auditory cortex gates novel sounds to consciousness. Proc Natl Acad Sci U S A. 2004;101:6809-14.
[DOI] [PubMed] [PMC(]

Naitdnen R, Jacobsen T, Winkler I. Memory-based or afferent processes in mismatch negativity
(MMN): a review of the evidence. Psychophysiology. 2005;42:25-32. [DOI] [PubMed]

Schroger E. A neural mechanism for involuntary attention shifts to changes in auditory stimulation. ]
Cogn Neurosci. 1996;8:527-39. [DOI] [PubMed]

Jacobsen T, Schroger E. Is there pre-attentive memory-based comparison of pitch? Psychophysiology.
2001;38:723-7. [PubMed]

Explor Neurosci. 2025;4:100696 | https://doi.org/10.37349/en.2025.100696 Page 15


https://dx.doi.org/10.1111/psyp.13767
http://www.ncbi.nlm.nih.gov/pubmed/33433019
https://dx.doi.org/10.1007/s10802-021-00876-z
http://www.ncbi.nlm.nih.gov/pubmed/34613511
https://dx.doi.org/10.1080/08039488.2018.1478991
http://www.ncbi.nlm.nih.gov/pubmed/30636465
https://clinicaltrials.gov/study/NCT06536530?cond=mudgame&rank=1
https://clinicaltrials.gov/study/NCT06536530?cond=mudgame&rank=1
https://dx.doi.org/10.1097/00001756-199904260-00027
http://www.ncbi.nlm.nih.gov/pubmed/10363943
https://dx.doi.org/10.1016/s0028-3932(00)00046-4
http://www.ncbi.nlm.nih.gov/pubmed/10869577
https://dx.doi.org/10.1016/s0165-0327(00)00353-0
http://www.ncbi.nlm.nih.gov/pubmed/11172876
https://dx.doi.org/10.1016/j.biopsycho.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28499838
https://dx.doi.org/10.1016/s0165-0327(02)00016-2
http://www.ncbi.nlm.nih.gov/pubmed/12738049
https://dx.doi.org/10.1177/0022219412453084
http://www.ncbi.nlm.nih.gov/pubmed/22907884
https://dx.doi.org/10.1146/annurev.ne.13.030190.000325
http://www.ncbi.nlm.nih.gov/pubmed/2183676
https://dx.doi.org/10.1038/srep37683
http://www.ncbi.nlm.nih.gov/pubmed/27910865
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5133541
https://dx.doi.org/10.1016/j.pnpbp.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24865151
https://dx.doi.org/10.1016/j.clinph.2005.04.021
http://www.ncbi.nlm.nih.gov/pubmed/15982927
https://dx.doi.org/10.1016/j.clinph.2005.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16122977
https://dx.doi.org/10.1016/j.clinph.2007.04.026
http://www.ncbi.nlm.nih.gov/pubmed/17931964
https://dx.doi.org/10.1073/pnas.0303760101
http://www.ncbi.nlm.nih.gov/pubmed/15096618
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC404127
https://dx.doi.org/10.1111/j.1469-8986.2005.00256.x
http://www.ncbi.nlm.nih.gov/pubmed/15720578
https://dx.doi.org/10.1162/jocn.1996.8.6.527
http://www.ncbi.nlm.nih.gov/pubmed/23961983
http://www.ncbi.nlm.nih.gov/pubmed/11446587

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Schroger E, Bendixen A, Trujillo-Barreto NJ, Roeber U. Processing of abstract rule violations in
audition. PLoS One. 2007;2:e1131. [DOI] [PubMed] [PMC]
Berti S, Roeber U, Schroger E. Bottom-up influences on working memory: behavioral and

electrophysiological distraction varies with distractor strength. Exp Psychol. 2004;51:249-57. [DOI]
[PubMed]

Escera C, Corral MJ. Role of Mismatch Negativity and Novelty-P3 in Involuntary Auditory Attention. ]
Psychophysiol. 2007;21:251-64. [DOI]

Horvath ], Winkler I, Bendixen A. Do N1/MMN, P3a, and RON form a strongly coupled chain reflecting
the three stages of auditory distraction? Biol Psychol. 2008;79:139-47. [DOI] [PubMed]

Naatdnen R, Alho K. Generators of electrical and magnetic mismatch responses in humans. Brain
Topogr. 1995;7:315-20. [DOI] [PubMed]

Rinne T, Alho K, [lImoniemi R], Virtanen ], Nadtidnen R. Separate time behaviors of the temporal and
frontal mismatch negativity sources. Neuroimage. 2000;12:14-9. [DOI] [PubMed]

Toyomaki A, Kusumi I, Matsuyama T, Kako Y, Ito K, Koyama T. Tone duration mismatch negativity
deficits predict impairment of executive function in schizophrenia. Prog Neuropsychopharmacol Biol
Psychiatry. 2008;32:95-9. [DOI] [PubMed]

Tseng Y], Nouchi R, Cheng CH. Mismatch negativity in patients with major depressive disorder: A
meta-analysis. Clin Neurophysiol. 2021;132:2654-65. [DOI] [PubMed]

