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Abstract

While learning from mistakes is a lifelong process, the rate at which an individual makes errors on
any given task decreases through late adolescence. Previous fMRI adult work indicates that several
control brain networks are reliably active when participants make errors across multiple tasks.
Less is known about the consistency and localization of error processing in the child brain because
previous research has used single tasks. The current analysis pooled data across three studies to
examine error-related task activation (two tasks per study, three tasks in total) for a group of 232
children aged 8-17 years. We found that, consistent with the adult literature, the majority of
applied cingulo-opercular brain regions, including medial superior frontal cortex, dorsal anterior
cingulate, and bilateral anterior insula, showed consistent error processing engagement in children
across multiple tasks. Error-related activity in many of these cingulo-opercular regions correlated
with task performance. However, unlike in the adult literature, we found a lack of error-related
activation across tasks in dorsolateral frontal areas, and we also did not find any task-consistent
relations with age in these regions. Our findings suggest that the task-general error processing
signal in the developing brain is fairly robust and similar to adults, with the exception of lateral
frontal cortex.
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Introduction

Learning from one’s mistakes is important for social development, academic performance,
and occupational success. A key marker of adaptative behavior and learning is error
reduction over time. In development, errors typically decrease through late adolescence, and
this is thought to reflect the maturation of cognitive abilities that support goal-directed
behaviors and error processing (Fitzgerald et al., 2010; Luna et al., 2010; Rubia et al., 2006;
Velanova et al., 2008). Disorders characterized by poor behavioral regulation of control that
emerge during childhood and adolescence (e.g., attention-deficit/hyperactivity disorder;
Kessler et al., 2007; Merikangas et al., 2010) often relate to greater production of mistakes
or an inability to improve performance after an error (Carrasco et al., 2013; Johnson et al.,
2007; Mullane et al., 2009; Plessen et al., 2016; Schachar et al., 2004).

Cogpnitive theories of error processing consider errors as a type of unexpected event that lead
to processes that either improve or reduce behavioral accuracy on the task (Wessel and Aron,
2017). Most of the neural support for these theories comes from temporally-powerful
techniques like electroencephalography (EEG), which can measure event-related brain
potentials during and after errors (ERPs; for a review see Tamnes et al., 2013). The error-
related negativity (ERN) component, which is a negative deflection of the ERP that occurs
after an individual makes an error, is thought to originate, in part, from the anterior cingulate
cortex (ACC) and its functional network, regardless of the type of task (Holroyd and Coles,
2002). Consistent with, and expanding on ERN work, recent adult studies investigating
error-related brain activation that use the more spatially specific method of functional
magnetic resonance imaging (fMRI) find that the error-signaling mechanism in the adult
brain involves the ACC and a large set of additional putative control regions (Neta et al.,
2015).

The error fMRI brain signal is measured by directly comparing activation during error trials
(incorrect and omitted responses) to activation during correct trials, and is generally marked
by more positive activation for errors relative to correct trials. A meta-analytic examination
of fMRI studies of healthy adults has identified a set of error-related brain regions that
consistently show this pattern across a wide variety of tasks (Neta et al., 2015). However,
researchers have not yet investigated error signaling in a large sample of children across
multiple tasks to identify whether consistent error-related activation in children is spatially
similar to brain regions found in adults. Identifying a set of error-related brain regions during
typical development builds a framework for understanding aberrant error processing in
populations at risk of developing control-related disorders (Kessler et al., 2007; Merikangas
etal., 2010).

Error-related brain regions in adults are spread across multiple areas within the frontal,
parietal, and occipital cortical lobes, in addition to subcortical and cerebellar regions (Neta
et al., 2015). These regions are purported to be critical for control-demanding tasks (e.qg.,
reading, making judgements about images or abstract concepts, flexibly adjusting to rules;
Dosenbach et al., 2006; Engelhardt et al., 2019), and these regions also correlate together in
their resting blood-oxygen-level dependent (BOLD) signal, even in the absence of a task
(Dosenbach et al., 2008, 2006; Neta et al., 2015, 2014; Power and Petersen, 2013). Many of
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these error-related regions are within the brain’s fronto-parietal and cingulo-opercular
putative control networks, indicative of a clear role for control in error processing and task
performance (Neta et al., 2015).

Developmental studies of single-task fMRI (Braet et al., 2009; Deng et al., 2017; Fitzgerald
et al., 2010, 2008; Rodehacke et al., 2014; Rubia et al., 2007; Stevens et al., 2009) and
electroencephalography (Tamnes et al., 2013) have indicated that at least some of these
control regions are indeed engaged during errors relative to correct trials in childhood. These
studies most often find greater engagement of cinguloopercular regions like the dorsal
anterior cingulate (dACC) and anterior insula, with additional regions differing across
studies (Braet et al., 2009; Deng et al., 2017; Fitzgerald et al., 2010, 2008; Rodehacke et al.,
2014; Rubia et al., 2007; Stevens et al., 2009). For example, some studies have found that
children show adult-like error activation in control regions like the inferior parietal lobule
(Braet et al., 2009; Stevens et al., 2009), while others have reported age-related differences
in the lingual gyrus and caudate (Braet et al., 2009; Fitzgerald et al., 2010; Rubia et al.,
2007). Overall, reports of fronto-parietal control engagement during errors, especially in the
lateral frontal lobes, are inconsistent across single-task child fMRI studies (Braet et al.,
2009; Deng et al., 2017; Fitzgerald et al., 2010, 2008; Rodehacke et al., 2014; Rubia et al.,
2007; Stevens et al., 2009).

