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Abstract

The ability to monitor performance during a goal-directed behavior differs
among children and adults in ways that can be measured with several tasks and
techniques. As well, recent work has shown that individual differences in error
monitoring moderate temperamental risk for anxiety and that this moderation
changes with age. We investigated age differences in neural responses linked to
performance monitoring using a multimodal approach. The approach combined
functional MRI and source localization of event-related potentials (ERPs) in
12-year-old, 15-year-old, and adult participants. Neural generators of two compo-
nents related to performance and error monitoring, the N2 and ERN, lay within
specific areas of fMRI clusters. Whereas correlates of the N2 component appeared
similar across age groups, age-related differences manifested in the location
of the generators of the ERN component. The dorsal anterior cingulate cortex
(dACC) was the predominant source location for the 12-year-old group; this area
manifested posteriorly for the 15-year-old and adult groups. A fMRI-based ROI
analysis confirmed this pattern of activity. These results suggest that changes in
the underlying neural mechanisms are related to developmental changes in per-
formance monitoring.
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1 | INTRODUCTION where additional control over behavior may be required.
Individual variation in these skills relates to cognitive
processes such as stimulus encoding, response selection

and execution, response evaluation. These skills and the

The ability to monitor performance influences human
behavior by detecting events, actions, or environments
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associated brain function have a protracted developmen-
tal time course, and individual differences which may
be related to the onset of certain forms of psychopathol-
ogy. However, little multimodal imaging has examined
age differences in neural generators underlying perfor-
mance and error monitoring. It is important to augment
developmental research on behavior by measuring neu-
ral generators, which may be more sensitive markers of
underlying processes linked to psychopathology (Moser
et al., 2013). Remnants of neural maturation during the
first years of life manifest throughout adolescent develop-
ment. In fact, complex cognitive abilities arising in ado-
lescence can reflect these earlier remnants. This creates
opportunities for new skill development and vulnerability
for psychiatric symptomatology. Therefore, adolescence
can be characterized by sensitive periods particularly for
high-level cognitive processes (Fuhrmann et al., 2015;
Sydnor et al., 2021). Studies in basic science examining
such high-level cognition localize the neural generators of
behavior to particular brain regions (Erickson et al., 2005;
vel Grajewska et al., 2011). Attempts to extend such basic
science research to youth benefit from studies that can lo-
calize the neural generators of clinically relevant phenom-
ena. Prior research suggests that brain changes support
maturing adaptive behaviors among healthy adolescents
and that such changes could trigger atypical behaviors and
lead to the development of mental disorders. Research on
the neural response to errors could elucidate features of
both healthy and atypical developmental processes. This
is because prior research links the neural correlates of
error-related processes to healthy development, risk for
anxiety symptoms (Meyer et al., 2018) and exposure to en-
vironmental stressors (Mehra et al., 2022). This evidence
highlights the importance of enhancing understanding of
error monitoring during the transition from childhood to
adulthood.

The primary goal of the current study was to use
event-related potentials (ERPs) and functional magnetic
resonance imaging (fMRI) to map relations between age
and the neural generators of error monitoring. We also
adopted a secondary goal that considers the specificity of
potential relations with the ERN and extends other recent
work (Lo, 2018). For this secondary goal, we investigated
relations between age and the N2. Most studies investigat-
ing the neural correlates of error monitoring utilize a sin-
gle imaging modality. These studies identify the frontally
localized error-related negativity (ERN) ERP component
and fMRI activation in the dorsal anterior cingulate cortex
(dACC) as error markers. However, other brain areas, such
as the posterior cingulate cortex (PCC), are active during
error monitoring and also express error-related fMRI ac-
tivation (Ridderinkhof et al., 2004; Wittfoth et al., 2008).
Several findings, mainly from studies with adults, show

that the cingulate cortex is the most likely generator of the
ERN activity (Agam et al., 2011; Herrmann et al., 2004;
Tamnes et al., 2013). These findings show that multiple
areas of the cingulate cortex are involved in error mon-
itoring, with particular reference to the dACC and PCC.
Several factors may be the cause of such a difference in
the localization of error-related areas, with technique,
age, and individual differences playing important roles.
Structural brain characteristics also seem to be related to
the ERN amplitude. Specifically, white matter properties
and myelination of the left posterior cingulate, along with
gray matter volume of subareas of the ACC, show signif-
icant relations with the ERN response in adults (Araki
et al., 2013; Grydeland et al., 2016; Westlye et al., 2009).
On the other hand, the relation between cortical thickness
and surface area of the cingulate cortex fails to show a re-
lation with the ERN activity in younger subjects (Overbye
etal., 2019). It is well documented that across adolescence
and into early adulthood there are changes in gray mat-
ter (e.g., cortical pruning, decrease in thickness; Norbom
et al., 2021), white matter (e.g., increases in myelination
particularly in prefrontal areas, Giorgio et al., 2010), and
diffusion-based connectivity (e.g., the superior longitudi-
nal fasciculus; Conte et al., 2023). Combining data from
multiple modalities with complementary strengths could
illuminate specific mechanisms related to the many brain
areas, including the dACC and PCC, that support error
monitoring.

Neuroimaging studies using fMRI find strong activa-
tion in frontal brain areas on tasks requiring relatively
high levels of conflict resolution. These areas include the
dACC and other cingulo-opercular regions, dorsolateral
prefrontal cortex (DLPFC), and other prefrontal regions
(Carter et al., 1998; MacDonald et al., 2000; Ridderinkhof
et al., 2004; Roe et al., 2021; Taylor et al., 2007; van Veen
et al., 2001). The dACC is more active in various tasks re-
quiring performance monitoring and error detection (Le
et al., 2021; Nee et al., 2007; Ridderinkhof et al., 2004;
Weiss & Luciana, 2022). Performance monitoring and
error detection mechanisms have been investigated also
through event-related potential measures. The N2 and
ERN are ERP components associated with control and
error monitoring tasks (Lo, 2018; Yeung et al., 2004).
The N2 is considered a neural marker of conflict detec-
tion (Eriksen & Eriksen, 1974), where it shows larger
amplitude for incongruent relative to congruent flankers
(Folstein & Van Petten, 2008). It is usually measured in
Fz and Cz, and other frontal-central EEG channels (e.g.,
FCz, PCz), and includes several sub-components linked
to different cognitive mechanisms. Within the N2 group,
several cognitive processes are linked to the N2b compo-
nent, ranging from response inhibition, stimulus conflict,
emotional control, and stimulus discrimination, whereas
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the N2c is more closely associated with stimulus discrim-
ination and response priming processes (Folstein & Van
Petten, 2008).

The ERN relates to performance monitoring, error de-
tection, and error correction (Yeung & Summerfield, 2012).
The numerical difference between the ERN on error trials
and the negative ERP response following correct responses
(i.e., correct responses negativity, CRN) is defined as
AERN and considered a reliable neurophysiological index
of error processing (Clayson, 2020; Meyer et al., 2013). The
ERN activity is also associated with individual differences
in anxiety (Weinberg et al., 2012) and temperamental fac-
tors, such as behavioral inhibition, making the investiga-
tion of neural generators of error monitoring important
for understanding the risk of developing social anxiety
(Buzzell, Troller-Renfree, et al., 2017, Buzzell et al., 2021;
Fox et al., 2021).