Bissonnette |N, Francis AM, Hull KM, Leckey ], Pimer L, Berrigan LI, et al. MMN-Indexed Auditory
Change Detection in Major Depressive Disorder. Clin EEG Neurosci. 2020;51:365-72. [DOI] [PubMed]
Falkenstein M, Hoormann ], Christ S, Hohnsbein ]J. ERP components on reaction errors and their
functional significance: a tutorial. Biol Psychol. 2000;51:87-107. [DOI] [PubMed]

Gehring W], Goss B, Coles MGH, Meyer DE, Donchin E. The Error-Related Negativity. Perspect Psychol
Sci. 2018;13:200-4. [DOI] [PubMed]

Clayson PE, Carbine KA, Larson M]J. A registered report of error-related negativity and reward
positivity as biomarkers of depression: P-Curving the evidence. Int ] Psychophysiol. 2020;150:50-72.
[DOI] [PubMed]

Moran TP, Schroder HS, Kneip C, Moser ]JS. Meta-analysis and psychophysiology: A tutorial using
depression and action-monitoring event-related potentials. Int ] Psychophysiol. 2017;111:17-32.
[DOI] [PubMed]

Chiu PH, Deldin PJ. Neural evidence for enhanced error detection in major depressive disorder. Am ]
Psychiatry. 2007;164:608-16. [DOI] [PubMed]

Olvet DM, Klein DN, Hajcak G. Depression symptom severity and error-related brain activity.
Psychiatry Res. 2010;179:30-7. [DOI] [PubMed]

Davidson R], Pizzagalli D, Nitschke ]B, Putnam K. Depression: perspectives from affective
neuroscience. Annu Rev Psychol. 2002;53:545-74. [DOI] [PubMed]

Malejko K, Hafner S, Plener PL, Bonenberger M, Groen G, Abler B, et al. Neural signature of error
processing in major depression. Eur Arch Psychiatry Clin Neurosci. 2021;271:1359-68. [DOI]
[PubMed] [PMC]

Bench CJ, Friston K], Brown RG, Scott LC, Frackowiak RS, Dolan R]. The anatomy of melancholia--focal

abnormalities of cerebral blood flow in major depression. Psychol Med. 1992;22:607-15. [DOI]
[PubMed]

Ruchsow M, Herrnberger B, Beschoner P, Gron G, Spitzer M, Kiefer M. Error processing in major

depressive disorder: evidence from event-related potentials. | Psychiatr Res. 2006;40:37-46. [DOI]
[PubMed]

Hajcak G, McDonald N, Simons RF. To err is autonomic: error-related brain potentials, ANS activity,
and post-error compensatory behavior. Psychophysiology. 2003;40:895-903. [DOI] [PubMed]

Explor Neurosci. 2025;4:100696 | https://doi.org/10.37349/en.2025.100696 Page 16


https://dx.doi.org/10.1371/journal.pone.0001131
http://www.ncbi.nlm.nih.gov/pubmed/17987118
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2043487
https://dx.doi.org/10.1027/1618-3169.51.4.249
http://www.ncbi.nlm.nih.gov/pubmed/15620226
https://dx.doi.org/10.1027/0269-8803.21.34.251
https://dx.doi.org/10.1016/j.biopsycho.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18468765
https://dx.doi.org/10.1007/BF01195257
http://www.ncbi.nlm.nih.gov/pubmed/7577329
https://dx.doi.org/10.1006/nimg.2000.0591
http://www.ncbi.nlm.nih.gov/pubmed/10875898
https://dx.doi.org/10.1016/j.pnpbp.2007.07.020
http://www.ncbi.nlm.nih.gov/pubmed/17764800
https://dx.doi.org/10.1016/j.clinph.2021.06.019
http://www.ncbi.nlm.nih.gov/pubmed/34456164
https://dx.doi.org/10.1177/1550059420914200
http://www.ncbi.nlm.nih.gov/pubmed/32345046
https://dx.doi.org/10.1016/s0301-0511(99)00031-9
http://www.ncbi.nlm.nih.gov/pubmed/10686361
https://dx.doi.org/10.1177/1745691617715310
http://www.ncbi.nlm.nih.gov/pubmed/29592655
https://dx.doi.org/10.1016/j.ijpsycho.2020.01.005
http://www.ncbi.nlm.nih.gov/pubmed/31987869
https://dx.doi.org/10.1016/j.ijpsycho.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27378538
https://dx.doi.org/10.1176/ajp.2007.164.4.608
http://www.ncbi.nlm.nih.gov/pubmed/17403974
https://dx.doi.org/10.1016/j.psychres.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20630603
https://dx.doi.org/10.1146/annurev.psych.53.100901.135148
http://www.ncbi.nlm.nih.gov/pubmed/11752496
https://dx.doi.org/10.1007/s00406-021-01238-y
http://www.ncbi.nlm.nih.gov/pubmed/33595693
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8429380
https://dx.doi.org/10.1017/s003329170003806x
http://www.ncbi.nlm.nih.gov/pubmed/1410086
https://dx.doi.org/10.1016/j.jpsychires.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15882872
https://dx.doi.org/10.1111/1469-8986.00107
http://www.ncbi.nlm.nih.gov/pubmed/14986842