A multiple-fMRI-task approach that also examines relations between age, accuracy, and
activation may clarify whether fronto-parietal control regions differentiate mature from
immature error processing in children. Individuals make errors during many different types
of control-demanding tasks (Neta et al., 2015), yet all of the single-task developmental fMRI
studies have investigated error activation solely in the context of inhibitory control (Braet et
al., 2009; Deng et al., 2017; Fitzgerald et al., 2010, 2008; Rodehacke et al., 2014; Rubia et
al., 2007; Stevens et al., 2009). These tasks are designed to tap regulatory cognitive
processes that require participants to inhibit learned or dominant motor responses. Inhibitory
control tasks are useful for producing high error rates to examine error-related activation, but
may limit the scope of our understanding of error processing in the developing brain if the
regions engaged for errors during inhibition are not common across a wide array of tasks.
Further, a multi-task approach has been helpful in studying functional brain network
consistencies in children for correcttask performance (Engelhardt et al., 2019), and thus a
similar approach could be utilized to inform our understanding of error processing in
children.

The goal of the current study was to identify brain regions that respond differentially to
errors and correct trials in typically developing children across three different tasks, and to
compare error regions identified in these pediatric samples to literature-derived adult error
regions. The three tasks included a reading comprehension task (making judgements about
the sensibility of sentences), an inhibition task (inhibiting learned responses), and a
cognitive flexibility task (cued switching between rules when sorting shapes). First, we
applied the same approach used by adult (Neta et al., 2015) and child (Engelhardt et al.,
2019) meta-analyses to identify clusters of error-related brain activity common across the 3
tasks, pooling fMRI data from over 200 children ages 8 to 17 years. Second, we estimated
the distance between the neuroanatomical locations of the observed child error regions and
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adult error regions (Neta et al., 2015) to determine whether the spatial organization of
regions critical for error processing in children was similar to that of adults. Finally, we
tested the extent to which task accuracy or age explained some variability in error-related
brain activation by correlating it with activation across the entire child sample. We predicted
that children would have a similar set of consistent cingulo-opercular error-related regions to
adults, and that greater engagement of error regions would relate to better task performance.
Our review of the single-task fMRI literature for error processing in children suggests a lack
of consistent lateral frontal cortex activity. Therefore, we leveraged the multiple-task
approach to test whether engagement in the frontal aspects of the fronto-parietal control
network would be more task specific or more consistent across multiple tasks in our sample.

Materials and methods

2.1. Studies and participants

Data in this analysis included three tasks collected for three separate studies: an Executive
Function Study (V= 28), a Twin Study (M= 77), and a Reading Study (N = 127; total N=
232). Participants were aged 8-17 years (M= 10.60 years, SD = 1.56 years, 51% female;
Table 1) and had no reported diagnoses of psychiatric or developmental disorders. Parents
provided written informed consent for their child’s participation, and participants provided
written informed assent. Participants were compensated for their time. The Institutional
Review Board of the University of Texas at Austin approved the Executive Function and
Twin studies, and the Institutional Review Board of the University of Texas Health Science
Center at Houston approved the Reading study for the Austin and Houston sites.

For the Twin and Reading Studies, the participants included in our analyses differed slightly
from the participants included in previously published studies. For both studies, we excluded
participants who had perfect performance on a task, given that we could not use them to
examine error trial activation. For the Twin study sample, we analyzed data from one twin
randomly selected from each twin pair, originally collected as part of the Texas Twin Project
(Engelhardt et al., 2019; Harden et al., 2013). For the Reading Study (Nugiel et al., 2019;
Roe et al., 2018), we lowered the performance criteria to allow for greater variability in
performance and to have consistent criteria across the three studies used here. We also
excluded any participants from the original Reading Study sample that had clinical
diagnoses of dyslexia or attention-deficit/hyperactivity disorder; our Reading Study sample
here included some participants who were labeled as struggling readers by scoring below a
cutoff on school administered reading tests. The Executive Function Study design was the
same as the Twin Study, but focused collection on a sample of children with and without
control-related disorders; we analyzed only the typically developing sample that passed
performance and movement criteria for the current study.

All studies were conducted at The University of Texas at Austin Biomedical Imaging Center
(V= 193), with the exception of a subset of the Reading Study participants (N = 39)
collected at The University of Texas Health Science Center at Houston (see MRI data
acquisitions across studies). Group-level fMRI analyses showed no significant differences
between sites for the reading and inhibition task error contrasts, allowing for collapse across
collection sites for these tasks.
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Following the adult error meta-analysis by Neta and colleagues (Neta et al., 2015), error
trials were modeled separately from correct trials, errors of both commission and omission
were examined together, and all of the tasks were absent of any explicit feedback. Due to the
nature of the original goals of each study, the tasks were all visually presented and had a
button-press response. Participants were asked to make judgements about the sensibility of
sentences, to inhibit learned responses, and to switch between rules when matching shapes
(see fMRI tasks).

MRI data acquisitions across studies

All scan sessions included high-resolution structural (T1 and T2) and DTI scans, in addition
to resting state and task-related fMRI scans. The Twin and Executive Function Studies
included two in-scanner tasks reported here: the inhibition task (1 run per Twin Study
participant and 1-2 runs per Executive Function Study participant) and the flexibility task
(1-2 runs per participant for both studies; see Table 2 and Supplementary Fig. 1 for task
designs). At both the Austin and Houston Reading study imaging sites, the two in-scanner
tasks were the inhibition (1-2 runs per participant) and the reading tasks (1-3 runs per
participant). Before performing tasks inside the scanner, participants practiced each task on a
computer outside the scanner room, and were reminded of task instructions prior to each
task collection. All MRI sessions lasted approximately 90 min.