Age differences in error monitoring skill manifest
in the ERN ERP (Buzzell, Richards, et al., 2017; Davies
et al., 2004; Gavin et al., 2019; Ladouceur et al., 2007;
Lo, 2018; Overbye et al., 2019; Roe et al., 2021; Taylor
et al., 2018; for reviews, see Boen et al., 2022; Lo, 2018;
Tamnes et al., 2013). Lo (Lo, 2018) reported a meta-analysis
of the developmental changes in the ERN and N21 from
childhood to adulthood. There were minimal changes in
the ERN during childhood, that is, 5-10years, but signif-
icant increases occur during adolescence, with a leveling
off in adulthood. A more recent meta-analysis finds a
correlation between age and ERN amplitude of —.230 in
children from 6.1 to 18.7years (Boen et al., 2022), indicat-
ing an increase in ERN amplitude with increasing age. Of
note, Lo (2018) also reported a decrease in N2 amplitude,
related to pre-conflict monitoring and the ignoring of dis-
tracting information. As children’s ability in performance
monitoring tasks to attend and ignore distracting informa-
tion increases with age, so a concomitant decrease occurs
in N2 over age (Lo, 2018).

Although the ERN is known to exhibit protracted
development across the adolescent window, it remains
unclear if and how the neural correlates of the ERN
change during this time frame. An improved understand-
ing of these changes could inform neuroscientific mod-
els of adolescent anxiety symptom development. This
is because the ERN relates to risk for anxiety disorders
(Buzzell et al., 2021; Fox et al., 2021; Meyer, 2022; Moser
et al., 2013), which tend to emerge across the adolescent
window. Extant systems-neuroscience models relating the
ERN to anxiety tend to assume age-related stability in the
neural basis of the ERN. However, some evidence finds
neural regions generating the scalp-level ERN to differ
among adolescents and adults (Buzzell, Richards, et al.,
2017; Davies et al., 2004). Thus, further work might con-
sider whether the neural basis of the ERN changes with
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age. This could improve understanding of normative error
monitoring development as well as developmental sensi-
tivity for models of anxiety disorder onset. Cortical source
reconstruction of ERP signals recorded on the scalp may
shed light on the neural generators of error-related re-
sponses. Reviews of the cortical sources of the ERN sug-
gest the dACC as the source (Iannaccone et al., 2015;
Lo, 2018; Tamnes et al., 2013; van Veen & Carter, 2002b)
leading to the idea that the N2 and ERN components
share a common neural substrate in the dACC (Botvinick
et al., 2004; Lo, 2018; van Veen & Carter, 2002b; van Veen
& Carter, 2006). Recent studies have questioned this con-
clusion. Agam et al. (2011) examined the location of the
ERN in EEG and magnetoencephalography (MEG) data,
as well as error-related fMRI activations. In that paper, ap-
proximately half of the studies cited find a source clearly
in the anterior portion of the dACC, similar to fMRI re-
sults (Aarts & Pourtois, 2010; Alain et al., 2002; Dehaene
etal., 1994; Ladouceur et al., 2007; Mathewson et al., 2005;
Segalowitz et al., 2010; van Veen & Carter, 2002a; Vocat
et al., 2008). The remaining studies find an ERN source
in the very posterior portion of the dACC or in the
PCC (Herrmann et al., 2004; Hochman et al., 2009;
Munro et al., 2007; O'Connell et al., 2007; Santesso &
Segalowitz, 2008; Vlamings et al., 2008; Vocat et al., 2008).
Simultaneous EEG and fMRI recordings suggest that at the
peak of the ERN activity several cortical areas, including
the bilateral PCC, and subcortical brain regions show he-
modynamic responses (Donamayor et al., 2012), and more
caudal portions of the ACC are activated during later ERN
latencies involved in error detection processes (Edwards
et al., 2012). Overall, this evidence suggests a central, but
not exclusive, role of the ACC in error monitoring.

Two studies clearly show the source of the ERN to lie
in the PCC. Agam et al. (2011) was a multimodal study
of errors occurring in an antisaccade task using EEG and
MEG recorded simultaneously, and fMRI recorded in a
separate session. They reported the location of the ERN
source, measured with EEG and MEG, in the dorsal region
of the PCC bilaterally. fMRI results obtained in a separate
session showed that error activations were localized in the
dorsal region of the ACC, also bilaterally, with only a sub-
threshold activation in the PCC (Agam et al., 2011).

More recently, we performed a source analysis of the
ERN in participants from 9years of age to adulthood in
a flanker task, leveraging MRI-informed finite element
method (FEM) head models to constrain the source
analysis (Buzzell, Richards, et al., 2017). We identified
an increase over age in the ERN amplitude, especially
at central-parietal electrodes (e.g., CPz). In line with the
prior study by Agam et al. (2011), we identified the larg-
est source of ERN within the dorsal region of the PCC.
Smaller amplitude source activity was also identified in
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several other areas, with accompanying smaller changes
over age in ERN source amplitude.

The current multimodal study extends our past work
in two ways. First, we extend previous data in one mo-
dality (Buzzell, Richards, et al., 2017) to examine age
differences in spatial and temporal dynamics of error
and performance monitoring from early adolescence
to early adulthood. More importantly, we add a much
larger sample, including subjects studied longitudinally,
and we conduct multimodal analyses comparing brain
function from adolescence through adulthood. This pe-
riod represents a window of vulnerability for the onset
of many neurodevelopmental and mental disorders.
Current data suggest that behavioral measures are less
sensitive indicators than neural measures of devel-
opmental processes related to risk (Moser et al., 2013;
Tang et al., 2020). Identifying age-related differences in
neural circuits involved in error monitoring will deepen
our knowledge of typical cognitive neurodevelopment
and inform studies of atypical developmental patterns.
In particular, the ERN has been identified as a predic-
tor of increased anxiety risk across development (Fox
et al., 2022; Meyer, 2017, 2022). The investigation of
brain functional responses would improve models of
performance monitoring and inform future studies aim-
ing to characterize the relationship between psychopa-
thology and error monitoring systems.

Electrophysiological responses and hemodynamic ac-
tivity were recorded sequentially while participants per-
formed a flanker task. Distributed source localization
obtained using individualized head models from partici-
pant's structural MRI allowed us to account for individ-
ual anatomical differences in the reconstruction of neural
generators of scalp ERP responses. The use of different
neuroimaging modalities would help to inform on the
activation of a functional cluster of brain areas involved
in complex cognitive processes, such as performance
and specifically error monitoring, and shed light on the
timing in which specific functional responses unfold.
Furthermore, by assessing the relation between the EEG
source generators and the cluster of fMRI brain activation
we would identify commonalities in the responses origi-
nating from complimentary techniques. We predicted that
the N2 and ERN activity would be modulated by conflict
and error processing, respectively. The fMRI activation
was predicted to extend to several cortical areas, with only
a subset of regions overlapping with the generators of the
scalp activity occurring at the time of the main ERP in-
volved in error monitoring mechanisms, that is, the ERN.
This multimodal imaging approach examined the extent
to which the topographical distribution and timing of
neural activity during error monitoring processes may
change as a function of age.