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Logan DM, Hill KR, Larson M]. Cognitive control of conscious error awareness: error awareness and
error positivity (Pe) amplitude in moderate-to-severe traumatic brain injury (TBI). Front Hum
Neurosci. 2015;9:397. [DOI] [PubMed] [PMC]

Steffens DC, Fahed M, Manning K], Wang L. The neurobiology of apathy in depression and
neurocognitive impairment in older adults: a review of epidemiological, clinical, neuropsychological
and biological research. Transl Psychiatry. 2022;12:525. [DOI] [PubMed] [PMC]

Steinmann LA, Dohm K, Goltermann ], Richter M, Enneking V, Lippitz M, et al. Understanding the
neurobiological basis of anhedonia in major depressive disorder - evidence for reduced neural
activation during reward and loss processing. ] Psychiatry Neurosci. 2022;47:E284-92. [DOI]
[PubMed] [PMC(]

Klawohn |, Santopetro NJ, Meyer A, Hajcak G. Reduced P300 in depression: Evidence from a flanker
task and impact on ERN, CRN, and Pe. Psychophysiology. 2020;57:e13520. [DOI] [PubMed]
Ridderinkhof KR, Ramautar JR, Wijnen ]JG. To P(E) or not to P(E): a P3-like ERP component reflecting
the processing of response errors. Psychophysiology. 2009;46:531-8. [DOI] [PubMed]

Pailing PE, Segalowitz S]. The effects of uncertainty in error monitoring on associated ERPs. Brain
Cogn. 2004;56:215-33. [DOI] [PubMed]

Vidal F, Burle B, Bonnet M, Grapperon ], Hasbroucq T. Error negativity on correct trials: a
reexamination of available data. Biol Psychol. 2003;64:265-82. [DOI] [PubMed]

Li F, Wang ], Du B, Cao B. Electrophysiological Response to the Informative Value of Feedback
Revealed in a Segmented Wisconsin Card Sorting Test. Front Psychol. 2018;9:57. [DOI] [PubMed]
[PMC]

Zhu M, Zhuo B, Cao B, Li F. Distinct brain activation in response to negative feedback at different

stages in a variant of the Wisconsin Card Sorting Test. Biol Psychol. 2020;150:107810. [DOI]
[PubMed]

Merriam EP, Thase ME, Haas GL, Keshavan MS, Sweeney JA. Prefrontal cortical dysfunction in
depression determined by Wisconsin Card Sorting Test performance. Am ] Psychiatry. 1999;156:
780-2. [DOI] [PubMed]

Withall A, Harris LM, Cumming SR. The relationship between cognitive function and clinical and
functional outcomes in major depressive disorder. Psychol Med. 2009;39:393-402. [DOI] [PubMed]

Explor Neurosci. 2025;4:100696 | https://doi.org/10.37349/en.2025.100696 Page 17


https://dx.doi.org/10.3389/fnhum.2015.00397
http://www.ncbi.nlm.nih.gov/pubmed/26217212
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4493384
https://dx.doi.org/10.1038/s41398-022-02292-3
http://www.ncbi.nlm.nih.gov/pubmed/36572691
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9792580
https://dx.doi.org/10.1503/jpn.210180
http://www.ncbi.nlm.nih.gov/pubmed/35948341
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9377543
https://dx.doi.org/10.1111/psyp.13520
http://www.ncbi.nlm.nih.gov/pubmed/31898810
https://dx.doi.org/10.1111/j.1469-8986.2009.00790.x
http://www.ncbi.nlm.nih.gov/pubmed/19226310
https://dx.doi.org/10.1016/j.bandc.2004.06.005
http://www.ncbi.nlm.nih.gov/pubmed/15518937
https://dx.doi.org/10.1016/s0301-0511(03)00097-8
http://www.ncbi.nlm.nih.gov/pubmed/14630407
https://dx.doi.org/10.3389/fpsyg.2018.00057
http://www.ncbi.nlm.nih.gov/pubmed/29459841
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5807434
https://dx.doi.org/10.1016/j.biopsycho.2019.107810
http://www.ncbi.nlm.nih.gov/pubmed/31705940
https://dx.doi.org/10.1176/ajp.156.5.780
http://www.ncbi.nlm.nih.gov/pubmed/10327916
https://dx.doi.org/10.1017/S0033291708003620
http://www.ncbi.nlm.nih.gov/pubmed/18533056

	Abstract
	Keywords
	Introduction
	Methods
	Results
	Brain components associated with EFs under depression
	P300/P3

	N100/N1, P200/P2, loudness dependence of auditory evoked potentials (LDAEP)
	Mismatch negativity (MMN)
	Feedback processing, error processing

	Discussion
	Conclusion
	Abbreviations
	Supplementary materials
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