2.2.1. Twin, executive function, and Austin reading studies (N = 193)—Images
were acquired on a Siemens Skyra 3-Tesla scanner with a 32-channel head matrix coil at the
University of Texas at Austin Biomedical Imaging Center. T1-weighted structural images
were collected with an MPRAGE sequence (TR = 2530 ms, TE = 3.37 ms, FOV =256,1 x 1
x 1mm voxels), and T2-weighted structural images were collected with a turbo spin echo
sequence (TR = 3200 ms, TE =412 ms, FOV =250, 1 x 1 x 1 mm voxels). Task functional
images were collected using a multi-band echo-planar sequence (TR = 2000 ms, TE = 30
ms, flip angle = 60°, multiband factor = 2, 48 axial slices, 2 x 2 x 2 mm voxels, base
resolution = 128 x 128). All tasks were run using PsychoPy software (Peirce, 2007) and
stimuli were projected onto a screen (resolution of 1920 x 1080) that participants viewed
using a mirror attached to the head coil. Participants used Optoacoustics headphones
(OptoAC-TIVE Optical MRI Communication System with Active Noise Control) and
responded using a two-button response box (FIU-932 Current Designs).

2.2.2. Houston reading study (N = 39)—The Houston site MRI data were acquired
with a Siemens TIM Trio Syngo 3T MRI scanner with a 12-channel head coil at the Baylor
Imaging Center. Isotropic 3D T;-weighted structural images were acquired in the sagittal
plane (TR =2170 ms, TE = 3.6 ms, FOV =256, 1 x 1 x 1 mm voxels, flip angle = 7°, NEX
=1, iPAT = 3) and a turbo-spin echo sequence to collect To-weighted structural images (TR
=3200 ms, TE =410 ms, FOV =256, 1 x 1 x 1 mm voxels). Isotropic 2D functional images
for both tasks were acquired in the axial plane (TR = 2000 ms, TE = 30 ms, flip angle = 79°,
32 axial slices, 3 x 3 x 3 mm voxels, base resolution = 96 x 96, NEX = 1, iPAT = 3). Stimuli
at the Houston site were presented on a Cambridge Research Systems BOLDscreen 32 LCD
monitor projector at the same resolution as the University of Texas at Austin Biomedical
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Imaging Center site. Houston participants used the same Optoacoustics headphones and
F1U-932 Current Designs button box controller.

fMRI tasks

2.3.1. Inhibition task—~For inhibition we used the Stop Signal Task, adapted from
Verbruggen and Logan (Verbruggen and Logan, 2008), where participants were instructed to
respond to arrows pointing left or right on the screen (“Go” trials), but to not respond if a red
X appeared on top of the arrow (“Stop” trials; Supplementary Fig. 1). Each run consisted of
96 “Go” trials and 32 “Stop” trials (25% of the trials). The current study analyzed “Stop”
trials only for brain activation, using the error contrast correct stops vs. failed stops, in order
to focus on the task’s main interest of inhibitory control. A “Stop” trial started with the
presentation of a left- or right-pointing arrow in the center of the screen for 250 ms (the
initial Stop Signal Delay, SSD), then the “Stop” signal (a red X) overlapped the arrow; the
“Stop” signal remained on the screen for the duration of that trial (1000 ms). If a participant
correctly inhibited a button response during the first “Stop” trial, the SSD for the next
“Stop” trial increased 50 ms (SSD to 300 ms). If a participant incorrectly made a button
response during a stop trial, then the SSD decreased by 50 ms on the next “Stop” trial (SSD
to 200 ms); this staircasing continued throughout each run of the inhibition task, driving
participants towards a 50% stop rate (Merbruggen and Logan, 2008). A “Go” trial consisted
of a left- or right- pointing arrow in the center of the screen presented for 1000 ms. Each
trial type was followed by 1000 ms of blank screen (inter-stimulus interval) and interspersed
with a jittered blank screen ranging from 0—7000 ms. The inhibition task runs lasted 6°0”
with 180 frames each.

2.3.2. Flexibility task—~Participants were instructed to pay attention to the shape or
color (rules) of a target stimulus that would later appear after the cue period (Supplementary
Fig. 1; Engelhardt et al., 2019). The two possible rules and two responses choices were
displayed on the screen for the entire length of the trial (4000 ms). For the first 1500 ms of
the trial, a red box indicated which rule to follow (cue period). The flexibility task runs
consisted of 46 trials; for 37 of the 46 trials, the target stimulus appeared 500 ms after the
red box disappeared and then the target remained on the screen for 2000 ms (response
period). During the response period, the participant could indicate which of the response
choices matched the target. A 1000 ms fixation cross followed the response period and a
jittered blank screen of 0-8000 ms followed all trials. In 9 cue-only trials interspersed
throughout the run, a red fixation cross was displayed for 500 ms instead of a target, which
was then followed by a white fixation cross for 500 ms. The flexibility runs were
administered up to two times per participant. During the first run, there were 22 repeat trials
where the cued rule was consistent with the rule on the previous trial. The repeat trials were
interspersed with 23 switch trials where the cued rule switched. During the second run, there
were 23 repeat trials and 22 switch trials. For maximal power of error trials, the current
study collapsed across switch and repeat trials, using the contrast a// correct trials vs. all
error trials. The flexibility task runs lasted 5’22 with 161 frames each.

2.3.3. Reading task—The reading task was closely adapted from Meyler and colleagues
(Meyler et al., 2007) for the purposes of specific questions for the Reading Study (Nugiel et
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al., 2019; Roe et al., 2018). Participants indicated if short sentences were sensible or non-
sensible and were not provided with performance feedback (Supplementary Fig. 1); for the
current analysis, we collapsed across sensibility-type to examine the error contrast a// correct
vs. all error. The task was administered up to three times; each run started with the probe
“Makes Sense?” for 2000 ms, followed by 32 sentence trials. The sentences were presented
for 8000 ms followed by 2000 ms of blank screen (inter-stimulus interval) and interspersed
with a jittered blank screen ranging from 0-8000 ms. Participants used their thumbs to press
buttons on a button box that indicated the sensibility of the sentence. The words “No” and
“Yes” appeared in small font below the sentence on either side of the screen to remind the
participant of the response mapping onto the buttons (left/right), which was counter-
balanced across participants. The reading task runs lasted 7°6” with 212 frames each.