2 | METHOD

2.1 | Participants

One hundred fifty-seven participants ranging in age
from 9.58 to 43.59 years were enrolled in the study, and
one hundred twenty-nine participants provided usable
EEG and fMRI data. Preliminary eligibility was based
on participant's health condition, IQ > 70, and an MRI-
safety screening form. Participants were recruited using
two approaches. A total of 51 subjects, described in
Buzzell, Richards, et al. (2017), were recruited through
the NIMH pool of healthy volunteers. These subjects
were recruited by advertisements and by word of mouth.
All subjects recruited with the first approach were only
studied once. A total of 78 subjects, described in Smith
et al. (2020) and Cardinale et al. (2021), were recruited
from a longitudinal sample followed since infancy. The
participants from this study were included only if they
had an EEG, structural MRI, and fMRI sessions at 12 or
15years of age. Twenty-eight participants from this sam-
ple were tested at both 12 and 15years. Although this
sample was enriched to represent a wide range of in-
fant temperament, neither of the two samples included
in the present study had any mental health-related in-
clusion or exclusion criteria. Information about recruit-
ment procedures, participant health, and screening
measures may be found in prior publications (Buzzell,
Richards, et al.,, 2017; Cardinale et al., 2021; Smith
et al., 2020). All participants over the age of 18 provided
written informed consent; for participants under the age
of 18, parents signed consent and youth signed assent.
The Institutional Review Boards of the University of
Maryland (UMD) and the National Institute of Mental
Health (NIMH) approved all procedures, which were
conducted according to the Declaration of Helsinki.
The participants were split into three age groups for the
analyses: 12years, 15years, and adults. Age-appropriate
average MRI templates were used for all groups (see
Age-appropriate Average Templates section). Each par-
ticipant had an EEG and an fMRI session. The age for
each group for the EEG session had a range from 9.86 to
13.93years (N=57, M=12.69, SD=0.799, 21 females),
13.83 to 17.47 years (N=69, M=15.76, SD =0.775, 31 fe-
males), and 17.19 to 43.59 (N =31, M =26.29, SD =7.335,
11 females). The age for each group for the fMRI ses-
sion was 9.58-14.78 (M =12.76, SD =0.953), 14.08-17.17
(M=16.27, SD=0.941), and 17.17-43.42 (M =26.28,
SD=7.313). There were 129 participants who com-
pleted both the fMRI and the EEG: 12years (n=52, age
M=12.66, SD=0.805, 21 females, 2 Asian, 15 Black, 4
Hispanic, 31 Caucasian); 15years (n=51, age M=15.71,
SD =0.832, 21 females, 5 Asian, 9 Black, 6 Hispanic, 31
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Caucasian); adults (n=26, age M=7.33, SD=7.332, 11
females, 8 Asian, 4 Black, 14 Caucasian).

2.2 | Procedure

The participants performed a modified flanker task at
UMD while EEG data were recorded, and the same task at
NIMH where functional MRI was recorded. The order of
EEG and fMRI tasks was counterbalanced and randomly
determined so that the mean age at testing for the three
age groups was approximately equal for the EEG and
fMRI sessions. Trial structure was identical in the EEG
and fMRI tasks, but inter-trial intervals and trial numbers
were tailored to the imaging modality (see next section).
Structural MRIs were collected for the purpose of creat-
ing head models for current source reconstruction and
providing a common spatial reference for EEG and fMRI
analyses.

2.3 | Experimental task, apparatus,
and stimuli

Participants completed a modified flanker task (Eriksen &
Eriksen, 1974) in an EEG session and separately in a fMRI
session. The flanker task used a central arrow flanked on
the side with arrows pointing the same (congruent trial)
or opposite (incongruent trial) direction and participants
indicated the direction of the central arrow with a but-
ton press (Figure S1). The stimuli were shown in white
against a dark gray background. Prior to completing the
experimental task, participants performed 16 practice tri-
als, followed by feedback to maintain accuracy at a level
that would ensure an adequate number of errors occurred,
consistent with the recommendations by Gehring and col-
leagues (Gehring et al., 2012). The EEG session consisted
of 10 blocks of 32 trials (N=320). The fMRI session con-
sisted of four six-minute runs. Each run consisted of 108
trials (N=432). All four runs were completed by 139 par-
ticipants, and three runs were completed by 2 participants.
In the fMRI version, trials consisted of a 300-600-ms fixa-
tion cross, a 200-ms flanker stimulus, and then a 1700-ms
blank screen. Additional details of the EEG session can be
found in Buzzell, Richards, et al. (2017) and of the fMRI
session in Smith et al. (Smith et al., 2020) and Cardinale
et al. (2021). Participants were included in the analyses if
they made a minimum of 10 errors on incongruent trials
during each of the EEG and fMRI sessions. The average
number of good trials after signal processing for the EEG
was 312 (SD=75.26), and for the fMRI was 421 (SD =26.8).
Four subjects had less than 10 incongruent-error EEG
trials and were excluded from the analysis, leaving 153
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participants with usable EEG (12years: M =130 congru-
ent trials; M=116 incongruent trials; M =108 correct tri-
als; M =33 error trials. 15years: M =165 congruent trials;
M =154 incongruent trials; M =130 correct trials; M =39
error trials. Adults: M =180 congruent trials; M=171 in-
congruent trials; M =152 correct trials; M =40 error trials).

There were 558 fMRI runs, and only 15 runs had less
than 10 incongruent-error trials. There were 16 subjects
who did not pass the fMRI quality control prescreening,
leaving 141 participants with usable fMRI. A total of 129
subjects had both EEG and fMRI usable data and were in-
cluded in the final analyses.

2.4 | EEG acquisition and preprocessing

EEG was acquired using a 128-channel HydroCel Geodesic
Sensor Net and EGI software (Electrical Geodesic, Inc.);
EEG analysis was performed using the EEGLAB toolbox
(Delorme & Makeig, 2004), ERPLAB (Lopez-Calderon &
Luck, 2014), and custom MATLAB scripts (The MathWorks)
(cf. Buzzell, Richards, et al., 2017). The 128 channels were
sampled at 250Hz with electrode impedance maintained
below 50kQ. All EEG data were pre-processed with the
Maryland Analysis of Developmental EEG (MADE) pipe-
line (Debnath et al., 2020) (v1.0). The MADE pipeline is
implemented in MATLAB (The MathWorks) and uses the
toolbox EEGLAB (Delorme & Makeig, 2004) and its plugins
“firfilt”, FASTER (Nolan et al., 2010), ADJUST (Mognon
et al., 2011), and Adjusted-ADJUST (Leach et al., 2020). All
default options of the MADE pipeline were used (Debnath
et al., 2020). Offline, data were re-referenced to an average
reference and filtered with a Hamming windowed digital
FIR filter. Data were high pass filtered at 0.3 Hz with a half-
amplitude (—6dB) cutoff frequency of 0.15Hz. Data were
low pass filtered at 50 Hz with a half-amplitude cutoff fre-
quency of 55Hz. FASTER was used to identify globally bad
channels (Nolan et al., 2010). Additionally, channels were
marked bad at the epoch level if voltage exceeded +£125pV,
and any epochs in which more than 10% of non-ocular
channels exceeded this threshold were marked bad; other-
wise, bad channels were interpolated via a spherical-spline
interpolation. Ocular artifact detection and removal was per-
formed with ICA (see Debnath et al., 2020 for detailed ICA
steps) paired with Adjusted-ADJUST (Leach et al., 2020), an
automated algorithm for identifying artifactual ICA compo-
nents. The data used in the current study were segmented
from —100 through 500 ms relative to stimulus onset for the
stimulus-locked ERPs and —100 through 500ms relative to
response onset for the response-locked ERPs. The EEG seg-
ments were assigned to congruent trials, incongruent trials,
incongruent-correct trials, and incongruent-error trials. The
stimulus- and response-locked ERPs were corrected using
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the 50ms preceding the locked onset time. This window al-
lowed us to perform a baseline correction without including
peaks from previous ERP components.

The three-dimensional coordinates of 14 anatomical
and electrode fiducial landmarks were digitized using the
Polhemus Fastrak during the EEG session. The positions
of the electrodes on the T1-weighted MRI were computed
by co-registering the digitized scalp fiducial and digitized
electrode fiducial locations from the EEG session with
corresponding positions on the structural MRI. The HGSN
128 positions were estimated by using the scalp fiducial lo-
cations, the electrode fiducial locations, and the electrode
locations from the age-appropriate average template. The
10-10 positions were computed on the structural MRI
head (Jurcak et al., 2007; Richards et al., 2015).

2.5 | MRI acquisition

A Tl-weighted and T2-weighted structural MRI im-
ages were acquired in a 3-Tesla MR750 GE scanner with
a 32-channel head coil. The T1-weighted scan was a
magnetization-prepared rapid acquisition gradient-echo
sequence (MPRAGE; sagittal acquisition; TI/TE=425/min;
flip angle=7°, FOV=25.6; Matrix 256x256; Slice thick-
ness=1mm; bandwidth=25Hz). The T2-weighted scan
was a fast relaxation fast spin-echo sequence was acquired
(FRFSE-XL; sagittal acquisition; TR/TE 15000/80ms;
FOV =25.6; Matrix 256 x 256; Slice thickness=1 mm; band-
width=31.25Hz). The DICOMM files were compiled into
NIFTI-GZ files. The T1-weighted MRI volume was regis-
tered to the age-appropriate average template using FSL's
flirt (Jenkinson et al., 2002; Jenkinson & Smith, 2001).