2.4. Analyses

2.4.1. Behavioral analyses—Analyses of behavioral performance were conducted in R
version 3.3.3 (R Development Core Team, 2017). Performance criteria were selected to
allow as much variability in task performance as possible, while ensuring that participants
engaged in the task. Runs were excluded if performance did not meet the following criteria:
for inhibition, “Go” accuracy on greater than 50% of “Go” trials and Stop Signal Reaction
Time (SSRT) greater than 50 ms (Congdon et al., 2012); for flexibility, at least 50%
accuracy; for reading, at least 50% accuracy. SSRT estimates were calculated using the
quantile method, which subtracts the mean SSD from the quantile RT (the RT for the correct
“Go” trials that corresponds to the proportion of failed inhibition; Congdon et al., 2012). For
the Executive Function Study, 92% of participants had two inhibition and two flexibility task
runs. Participants in the Twin Study all had one inhibition task run, and 79% had two
flexibility task runs. For the Reading Study, 94% of participants had two inhibition task runs
and 89% of participants had two to three reading task runs (see Supplementary Notes:
Participant Characteristics for details). Task performance was averaged across usable runs.

2.4.2. fMRI preprocessing—Imaging data from the Twin Study (Engelhardt et al.,
2019) and Executive Function Study were preprocessed with the fMRI Expert Analysis Tool
in FMRIB Software Library (FSL) version 5.0.9 (www.fmrib.ox.ac.uk/fsl). Imaging data
acquired for the Reading Study (Nugiel et al., 2019; Roe et al., 2018) were preprocessed
with FSL version 5.0.2 for original analyses published in Roe and colleagues (Roe et al.,
2018). We were able to add 13 participants to these new analyses due to inclusion criteria
differences between this study and Roe and colleagues (Roe et al., 2018); the first and
second-level analyses for these additional 13 Reading Study participants were processed
using FSL version 5.0.9 due to unavailability of the older FSL 5.0.2 software on our
supercomputer. All participant data was reviewed for alignment and preprocessing quality.

High-resolution T1-weighted structural images from all studies, regardless of FSL version,
underwent skull stripping and brain extraction using Freesurfer version 5.3.0 (Reuter et al.,
2010). Functional data were registered to the structural image using the Boundary-Based
Registration algorithm (Greve and Fischl, 2009), and structural images were registered to
MNI space using the FMRIB Linear Image Registration Tool (Jenkinson et al., 2002;
Jenkinson and Smith, 2001). Pre-statistics processing also included spatial smoothing using
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a Gaussian kernel of FWHM 5mm, grand-mean intensity normalization of the 4D dataset by
a single multiplicative factor, and high pass temporal filtering (Gaussian-weighted least-
squares straight line fitting, with 50 s sigma).

2.4.3. fMRI analyses—We analyzed the following error contrasts from each task:
correct stops vs. failed stops for the inhibition task; all correct vs. all error trials, which
combined across both cue and target periods per trial, for the flexibility task; a// correct vs.
all error trials for the reading task. For a single task, the recommended minimum number of
error trials necessary to detect a reliable error-related signal for sample sizes greater than 90
is two trials (Steele et al., 2016). For all of our tasks, therefore, we included participants with
usable data that had at least two error trials, with the exception of inclusion of four
participants for the flexibility task with one error trial, in order to maximize our total sample
size for that task (total flexibility task A/= 95), and because the flexibility results held
without these four participants. Of note, because the SSD of the inhibition task used
staircasing to guide stop accuracy to about 50%, the number of errors in that task are highly
consistent across individuals, unlike the more traditional designs of the flexibility and
reading tasks that produce higher accuracy rates.

First-level statistical analysis for all individual task runs were carried out using FSL’s
Improved Linear Model with local autocorrelation correction (Woolrich et al., 2001). We
used a double-gamma HRF time-series convolution and set the highpass filter at 100 s for all
three tasks. All task models also included six motion regressors, temporal derivatives for
each regressor, and nuisance regressors that modeled out single trials identified as having
excessive motion (framewise displacement greater than 0.9 mm,; Siegel et al., 2014). At least
50% retention of frames after censoring was required for a run to be included (percent of
frames removed for each task: inhibition M= 7.4%, SD = 8.8%; flexibility M =8.3%, SD=
10%; reading M= 13.7%, SD = 11.2%). We modeled a response time regressor mean-
centered across all trials for each task to decrease the likelihood that activation for our
contrasts of interest were confounded by response time. This was an important confound to
control for given that cingulo-opercular regions have been shown to be sensitive to response
time (Neta et al., 2014; Yarkoni et al., 2009). Second-level analysis, which averaged contrast
estimates over runs within subject, was carried out using a fixed effects model using FMRIB
Local Analysis of Mixed Effects (FLAME; Beckmann et al., 2003; Woolrich, 2008;
Woolrich et al., 2004).

The third-level group analysis was also executed using FLAME stage 1 (Beckmann et al.,
2003; Woolrich, 2008; Woolrich et al., 2004), under FSL version 5.0.9. Z-statistic images
were thresholded at z >2.5 and coordinates and voxel size of group analysis results were
obtained using the FSL version 5.0.9 Cluster tool; we report clusters of 20 voxels or more
(Worsley, 2001). Brain regions are reported in MNI coordinates and identified using the
Harvard-Oxford atlas in the FMRIB software and confirmed in Neurosynth (Yarkoni et al.,
2011).

2.4.4. Summed mask analysis—We modeled the binarized mask analysis and 2
thresholding after Neta and colleagues (Neta et al., 2015) and previous work from our lab
that investigated common activation in brain regions during correct trials across multiple
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tasks in children (Engelhardt et al., 2019). For each thresholded z-stat map for each task (z >
2.5), we assigned a value of 1 to voxels that showed significant differential activity for the
error contrasts (errors vs. corrects, which includes both errors > corrects and corrects >
errors); voxels that were not significant were assigned a 0. We summed the binarized maps
for each task together, resulting in a single map showing voxels engaged across all three
tasks, across the different combinations of two tasks, and by only one task. For visualization
of the statistical maps, we projected the data onto an average inflated map using Caret
software (Van Essen, 2012). Whole-brain task-specific error contrast zmaps, before
binarization and summation, are shown in Supplementary Fig. 2. Age and task accuracy
were also included in a secondary analysis of the main effect error contrasts as continuous
covariates to control for any age and performance effects on error-related activation.

2.4.4. Region-of-interest (ROI) comparison—We wanted to directly assess the 11
literature-derived adult error regions (Supplementary Table 1; Neta et al., 2015) in each task
of our child samples using both a distance analysis and an applied ROI analysis of our own
whole brain contrasts. For the distance analysis, we used the FSL Cluster tool to identify
coordinates for each cluster center within the summed mask of task-overlapping error
activity, and then estimated the distances between the literature-derived adult ROIs and the
child sample clusters. Distances were calculated using the following equation:

. 2 2 2
distance(mm) = \/(xchild = Xadult)” + (Vehild = Yadult)” + (Zchild = Zadult)

where the MNI coordinates for the child centers of activity and the adult ROIs correspond to
X, Y, and z.

For the applied ROI analysis, 5 mm radius spheres were created using the T1 MNI152 2 mm
brain mask in FSL version 5.0.9, with the center of each sphere of the literature-based
coordinates. Mean BOLD percent signal change for each ROI for each individual for the
contrast of interest was also calculated using FSL and R version 3.3.3 (R Development Core
Team, 2017). We tested for literature-derived adult ROIs that showed significantly different
activations from zero between error and correct trials. Additionally, we applied the 11
literature-derived adult regions (Neta et al., 2015) to the correct vs. baseline and error vs.
baseline contrasts for each task to assess the direction of the average percent signal changes
for correct and error trials (inhibition correct stops vs. baseline and failed stops vs. baseline,
flexibility all correct trials vs. baseline and all error trials vs. baseline, and reading all correct
trials vs. baseline and all error trials vs. baseline).

2.4.5. Whole brain correlations between error activation, task accuracy, and
age—We analyzed common error activation across the three tasks with third-level whole
brain models that included correlates of the mean accuracy and age per person. Accuracy
and age were separately entered as mean-centered correlates in a third-level group analysis
for each error contrast (inhibition correct stops vs. failed stops contrast, flexibility alf correct
vs. all error trials contrast, and reading a// correct vs. all error trials contrast). Within the
thresholded and corrected zstat maps (z > 2.5), we then binarized each map and summed
the binarized maps together using the same steps under Summed mask analysis. We
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projected the data onto an average inflated map using Caret software (Van Essen, 2012) and
assessed location using the distance analysis described under RO/ comparison.

2.5. Data and code availability

FMRI statistical analyses were conducted in FSL version 5.0.9 (www.fmrib.ox.ac.uk/fsl), as
detailed in Materials and Methods, and task performance analyses were conducted using R
version 3.3.3 (R Development Core Team, 2017; t.test and cor.test functions from the stats
package). Group level thresholded and unthresholded statistical brain maps resulting from
fMRI analyses across the manuscript and supplementary materials are available at the
following Open Science Framework archive: https://osf.io/vqrjk

3. Results

3.1. Task performance

Descriptive statistics are provided in Table 3. Behavioral performance on all three tasks did
not significantly differ by gender, with the exception of males showing better accuracy on
the “Go” trials, which were not included in the neuroimaging analyses (£(211.38) = - 3.12,
p = .01; corrected for multiple comparisons). We analyzed inhibition “Stop” performance
and related brain activity to focus on inhibitory control, but to align with best current
reporting practices for the inhibition behavioral measures (Verbruggen et al., 2019), the
“G0” accuracy was 85.97% (SD = 9.74%) and the “Go” RT was 658.90 ms (SD = 81.0 ms).

Age was included as a covariate in the fMRI models to control for the effect of age on error-
related activation. We also examined age in relation to error-related activation. Age was
significantly positively correlated with flexibility accuracy (r = 0.45, Bonferroni corrected p
<.001; Supplementary Fig. 3) and negatively correlated with flexibility RT (r = —0.54,
Bonferroni corrected p <.001). Age was not significantly correlated with accuracy on the
inhibition “Stop” trials (r = 0.08, un-corrected p = 0.24), likely due to the staircase design
(see Materials and Methods), and was also not significantly correlated with reading accuracy
(r =-0.19, Bonferroni corrected p = .44), given the small age range.

3.1. Neuroimaging results

3.1.1. Whole-brain summed masks—Significant error-related BOLD activity
common across all three tasks was observed across 19 regions in the cortex (black regions in
Fig. 1; Table 4), including cingulo-opercular network regions like the dACC and bilateral
anterior insula. Nine subcortical regions with consistent three-task error-related activity
included bilateral thalamus, bilateral hippocampus, right parahippocampal gyrus, left
accumbens, right putamen, and right caudate. Error signal clusters common across all three
tasks remained significant after controlling for both age and accuracy (Table 4; 28 total
cortical and subcortical regions). A distinct lack of consistent error-related activity across all
three tasks was seen in lateral frontal cortex.

We found additional areas of two-task overlap in children (Fig. 1; coordinates reported in
Supplementary Table 2). Overlapping areas for the flexibility and inhibition tasks included
the bilateral supramarginal gyrus and right posterior middle temporal gyrus, among others
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(purple areas, Fig. 1). Reading and inhibition task activation overlapped in areas such as
bilateral sensorimotor, bilateral superior lateral occipital cortex, and left posterior cingulate
gyrus (orange areas, Fig. 1). For reading and flexibility, we found overlap in bilateral medial
and lateral occipital cortex, and bilateral medial and mouth sensorimotor cortex, among
others (green areas, Fig. 1).