The functional MRI images were obtained during per-
formance of the flanker task in a 3T GE Scanner using a
32-channel head coil. Each functional imaging run con-
sisted of 170 whole-brain (forty-two 3-mm axial slices of
2.5x2.5mm resolution) T2-weighted echoplanar images
(TR=2000ms, TE=25, flip angle=60deg, 24 field of
view, 96X 96 matrix). The MRI volumes were registered
to the T2-weighted volume by placing the images from the
four runs into a single 4D volume, using FSL's MCFLIRT
(Jenkinson et al., 2002) to do motion correction, obtaining
the mean BOLD volume from the motion corrected im-
ages, and using FSL flirt (Jenkinson et al., 2002; Jenkinson
& Smith, 2001) to register to the T2-weighted MRI volume.

2.6 | Age-appropriate average templates

Separate average templates were used for the three test-
ing ages. Age-appropriate average templates were selected
from the Neurodevelopmental MRI Database (Richards

& Xie, 2015; Richards et al., 2016). The templates for the
12- and 15-year-old groups were average templates for
12- and 15-year-olds, and the average template for adults
was the 20-24years template. The templates were used
in the electrode co-registration procedure, to display 3D
results of source data, for fMRI display and analysis, and
for relating MNI templates to ages and individuals. Each
participant's structural MRI was registered with FSL's flirt
(Jenkinson et al., 2002; Jenkinson & Smith, 2001) to the
age-appropriate average template. The flirt affine regis-
tration matrix was used to translate between participant
space and average template space, and through average
template space from participant to the MNI space.

2.7 | ERP and source analysis

The EEG data were analyzed as event-related potentials
(ERP), and cortical source analysis was used to identify
the cortical generators of the ERP. For the goal of the cur-
rent study, we reported analyses and results of the N2 and
ERN ERPs. Additional stimulus-locked (i.e., P1, N1, P2)
and response-locked (i.e., Pe) components were investi-
gated for completeness and reported in the Supplementary
Information. Details of each ERP component are listed in
Table 1 and include the time-window, polarity, and chan-
nels of interest utilized to define each ERP. Response-
related activity for the incongruent correct trials was
subtracted from the ERN on the incongruent error trials
(AERN).

Cortical source analysis was used to identify the cor-
tical generators of the ERP components. This analysis
requires several processing steps, recently outlined in
Conte and Richards (2022); also see detailed description
for this study in Buzzell, Richards, et al. (2017) and Gao
et al. (2019), and general information on source analysis
(Michel et al., 2004; Vorwerk et al., 2014). The steps in-
cluded: (1) segmenting the head using the T1-weighted
and T2-weighted into component media with vary-
ing conductivity values, including skin 0.35S/m, skull
0.0132S/m, CSF 1.79S/m, WM 0.2S/m, GM 0.33S/m,
dura 0.33S/m, muscles 0.35S/m, eyes 0.5S/m, and nasal
cavity 0.0048 S/m. Of note, segmentation procedures were
performed using FSL tools for all media, except for eyes
and nasal cavity, which were manually segmented. (2)
computing a volume conduction model (i.e., head model)
describing how electrical current flows through the
head, using the Fieldtrip computer program (Oostenveld
et al., 2011; Vorwerk et al., 2019; Vorwerk et al., 2013) and
Iso2Mesh (Fang & Boas, 2009; Tran et al., 2020) programs,
represented as a tetrahedral mesh with conductivities for
each tetrahedron; (3) creating a source model consisting
of the segmented GM and eyes with a tetrahedral mesh
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TABLE 1 Event-related-potential
(ERP) components. The EGI 128-channel
electrodes ERP were translated into

Name

Stimulus-locked

10-10 locations using a spherical-spline ERPs
transformation. P1

N1

N2
P3
Response-locked
ERPs
ERN
Pe

(Fang & Boas, 2009; Tran et al., 2020); (4) identifying the
positions of the electrodes on the T1-weighted MRI by co-
registering the digitized fiducial and electrode locations
from the EEG session with corresponding positions on
the scalp MRI; (5) computing the lead-field matrix with
Fieldtrip (Oostenveld et al., 2011; Vorwerk et al., 2013;
Vorwerk et al., 2019), which consists of a matrix relating
the 128 electrode leads to the voxel locations in the source
model for current generation from the leads through the
head model media conductivities to the source model
voxel locations; (6) computing the inverse spatial filter cre-
ated with the exact low-resolution electromagnetic tomog-
raphy (eLORETA) method (Pascual-Marqui et al., 2011;
Pascual-Marqui et al., 2006) for each subject that may
be multiplied with the selected ERP data to reconstruct
the current density in the cortex that generates the EEG
scalp potential recorded in the EEG session (i.e., current
density reconstructed (CDR) values). A hallmark of this
procedure is the emphasis on a realistic model of current
generation using individualized head and source models
for each participant, finite element method (FEM) ap-
proach to the forward solution, distributed source model
approach to generate a distribution of the CDR across the
cortex.

The result of the current source reconstruction is a
sample-by-sample estimate of the CDR for each voxel in
the source model in an ERPLab format, for each experi-
mental condition (congruent, incongruent, incongruent-
correct, incongruent-error) (Conte & Richards, 2022).
These data can be further combined by calculating the
mean level for each sample and condition over ROIs (see
below). A dependent variable for the analysis acquired by
taking the peak latency of the relevant ERP component,
using a quadratic polynomial filter to convolve the CDR
with a peaked ERP component, and taking the resulting
value as the variable for analysis. When displaying the
sources of the ERN, the source analysis of the incongru-
ent correct and incongruent error trials was computed

7 of 24
IPSY[:HOPHYSIUI.OGY _ | 7oras
Timing Direction  10-10 electrodes
75-170 Positive POz, Oz, 1z, PO7, PO8, O1,
02,11, 12
P1 latency to 250 Negative POz, Oz, 1z, PO7, POS, O1,
02,11,12
N1 latency to 300 Negative AFz, Fz, FCz, F1, F2
N2 Latency to 500  Positive Cz, CPz, Pz, POz
0-100 Negative AFz, Fz, FCz, Cz, CPz
200-400 Positive AFz, Fz, FCz, Cz, CPz

separately at the latency of the AERN component, and
the display is from the error minus correct incongruent
sources (ACDR). When displaying the sources of the N2,
the source analysis of the correct congruent and correct
incongruent trials was computed separately at the la-
tency of the N2 component and displayed as the sum of
the sources from the two trial types. Typically for the N2,
the responses in the high-conflict condition are subtracted
from the low-conflict condition. However, in our data, the
ERP difference was small (~0.4pV), and thus, the result-
ing source differences were also small (<0.4 pA/mm3).
Thus, we chose to sum the congruent and incongruent
N2 to illustrate the location of the N2. See Supplemental
Information and Discussion for further information.

The sample-by-sample ACDR values also can be trans-
lated from the ERPLab format into 3D MRI volumes. The
quadratic dependent variable can be assigned to each
voxel in a 3D MRI volume. The 3D files from individu-
als were combined into a single 3D volume by using the
T1-weighted to age-appropriate template registration. The
ACDR was analyzed as a function of ROIs derived from an
analysis of “error” studies from the Neurosynth (Yarkoni
et al., 2011) meta-analysis.

2.8 | Neurosynth ROIs

ROIs were defined based on the Neurosynth (Yarkoni
et al., 2011) meta-analysis www site (https://neurosynth.
org/). The Neurosynth site was used with “error” as a
search term to construct an MRI volume with error > cor-
rect contrasts. The three largest clusters using the FSL
cluster tool in this MRI volume were in the dACC, left in-
sula, and right insula. We also relaxed the search with a
T value of 5 and the minextent value set to 70 and found
three additional clusters: PCC, left superior parietal lobe,
and right parietal lobe. Figure 1 shows the ROIs found
from the cluster analysis of the Neurosynth meta-analysis
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Neurosynth ROIs

for the error contrast on the 20-24years template. The
MNI brain was registered to each average template brain
(12, 15, and 20-24years), and the six Neurosynth ROIs
were translated into the average template space. The
Neurosynth ROIs from the average template space were
translated into each individual T1-space.

2.9 | fMRI analysis and
fMRI-Constrained ROIs

The BOLD responses in the fMRI were analyzed using a
similar approach detailed in Gao et al. (2019). The fMRI
preprocessing was carried out using FSL (FMRIB soft-
ware library, version 5.0, www.fmrib.ox.ac.uk.fsl) and
SPM 12 (http://www fil.ion.ucl.ac.uk/spm) and was de-
signed by Hanayik and Richards (2018). The procedure
included head motion detection with FSL's MCFLIRT,
spatial smoothing with FSL's fslmaths, a general linear
model (GLM) using SPM12 with an event-related design,
with a temporal derivative for the HRF, with the regres-
sors including the point-onset for each trial (Oms dura-
tion) classified as congruent-correct, incongruent correct,
and incongruent error. We did not include congruent
error trials because the number of congruent error trials
was too small for many subjects, and we had no contrast
hypothesis for congruent-error trials. The BOLD fMRI
activities for the four runs of each participant were sepa-
rately preprocessed. The incongruent-error greater than
incongruent-correct contrast values for each participant
and run were concatenated into a single 4D MRI volume
and evaluated as a one-way analysis in PALM (Winkler
et al., 2014). The BOLD fMRI volumes, concatenated and
summed, were registered to the T2-weighted MRI vol-
umes with FSL flirt to compare the fMRI results in the
same space as the CDR results.

The fMRI results were used to condition the CDR
analyses. For each participant, the incongruent-error
greater-than-correct contrast from the four runs was
translated in the participant T1 space (3 mm voxels, no
interpolation) and averaged across the four runs. The
source analysis results for each participant resulted
ACDR values for each tetrahedron of the source model.

FIGURE 1 Neurosynth ROIs overlaid
on the rendered adult brain template.

® Dorsal Anterior Cingulate
" Right Insula
" Left Insula
Posterior Cingulate
® Right Superior Parietal Lobe
Left Superior Parietal Lobe

To condition the CDR results, any voxel from the fMRI
analysis that overlapped with a tetrahedron element for
ACDR was multiplied by the value of the ACDR for that
tetrahedron. Note that all tetrahedral elements do not
intersect with the fMRI voxels due to the resolution dif-
ferences between the fMRI and the source models, and
not all fMRI voxels intersected with a tetrahedral ele-
ment due to the whole brain fMRI representation and
the source model elements. The value from this analysis
is the “tMRI-conditioned ACDR.”

2.10 | Analysis strategy

The analysis of the data was done first on the individual
modalities (ERP, CDR, fMRI), and then, on the relation
between the CDR and fMRI. The ERPs were analyzed as
a function of electrode position and age for the stimulus-
locked and response-locked ERPs. The ACDR was ana-
lyzed as a function of Neurosynth ROIs and age for the
response-locked ERPs, emphasizing the error detection
ERPs. The multi-modal relation between the ACDR and
fMRIs was examined with the fMRI_ACDR as a function
of the Neurosynth ROIs and age. The analyses were done
with Proc GLM and Proc Mixed of SAS (version 9.4) soft-
ware (SAS Institute Inc., Cary, NC). The repeated measures
were analyzed with the Proc GLM, with the repeated com-
mand for repeated electrode or ROI factors, to compute
an approximated Huynh-Feldt correction (Huynh, 1978;
Huynh & Feldt, 1980; Lecoutre, 1991). Twenty-eight of
the 15-year-olds were also tested at 12years, creating un-
balanced designs with respect to the participants. Proc
Mixed was used to estimate the effects of the factors, using
fixed effects for trial type and age, fixed effects for elec-
trodes, and random effects for participants and nested (re-
peated) factors, with REML estimation. The Proc Mixed
results for repeated factors were reported only for those
that met the appropriate level of significance with the
Huynh-Feldt correction. Post hoc or planned comparisons
were performed with the Scheffé's error-protection strat-
egy. The results replicating prior studies are summarized
in the Results section, with details in the Supplemental
Information.
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The original data are available on NDAR. The code for
the pipeline and analyses are available on NITRC.org.

3 | RESULTS
3.1 | Stimulus-locked and
response-locked ERPs

We reported here analyses and results of the N2 and ERN
components, whereas results of other ERPs (i.e., P1, N1,
and Pe) are reported in Supplementary Information for
completeness. The N2 stimulus-locked ERP was analyzed
inrelation to the congruent and incongruent conditions for
the three testing ages (12years, 15years, adults). The peak
of the N2 ERP component was analyzed for the frontal-
central 10-10 channels (AFz, Fz, FCz, Cz, and CPz) with
Age X Trial Type X Electrodes mixed models analysis.
There was a significant effect of trial type, F (1, 150)="7.01,
p=.0090, with only a small difference between congruent
(M=-1.73) and incongruent (M=-2.10) trials, but no
significant difference for age. There was a significant main
effect of electrodes, but no significant interactions involv-
ing trial type, age, and electrodes.

IPSYGHOPHYSIUI.OGY s

Figure 2 shows the ERP for the congruent-correct,
incongruent-correct, and incongruent-error trials for the
FCz electrode separately for the three ages. The ERN oc-
curred after the peak of the N2 and appears to delay the
onset of the P3 on the error trials. The Pe occurred during
the P3 on the error trials after the peak of the P3 on the
correct trials. Figure S4 shows results for all the midline
channels.

Theresponse-locked ERPwasanalyzed forincongruent-
correct and incongruent-error trials. The peak of the
ERN was analyzed for the medial frontal-central 10-10
electrodes (AFz, Fz, FCz, Cz, CPz) and age using the dif-
ference score between the incongruent-correct and incon-
gruent error trials, with an Age X Electrodes mixed model.
There were significant effects of age, F (2, 130)=3.43,
p=.03564, electrodes, F (4, 484)=20.22, p<.0001, and
a significant interaction of age and electrodes, F (8,
130)=5.19, p<.0001. The electrodes main effect reflects
overall levels of the ERN across electrodes. The age-by-
electrode interaction reflects differing age effects over the
electrodes. The age effect was not significant for the most
anterior electrodes (AFz, Fz, FCz), but this effect was sig-
nificant for Cz (12years < 15years=20years) and the CPz
(12years < 15years < 20years) electrodes. Figure 3a shows

Stimulus-locked ERPs

12 years Stimulus Type Response
= Congruent Correct
FCz
_ 8 P2 Pe == |ncongruent Correct
2 s |Incongruent Error
;:' 6 P3
34
H
2
I T T T N T T
-100 5 W 200 300 400 500 600
N2
4 ERN
Time (ms)
15 years
Fcz Pe
8
P3
6 P2
4
2
———
I T T 1 T | T T T
-100 10 200 300 400 500 600
2 N2 ERN
Adults
FCz
s Pe
P3
6
FIGURE 2 Stimulus-locked ERPs P2
for the congruent correct (dotted lines), 4
incongruent error (solid lines), and 2
incongruent correct (dashed lines) = | | — , : ‘
conditions on FCz, separately for the three -100 —\.19/ 200 N2 300 ‘I 400 500 600

testing ages.

ERN
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FIGURE 3 (a)Response-locked ERPs for the congruent correct and incorrect conditions over fronto- and parietal-central channels.