Activity in the cingulo-opercular network had strong consistency in children, similar to prior
results from the adult literature (Neta et al., 2015). Activity in fronto-parietal network
regions, especially in lateral frontal cortex, was not consistent across two or three tasks in
children (Fig. 1). We found a few non-overlapping frontal areas specific to each task (see
Supplementary Fig. 2 and Supplementary Table 3). However, for two of the tasks (reading
and inhibition), those frontal regions were small and demonstrated greater positive activity
for correct relative to error trials instead of errors greater than corrects.

3.1.2. Region-of-interest (ROI) comparison—We observed good overlap with the
adult error ROIs (Supplementary Table 1; Neta et al., 2015), but we also calculated the
distance between the adult coordinates and the coordinates of the three task-overlapping
error clusters from our child sample. Nine adult error ROIs fell within 20 mm of the centers
of the child error clusters and were mainly members of the cingulo-opercular network (Fig.
1, white ROIs). The two adult error ROIs that were more than 20 mm away from the centers
of task-overlapping error clusters in the child sample were the lateral frontal cortex regions
(yellow regions in Fig. 1). The left dorsolateral prefrontal cortex (PFC) adult ROl was < 20
mm away from child inhibition-specific error activation in the left inferior frontal gyrus
(IFG); no other task-specific child frontal activation was close to the two adult frontal ROIs.

We also applied the adult ROIs directly to the child data to test whether the adult ROIs had
significant BOLD activity in children that differentiated between error and correct trials.
Eight of the 11 literature-applied adult ROIs showed activation significantly different from
zero for two to three tasks in our child sample; all eight also had significantly greater
positive activation for errors relative to correct trials, consistent with adult activity. These
eight included all of the same regions found in the distance analysis, except for the caudate
ROI, which showed the same level of positive activity for both error and correct trials for the
inhibition task.

3.1.3. Whole brain correlations between error activation and task accuracy—
We found no reportable areas of consistent three-task overlap for the correlation between
error activity and task accuracy (though note two small three-task overlap regions <8 voxels
in dACC in Fig. 2). We did find multiple areas of two-task overlap where activity correlated
with accuracy, such that the absolute difference in signal between correct and error trials was
larger when task accuracy was higher. These overlaps included several cingulo-opercular
network regions, such as the anterior cingulate, thalamus, and bilateral anterior insula (Table
5, Fig. 2). The reading task and the inhibition task also showed overlapping child error
activation that correlated with accuracy in bilateral anterior insula and left thalamus (Table 5,
Fig. 2). Error activation that correlated with accuracy for the reading and flexibility tasks
was also found in bilateral anterior insula regions, adjacent to those found for the reading
and inhibition task correlations (Table 5, Fig. 2). Additionally, there was a small area of
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overlap in the left IFG for the flexibility and inhibition tasks that we do not report in Table 5
due to size (MNI coordinates: —46, +24, +16; 6 voxels; Fig. 2).

When controlling for age, most of these clusters of correlation with task accuracy survived,
except the right supplementary motor region for the flexibility and inhibition tasks, and the
right anterior insula region for the reading and flexibility tasks. The fronto-parietal network
adult frontal ROIs were not close to any child error activation that correlated with accuracy.

3.1.4. Whole brain correlations between error activation and age—We found
no areas of three-task overlap for error signals that correlated with age, possibly due to the
smaller age range (8.39 — 12.53 years) collected for the reading task, and the staircasing
method used for the inhibition task. We found one small region of overlapping error
activation in children that positively correlated with age for the two tasks (flexibility and
inhibition) with a larger age range (7.98 — 17.20 years): an area in left medial supplementary
motor cortex (MNI coordinates: -9, -6, + 61; 21 voxels; Supplementary Fig. 4). No adult
error ROIs were within 20 mm of this two-task overlap region.

4. Discussion

An understanding of error processing is intricately related to our knowledge of learning and
adaptive behavior. We aimed to identify brain regions that consistently responded to task
errors in a developmental sample using a multiple-task approach. We found 28 brain regions
that exhibited greater positive activation for errors relative to correct trials across the three
different tasks; an additional 14 brain regions showed greater activation for errors during two
out of the three tasks. Our results held even when controlling for age. We found that the
majority of the adult error-related regions showed a pattern of greater positive activation
during errors relative to correct trials in our child sample, consistent with the adult pattern
(Carp et al., 2010; Dosenbach et al., 2007; Neta et al., 2017, 2015, 2014; Wessel et al.,
2012). These literature-applied, error-related adult regions have been classified as part of the
brain’s cingulo-opercular control network. Moreover, many cingulo-opercular brain regions
were also where the error signal correlated with task performance on some of the tasks.
Contrary to results from the adult literature, we did not find consistent error-differentiating
signal in lateral frontal cortex. We also did not find any consistent relations with age in these
regions across tasks, suggesting that the lateral frontal cortex may not be engaged for task-
general error processing during childhood or adolescence (at least up to age 17).

Our results greatly extend single-task findings from previous child studies of inhibition task
errors (Braet et al., 2009; Deng et al., 2017; Fitzgerald et al., 2010, 2008; Rodehacke et al.,
2014; Rubia et al., 2007; Stevens et al., 2009). We demonstrate that during error processing,
children engage many brain regions, in addition to the dACC, across multiple tasks, similar
to adult findings (Carp et al., 2010; Dosenbach et al., 2007; Neta et al., 2017, 2015, 2014;
Wessel et al., 2012). Further, we provide evidence that inhibitory control tasks, which have
been widely used in the developmental error processing literature (Braet et al., 2009; Deng
etal., 2017; Fitzgerald et al., 2010, 2008; Rodehacke et al., 2014; Rubia et al., 2007; Stevens
et al., 2009), successfully engage a task-general set of error regions in children and remain a
strong tool for studying the error processing signal. Lastly, our tasks tapped different
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cognitive skills that are important for academic success: reading comprehension, inhibition,
and cognitive flexibility (Berninger et al., 2017; Blair and Peters Razza, 2007). As the
source and type of mistakes may differ widely across our tasks, the error processing signal
consistency is all the more remarkable.