(b) algebraic difference of the ERN activity between error and correct trials (i.e., AERN) over five midline channels from frontal to parietal

areas. In all panels the black lines represent the activity of 12-year-old participants, the red lines are for the 15-year-old group, and the blue

lines are for adult participants.

the response-locked ERPs for the incongruent-correct and
incongruent-error trials, separately for the three ages, for
two electrodes showing significant differences in correct
and error trials. The small negative component near the
beginning of the epoch for the error trials, and the diver-
gent positive-negative slow wave for the correct and error
trials, is visible in these ERP plots. Figure 3b shows the
difference ERP (AERN) for the medial channels from
AFz to Pz for the first 100 ms following the response, and
Figure 4 shows topographical scalp potential maps for the
peak of the AERN for the three age groups.

Age differences occurred in the spatial distribution of
the AERN (Figure 4 bottom). The response was largest in
the prefrontal channels for the 12-year-olds (e.g., Fz, FCz,
Cz) and peaked at FCz. The AERN for the 15-year-olds ex-
tended to the posterior CPz electrode, whereas the adult
AERN extended through the Pz electrode. The shift from
anterior to mid-posterior electrodes can be seen in the
topographical scalp potential maps and the bar graph of
the three ages for the midline electrodes (Figure 4). There
was a significant age effect for the Cz (12<15=adults)
and the CPz (12<15<adults) electrodes, and the age
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FIGURE 4 Top panels depict the scalp activity at the AERN peak for the three age groups. A white circle is placed to mark the location
of the reference channels (Cz) to show how the negative central activity moves posteriorly in adult participants versus adolescents. Mean
activity around the ERN peak is depicted in the bar graphs as a function of participant age for the midline channels. A raincloud plot is
reported for the CPz channel. Full dots represent individual data points. Error bars represent the standard error from the mean.

effect was nonsignificant for the rest of the electrodes (see
Supplemental Information).

3.2 | Current source analysis

The current density reconstruction (CDR) was analyzed
as a function of Neurosynth ROIs and age for the AERN
response-locked ERP, emphasizing the error monitor-
ing ERPs. Source analysis was performed on all the
quantified ERP components, the results of which are
reported in Figure 5. There was a shift of the predomi-
nant activity from the posterior to the anterior cortical
regions corresponding to the latency of each compo-
nent. The source of the stimulus locked N2 was in the
dACC for all three testing ages. In contrast, the source
activity, ACDR, at the response-locked AERN latency
moved from dACC area at 12years, to the middle cin-
gulate area at 15years, and to the PCC and superior
parietal lobe for the adults. This age-related, anterior-
to-posterior change in ACDR, within source space, mir-
rors the observed changes in the scalp-level change in
AERN topography across age.

The ACDR values surrounding the peak latency
of the AERN component were analyzed in relation to
age and the Neurosynth ROIs. The dependent variable
for this analysis was the ACDR data transformed by a
quadratic function centered at the peak latency of the
AERN. An Age X Neurosynth ROI (dACC, left insula,
right insula, PCC, left superior parietal lobe, right su-
perior parietal lobe) mixed model was tested. There
were significant main effects of age, F (2, 120)=6.38,
p=.0023 and ROI, F (5, 618)=12.09, p<.0001, but the
interaction was not significant. Figure 6 shows the
ACDR values as a function of time for —100 through
100 ms around the response onset, for the Neurosynth
ROIs, along with the average activity at the AERN peak.
The dorsal anterior cingulate showed a peak at the
AERN latency, with larger CDR values for the young-
est two ages than the adults. The posterior cingulate,
and to a lesser extent the superior parietal lobe, showed
the adults with a larger ACDR than the two youngest
ages. Though the interaction of age and ROI was not
significant, Scheffé's post hoc tests showed significant
age effects for the PCC and right superior parietal ROIs
(p's<.05).
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Successive ERP Components
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FIGURE 5 Sagittal view of the CDR source activity for each ERP component plotted on the age-specific templates. Note that P1, N1, and
N2 are stimulus-locked activities, whereas ERN and Pe are response-locked activities.

3.3 | fMRI BOLD analysis

Figure 7 shows the medial slice of the T-values from the
PALM permutation effects that were significantly different
from 0, and the Gauss-gamma (Gorgolewski et al., 2012)
median for that FWEP. There was a large area of activity
in the dACC for all three ages, and a smaller area of signif-
icant activity near the PCC. Figure 7 also shows a coronal
slice near the center of the dACC. The BOLD activity in
the right and left insula was significant for the two oldest
groups, and the right insula for the 12years. Not shown
in these figures is the significant activity in the superior
parietal lobe.

Table 2 shows a cluster analysis for the 15-year-old
group. Significant activity in the fMRI showed simi-
lar clusters as was found in the Neurosynth ROIs. The
15-year-old group additionally displayed left and right
dorsolateral prefrontal cortex, and cerebellum activations.
The BOLD fMRI in the 12-year-old and adult groups also
showed significant activity in clusters that were similar to
those found in the Neurosynth ROIs. The Gauss-gamma
adaptive threshold method for voxel-wise error control
(Gorgolewski et al., 2012) was used to identify the mini-
mum threshold of the gamma portion of the distribution.
This threshold was used for the functional FWEP (family-
wise error p-value) to localize the ROIs from the fMRI. The

six ROIs from the Neurosynth analysis also were found in
the fMRI clusters (Table 2, ).

3.4 | fMRI-conditioned ERN source
activity

The relation between the ACDR and fMRI activation was
analyzed. Figure 8 shows the 3D rendering of the ACDR
for the three testing ages and the corresponding fMRI T
values from the PALM analysis. The predominant activity
is evident in the dACC area for the N2 source at all ages,
as is the corresponding fMRI BOLD response in this area.
The ACDR activity occurred in the same location as the
fMRI BOLD response for the youngest ages. However, the
ACDR was located in progressively more posterior loca-
tions for the two older ages. Figure S6 shows the ACDR
on 3D rendered plots for the adults for each of the ERP
components ordered by the latency of the component (see
Figure 5 for all ages). There was a shift of the predominant
activity from the posterior to the anterior cortical regions
corresponding to the latency of each component and these
regions corresponded to the BOLD fMRI clusters. The
shift of the ERN source occurred from the anterior to the
posterior areas across the three ages groups and is evident
relative to the stability of the position of the N2 source.
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FIGURE 6 The pattern of ACDR activity at the latency of the AERN component is depicted in the line plots for each considered ROI as
a function of participant's age. Bar plots report the average ACDR at the peak of the ERN activity. The largest ACDR activity was localized in

the dACC for the adolescent groups and more posteriorly (PCC) in adults. Raincloud plots depict the ACDR activity in PCC as a function of

age. Dots represent individual data points. Error bars indicate the SE from the mean.

The fMRI-conditioned ACDR values surrounding the
peak latency of the AERN component were analyzed in
relation to age and the Neurosynth ROIs. The dependent
variable for this analysis was the fMRI conditioned ACDR
data transformed by a quadratic function centered at the
peak latency of the AERN. An Age X Neurosynth ROI
(dACC, left insula, right insula, PCC, left superior pari-
etal lobe, right superior parietal lobe) mixed model was
tested. There were significant main effects of age, F (2,
96)=10.46, p<.0001, and ROI, F (5, 594)=9.68, p<.0001,
but the interaction was not significant (p=.0701). Figure 9
shows the fMRI-conditioned ACDR values as a function
of time for —100 through 100ms around the response
onset, for the Neurosynth ROIs, along with the average

activity at the AERN peak. The bottom panels show bar
graphs of the means at the AERN latency for these data.
The dorsal anterior cingulate showed a peak at the AERN
latency, with larger ACDR values for the youngest two
ages than the adults. The posterior cingulate, and to a
lesser extent the superior parietal lobe, showed the adults
with a larger fMRI-conditioned ACDR values than the
two youngest ages. Though the interaction of age and ROI
was not significant, Scheffé's post hoc tests showed signif-
icant age effects for the PCC and right superior parietal
ROIs (p's <.05).

Figure 10 shows the CDR values separately for the
two ROIs that showed an age effect on the ACDR and the
fMRI-conditioned ACDR, along with the dACC results
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FIGURE 7 T-values of the PALM clustering procedure along with the Gamma and Gaussian-Gamma distributions plotted separately for
the three testing ages and the Neurosynth data.
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TABLE 2 BOLD fMRI ROIs for 15-year-old group.

# nv T MaxS MaxC MaxA
9 7373 9 60 135 65
8 6308 8 23 117 41
7 4812 7 11 60 84
6 4121 6 30 143 64
5 3991 5 106 113 42
4 1646 4 89 141 64
3 1472 3 62 75 76
2 1382 2 98 45 21
1 1183 1 115 61 920

IPSYCHUPHYSIOI.OGY 2p | asora
CogS CogC CogA Anatomical ROI
64 123 83.6 Dorsal anterior cingulate*
27.8 115 54.7 Right insula*
23.7 60.4 97 Right superior parietal lobe*
36.9 142 74 Right dorsolateral prefrontal
99.4 115 55.7 Left insula*
94.6 141 73.4 Left dorsolateral prefrontal
63.3 80.4 81.7 Posterior cingulate*
98.5 44 30 Left cerebellum
105 59.6 97.5 Left superior parietal lobe*

Abbreviations: #, arbitrary label number; Anatomical ROI, anatomical region for the ROI; CogS, CogC, CogA, center of gravity saggital, coronal, and axial
locations; MaxS, MaxC, MaxA, maximum saggital, coronal, and axial locations, respectively; nv—, number of voxels; T-, T value.

*Areas selected from the Neurosynth atlas.

(from Figures 6 and 9). There were similar patterns be-
tween the ages for the dACC and superior parietal ROIs
for the two types of data. The age effect in the fMRI-
conditioned ACDR for the PCC ROI was more obvious,
showing both the decreased temporal range of the values
for the 12-year-olds, and an attenuated amplitude.

4 | DISCUSSION

The current study examined age differences in perfor-
mance monitoring and error detection. The ERN ampli-
tude increased and shifted from anterior frontal electrodes
to central-parietal electrodes, with the cortical generators
localized in the dorsal portion of the anterior cingulate
gyrus (dACC) for the 12-year-old group and the posterior
portion of the cingulate gyrus (PCC) in the 15-year- old
group and adults. Conversely, the source of the N2 ERP
component was located in the dACC at all testing ages.
The fMRI BOLD contrast between the error and correct
incongruent trials was also in the dACC. However, signifi-
cant BOLD activation was found in the PCC for adult par-
ticipants. Finally, age-related difference was confirmed by
the fMRI-conditioned ERN source results.

This study has implications for two areas of research
on error monitoring. First, our ERP results were consis-
tent with studies showing increases in the amplitude of the
ERN from 12years through adulthood (Buzzell, Richards,
etal., 2017; Davies et al., 2004; Gavin et al., 2019; Ladouceur
et al., 2007; Lo, 2018; Overbye et al., 2019; Roe et al., 2021;
Taylor et al., 2018). Lo (2018) reviewed studies showing
differences in children, adolescents, and adults in the ERN
and N2. The ERN may reflect post-error processing in cog-
nitive conflict situations (Botvinick et al., 2004; Lo, 2018;
van Veen & Carter, 2002b; van Veen & Carter, 2006). Thus,
age differences exist in capacities engaged by error com-
mission from early adolescence to adulthood (Lo, 2018).

Crucially, we also identified age-related differences in the
scalp distribution of the ERN activity, which was centered
over more frontal scalp areas in younger participants and
central scalp areas in adults. This finding is in line with a
prior study by Davies and colleagues (Davies et al., 2004),
which found that the ERN was larger over more central
locations for adults, whereas children exhibited a larger
ERN over more frontal regions. Similarly, previous studies
on ERN responses in children identified this component
as being largest over more anterior locations (Brooker &
Buss, 2014; Grammer et al., 2014; Lo, 2018). We reported
a similar pattern in a prior study (Buzzell, Richards, et al.,
2017) among a subset of the current sample. However,
taken together with other work, the current study provides
convincing evidence that the topography of the ERN differs
along an anterior—posterior gradient across development.
This difference in topography may arise from changes in
the sources contributing to the ERN, as opposed to more
simple age-related changes in a common source contribut-
ing to the ERN across ages. Our study suggests the need for
more research examining how age affects error monitor-
ing, including work comparing specific capacities engaged
by error commission across the lifespan. The findings in-
form understanding of error monitoring development in
adolescence and early adulthood, a time when significant
changes occur in brain structure and function, as well as in
expressions of mental health problems, such as depression
and anxiety. Extensions of this work could identify neural
markers of risk that manifest before clinical signs arise,
providing opportunities for early intervention.

A second implication of our results refers to the source
localization findings, which suggest that the location of
the ERN generators may differ across age. Many scientists
localize the ERN generators to the dACC (Iannaccone
et al., 2015; Lo, 2018; Tamnes et al., 2013; van Veen &
Carter, 2002b), which is the same location of the N2
source and commonly observed error-evoked activations
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FIGURE 8 Sagittal view of the group ACDR activity at the peak of the response-locked ERN component (second row) overlaid on

the age-specific average template, and the fMRI-conditioned ACDR (third row). The cross is centered to the anterior commissure of each
template. The top row displays the BOLD activity for the error > correct contrast. The reconstructed source activates of both ERN and N2
components are depicted in the bottom row. Overlapping sources are evident for the 12-year-old group, whereas more posterior ERN activity

occurred in adults.
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FIGURE 9 The pattern of fMRI-conditioned ACDR activity at the latency of the AERN component is depicted in the line plots for each
considered ROI as a function of participant's age. Bar plots report the average fMRI-conditioned ACDR at the peak of the ERN activity.

The largest fMRI-conditioned ACDR activity was localized in the dACC for the adolescent groups and more posteriorly (PCC) in adults.
Raincloud plots depict the fMRI-conditioned ACDR activity in PCC as a function of age. Dots represent individual data points. Error bars

indicate the SE from the mean.

in fMRI studies (Botvinick et al., 2004; Lo, 2018; van Veen
& Carter, 2002b; van Veen & Carter, 2006). However, we
found different generators for the ERN and the N2, con-
sistent with earlier analyses on a subset of the data for
the current study (Buzzell, Richards, et al., 2017), and
another multimodal study (Agam et al., 2011). Posterior
portions of the cingulate cortex showed activation also

in our fMRI analyses. However, a larger cluster of activ-
ity was identified across ages in more anterior areas, in
line with previous neurodevelopmental studies of error
monitoring (Taylor et al., 2007). Thus, fMRI-based studies
identify the dACC as a central hub of the error monitoring
network that comprise other cortical regions. Our results
indicate some differences in the distribution of neural
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FIGURE 10 The pattern of ACDR and fMRI-conditioned ACDR activity at the latency of the AERN component for the two Neurosynth
ROIs showing age effects, PCC and superior parietal cortex, along with the dACC.

activity across modalities, which may be due to the nature
of the physiological activity intrinsic to each acquisition.
Nonetheless, the availability of multi-modal acquisitions
allowed us to identify where the relations between fMRI
and EEG neural generators occurred.

Beyond differences in topography, our study also found
differences in developmental patterns for the ERN and the
N2. While age differences manifested in the source loca-
tion of the ERN, the N2 source laid within the dACC at
all testing ages. Consistent with such differing develop-
mental patterns, the source of the N2 and ERN appeared
to align at age 12 before diverging in adolescence and the
transition to adulthood. While our results only loosely dif-
ferentiate the cognitive processes unique to the N2 and the
ERN, these new findings might generate interest in such
processes. Of note, the N2 represents a stimulus-evoked
signal, in contrast to the ERN, which is a response-evoked
signal. Thus, our results differentiate development as it
relates to stimulus-evoked as opposed to response-evoked
cognitive processes.