4.1. Children demonstrate mature error signaling in cingulo-opercular regions across

three tasks

For a substantial number of cingulo-opercular control brain regions, children exhibited a
consistent pattern of error-related activation; this was especially evident within the medial
superior frontal, dACC, bilateral anterior insula, and bilateral thalamus. These regions
remained significantly active for errors across all three tasks even when we controlled for
age in our child sample, and in spite of the different task constraints and different behavioral
relations between accuracy and age on each task. Further, these regions showed error-related
activation even with the inclusion of a response time regressor. (Response time relates to
activation in many cingulo-opercular regions across multiple tasks; Neta et al., 2014;
Yarkoni et al., 2009.)

Our cingulo-opercular network results are consistent with adult studies (Neta et al., 2015)
and single-task fMRI studies (absent of explicit feedback) in children and adolescents that
show greater activation in cingulo-opercular regions for errors relative to correct trials (Deng
etal., 2017; Fitzgerald et al., 2008). Several studies comparing children and adults have not
found differences in error activation between age groups in cingulo-opercular control
regions like the dACC and anterior insula (Braet et al., 2009; Rodehacke et al., 2014;
Stevens et al., 2009). However, a few single-task studies have found age effects in the medial
PFC and dACC, where adults, relative to children and adolescents, show greater differences
in activation between error and correct trials (Fitzgerald et al., 2010; Velanova et al., 2008).
Though we were unable to directly compare the magnitude of error-related activation
between our child sample and an adult sample, our correlation with task performance in
children suggests that our results are consistent, such that better task performance reflected
greater differentiation between error and correct trial activity.

4.2. Children do not show consistent error-related activation in lateral frontal control

regions

Unlike regions within the cingulo-opercular control network, lateral frontal brain regions,
including those of the fronto-parietal control network, while significantly engaged during the
tasks, failed to differentiate error trials in children across multiple tasks, whereas these
regions were found to exhibit consistent error-related activation in an adult meta-analysis
(Neta et al., 2015). While we did find some small /ndividualtask error-related activation in
lateral frontal cortex, most notably for the flexibility task, demonstrating that children can
potentially show frontal engagement for errors, these findings were not sizable or in a
consistent location across tasks (blue regions in Supplementary Fig. 2).

We examined correlations with age to investigate maturational changes in error-related
activation, which is one possible explanation for the lack of consistent lateral frontal error
engagement across tasks in our child sample. However, we found no areas of three-task
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overlap for error signals that correlated with age, and any sizable task-specific age-related
findings were not in lateral frontal regions. To the best of our knowledge, only one other
fMRI study examined correlations between age and error-related fMRI activation. Rubia and
colleagues (Rubia et al., 2007) used a different inhibition task comparison (failed stop trials
>all go trials) across children, adolescents, and adults (aged 10-17 and 20-42 years) and
also did not find correlations between age and error activation in the lateral frontal cortex.

Additionally, task performance also did not seem to explain the inconsistent engagement of
the lateral frontal cortex for errors across tasks. While we found a few relations between task
accuracy and error-related activity in left lateral frontal cortex during individual tasks
(flexibility and inhibition; Fig. 2), we did not find any areas of three-task overlap that related
to task accuracy in lateral frontal regions.

Overall, age did not correlate with lateral frontal cortex activity in children and relations to
performance in lateral frontal regions were specific to individual tasks. Therefore, we
suggest that the development of lateral frontal engagement for error signaling may relate
more to task-specific performance, than to age, during childhood and adolescence, at least
for ages 8 to 17 years. Further, it is possible that the development of the error signal in
lateral frontal cortex may continue after adolescence, as indicated by many findings that
frontal lobe maturation extends into early adulthood (Blakemore and Choudhury, 2006;
Giedd et al., 2009; Gogtay et al., 2004; Paus, 2005; Sowell et al., 2001).

The role of the fronto-parietal network broadly, and the lateral frontal cortex more
specifically, in error signaling may be functionally different from the role of the cingulo-
opercular network (Gratton et al., 2018; Neta et al., 2017, 2015). From adults, the fronto-
parietal network has been proposed to support adaptive task control (Dosenbach et al., 2007,
2006). Similarly, in adults, a meta-analysis using a “slow-reveal” task paradigm found that
cingulo-opercular regions were active during the response period, while bilateral fronto-
parietal regions showed activity linked to pre- and post-response processing (Gratton et al.,
2017). A few single-task fMRI studies in children and adolescents have examined the BOLD
signal during trials before or after an error response has been made (Plessen et al., 2016;
Rodehacke et al., 2014; Spinelli et al., 2011a, 2011b). In adolescents, Rodehacke and
colleagues (Rodehacke et al., 2014) found that better overall task performance related to
greater post-error control engagement in frontal regions. During pre-error trials relative to
pre-correct trials, Spinelli and colleagues (Spinelli et al., 2011a) have found greater
activation in middle frontal gyrus and angular gyrus. These studies suggest that different
control networks may be involved in different points of the decision process. We hope to
further address consistent fronto-parietal brain network engagement at different stages of
error processing in children in future cross-task analyses.