Agam et al. (Agam et al.,, 2011) highlighted inconsis-
tencies in previous work examining the cortical source

of the ERN. Approximately half of the studies reviewed
in that paper reported a source in the anterior portion
of the dACC, and the remaining studies reported the
source in the very posterior portion of the dACC or in
the PCC. Methodological differences among studies may
account for the different findings. Our study and Agam
et al. (Agam et al., 2011) used realistic (MRI-constrained)
models for the head and the cortical sources, contempo-
rary methods for source analysis, and a distributed source
solution. Similarity in methods may account for simi-
lar findings in the current study and Agam et al. (Agam
et al., 2011). Both studies also identified comparable fMRI
activations in anterior and posterior areas of the cingulate.
Agam et al. (2011) report that their fMRI error activations
were primarily in the dorsal region of the ACC, but also
a subthreshold activation in the PCC. Comparable results
were found in our current work. The largest activation on
the error contrast was in the dACC and bilateral insula.
However, there was also a reliable activation in the PCC
at all three testing ages. It is beyond the scope of the cur-
rent study to identify the specific mechanism that would
explain the change from the dACC to the PCC. However,
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these fMRI findings were also consistent with the
Neurosynth meta-analysis. There was an increase across
the testing ages in the amplitude of the ERN source in the
PCC ROI. Moreover, the PCC also exhibited the largest
source of activity for the ERN for the adult participants.
Our results raise questions regarding the functional
role of the N2 in Flanker task performance. We found a
significant but small difference between the N2 compo-
nent on correct congruent and incongruent trials, with
no age-related changes in the N2 amplitude, and no age
changes in the congruent-incongruent differences. The
difference in the N2 sources of the congruent and in-
congruent stimuli in the dACC region also was small
(e.g.,<0.4 pA/mm3) and nonsignificant. Thus, questions
remain on the location of stimulus-evoked, conflict-
specific neural processes. Some studies have examined
the N2 and its cortical source in go-no-go tasks; the stud-
ies cited below use the N2b as described in the introduc-
tion. One study, using a source analysis of the difference
wave (no-go minus go), localized the ERN component
in the dorsal anterior cingulate at the approximate time
of the N2 (Kiefer et al., 1998). However, the amplitude
of the N2 was not significantly different in the go and
no-go trials. This indicates that the condition difference
localized in the dACC was likely recorded elsewhere on
the scalp. A second study also examined the N2 in the
go-no-go task (Lavric et al., 2004). This study also iden-
tified the N2b for their analysis. However, in this study
the difference between the go and no-go trials did not
occur on the frontal central EEG channels but on lateral
frontocentral channels (e.g., C4). The LORETA source
of the component was in right lateral areas rather than
in the dACC. A third study also used the N2b for their
go-no-go analysis (Bokura et al., 2001). The authors also
report differences between the go and no-go trials in lat-
eral scalp locations and locate the source of the compo-
nents in lateral brain areas. The N2 has been studied in
the flanker task, with conflicting results. Several studies
reported a large N2 (N2b) response to both the congru-
ent and incongruent trials, with the N2 amplitude being
larger for the incongruent trials (Bartholow et al., 2005;
Heil et al., 2012; Yeung et al., 2004). One study reported
that the N2 only occurred on the incongruent trials
(Kopp et al., 1996). Two studies examined the cortical
source of the N2 in the dorsal anterior cingulate using a
“conflict-N2” derived analysis, that is, AN2 (Ladouceur
et al., 2007; van Veen & Carter, 2002b). However, the N2
in these two studies was not the large N2b considered
in the above-mentioned studies, but rather a small neg-
ative component occurring on the upslope of the sub-
sequent P3 (e.g., Figure 2 in van Veen & Carter, 2002a,
2002b). To the best of our knowledge, these are the
only two studies using the flanker test for analyzing

IPSYGHUPHYSIOI.OGY sPR)

the source of a AN2 component. No study has localized
the neural generator of the N2b ERP. In a more recent
publication, Kalamala and colleagues (2018) argue that
when equal number of congruent and incongruent tri-
als are presented in a basic Flanker task, the N2 compo-
nent may be reflecting frontal aspects of the P300 ERP
(Katamata et al., 2018).

Our study examined the sum of the sources of the
congruent and incongruent trials and found this to be in
the dACC at all three testing ages. The difference in the
sources of the congruent and incongruent stimuli in the
dorsal anterior cingulate region were very small (e.g.,
<0.4pA/mm?*) and nonsignificant. This suggests that the
difference in the ERP component derived from other brain
areas (e.g., possible occipital differences). The N2 being in
a similar location to the fMRI BOLD error response does
not necessarily represent the same cognitive process, since
the N2 analysis in our study does not come from the error/
correct contrast represented by the fMRI BOLD response.

5 | CONCLUSION AND FUTURE
DIRECTIONS

Overall, theresults of our study speak in favor of age-related
differences in the ERN amplitude and its neural genera-
tor, which covers more posterior regions with increasing
age. This difference is confirmed in fMRI-constrained
source analysis. It is worth noting that the interaction be-
tween age and ROI was nonsignificant. However, results
of planned comparisons highlighted the role of the PCC
for older participants. The multi-modality approach used
in the current study allowed us to identify commonalities
in the results obtained from independent acquisitions. We
identified the specific regions in the fMRI activation that
showed a relation with the neural generators of EEG re-
sponses. These occurred in more posterior areas for adults
and anterior regions for younger participants.

Participants performed non-simultaneous EEG and fMRI
acquisitions in different experimental settings. Both tasks
were designed to be event-related, thus providing compa-
rable task performances. There were differences in the be-
havioral performance, which was characterized by faster
response times in the EEG task than the fMRI task. However,
in both tasks, we observed a congruency effect, with faster
responses to congruent than incongruent trials, as well as a
higher accuracy and shorter response times with increasing
age. It is likely that the overall difference in the speed of re-
sponse between the fMRI and EEG tasks was determined by
idiosyncratic features of the two experimental settings.

The inclusion of temporal information and the use of
multiple neuroimaging modalities provide a better pic-
ture on the organization of neural responses involved in
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performance and error monitoring. Several factors (e.g.,
brain maturation and functional organization, increased
performance monitoring skills) may play a role in these
age-related differences. Further studies are needed to
characterize the mechanisms and causes determining
the differences in neural organization between ado-
lescents and adults, including the role of hormonal
changes in influencing neurodevelopmental processes
(Gorday & Meyer, 2018). Moreover, a fully longitudi-
nal study could better assess developmental trends by
tracking behavioral and neural responses across adoles-
cence and early adulthood. Extending the investigation
to younger children and older adults would also benefit
the characterization of error processing mechanisms in
stages of the lifespan in which important brain changes
and variations in behavioral response to errors occur.
Lastly, further investigations could extend the results
of the current study by assessing how developmental
changes in performance monitoring neural activity are
linked to behavioral indexes of executive functioning as
well as individual differences in anxiety and tempera-
mental traits that are known to modulate the ERN ac-
tivity (Cardinale et al., 2021; Meyer, 2017; Meyer, 2022;
Smith et al., 2020). It is well established that the ERN
activity is increased in individuals with heightened
levels of anxiety (Meyer, 2017). Similarly, the ERN ac-
tivity is shown to be linked to both the structural mor-
phology (Fang et al., 2023) and functional connectivity
(Gilbertson et al., 2021) of the dACC in individuals with
high trait anxiety. Thus, multimodal studies could pro-
vide additional evidence on the role of dACC as a hub
for the error monitoring network and how this may be
modulated by anxiety traits in individuals for whom
monitoring processes are particularly relevant.
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