4.3. Greater error activation in dACC and anterior insula corresponds to better
performance

We found a positive correlation between task accuracy and error-related activation in core
cingulo-opercular network regions across two tasks, such that the difference between the
magnitude of activation for errors relative to correct trials was greater when participants
demonstrated better task performance. Previous single-task studies have also found that a
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“stronger” error signal is associated with improved performance in control regions during
inhibition-demanding tasks (Fitzgerald et al., 2010; Rodehacke et al., 2014). Rodehacke and
colleagues (Rodehacke et al., 2014) found that adolescents who committed fewer errors
showed greater error-related activation in bilateral anterior insula; Fitzgerald and colleagues
(Fitzgerald et al., 2010) found a similar pattern in the posterior medial frontal cortex. While
the dACC and anterior insula were consistently active for error contrasts across all three
tasks in our child sample, our findings suggests that the error-related signal in those regions
varies on the basis of individuals’ performance. This is in line with findings from adult
studies showing that participants with the greatest error-related cingulo-opercular activity
also made fewer errors (Neta et al., 2017).

Limitations and future directions

Our ability to fully tease apart activation during different periods of the decision process -
which include pre-error, the moment of the error itself, and the post-error period when
behavioral adjustments may occur - may be limited by the temporal resolution and fixed trial
length design of the fMRI methodology. It is possible that the comparison of error and
correct trials, which were measured within fixed windows of time (1000 ms, 4000 ms, or
8000 ms), captured cognitive processes immediately before or after an error occurred within
a given error trial. Additionally, our studies did not provide performance feedback, so it is
possible that brain activation during the error trials was influenced by lack of engagement.
Lower error rates for some participants on the flexibility and reading tasks may have also
potentially impacted error-related brain activity, since those two tasks were not designed to
drive participants towards a 50% error rate like the inhibition task (see Table 3). Regardless,
error-related brain activity in children was largely similar to findings from adult studies that
used tasks without feedback and low error rates (Neta et al., 2015). Our task design also did
not ask participants to reflect on their confidence of their decisions, which could provide
insight into what might give rise to an error on a given task.

Future research could compare cross-task results with and without feedback to test whether
feedback promotes greater frontal control activity. Greater sampling of older adolescents
(our sample included V= 26 for ages 13-17, which was 11.2% of the total sample) might
also help to further address questions regarding the developmental trajectory of lateral
frontal cortex activation that differentiates error and correct trials. Further, examination of
error-signaling temporal profiles common across tasks in children would provide additional
insight into the role of error regions during different periods of the decision process and
across maturation (e.g., Buzzell et al., 2017; Neta et al., 2015). Lastly, future and ongoing
longitudinal event-related fMRI studies that cross a broader, or younger, developmental
range could specifically analyze the development of error-related activation in frontal control
regions from childhood into adulthood.

4.6. Conclusions

This study aimed to identify brain areas with consistent error signals across multiple fMRI
tasks in a large sample of children and adolescents, expanding a literature limited to using
single inhibitory control tasks. We found that participants show greater fMRI activation for
errors relative to correct trials in cingulo-opercular brain areas, consistent with error regions
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found in an adult meta-analysis. However, unlike adults, our child sample did not show
consistent error-related activation in lateral frontal regions or relations with age across
multiple tasks. Our findings suggest that lateral frontal regions may differentiate mature
from immature error processing, in line with extant literature that indicates later functional
and structural maturation of the frontal lobe. Characterizing consistent error-related brain
regions during typical development sets a framework for understanding error processing in
clinical developmental populations with poor behavioral regulation of control, such as
attention-deficit/hyperactivity disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Overlapping child activity
| Flexibility and reading tasks
| Flexibility and inhibition tasks
Reading and inhibition tasks
M All tasks

Applied adult regions
O < 20 mm away from child activation across 2-3 tasks
O > 20 mm away from child activation across 2-3 tasks

Fig. 1. Child error activity across multiple tasks overlaid with literature-applied adult ROIs.
Selected child error contrasts were the inhibition correct stops vs. failed stops, the flexibility

all correct vs. all error trials, and the reading all correct vs. all error trials. Nine of eleven
adult regions of interest (ROIls; from Neta et al., 2015) were within 20 mm of cluster
activation for three-task overlapping child error contrasts (white spheres); the lateral frontal
lobe ROIs (yellow spheres) are the exceptions.

ROI = region-of-interest.
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Child activity

[0 Reading task [ Flexibilityand reading tasks
B Flexibility task B Flexibilityand inhibition tasks
H Inhibition task O Reading and inhibition tasks

Fig. 2. Overlapping child error activity correlated with task accuracy.
Error contrasts for the inhibition, flexibility, and reading tasks were correlated with mean

accuracy. Arrows indicate activation in regions that correlate with accuracy for at least two
of the tasks (see Table 5 for coordinates). Selected error contrasts were the inhibition correct
stops vs. failed stops, the flexibility all correct vs. all error trials, and the reading a// correct
vs. all error trials. Before binarizing and summing the masks for each contrast, maps were
thresholded at z >2.5.
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Overlapping centers of error-related activity common across all three tasks in children.

Table 4

MNI Coordinates

Cluster size  Region
X y z

1650 dACC +2  +25  +37
964 L anterior insula -36 +17 -1
855 R anterior insula +38 +19 -1
329 L posterior STG -61 -16 +2
252 R posterior STG +66 -20 +6
66 R anterior STG +59 -2 -9
76 L inferior lateral occipital -46 =71 +1
317 R inferior lateral occipital +44  -70 +11
97 L superior lateral occipital -33 -78 +31
24 L medial superior parietal -12 -66 +59
36 L central opercular -57 -19 +16
22 R precentral gyrus +36 -17 +66
32 R postcentral gyrus +29 -26 +67
1744 R medial precuneus +3  -41 461
25 R medial frontal +7  +46  -12
48 R precuneus +5 78 +42
21 R cuneal cortex +2 -8l +25
23 R posterior cingulate +13 -48 +6
21 Intracalcarine/lingual cortex 0 -84  +3
55 L thalamus -2 =25 =2
32 L thalamus -6 -11 +4
33 R thalamus +8 -10 +3
168 R parahippocampal gyrus +32 37 -11
90 L hippocampus -20 -14 -18
54 R hippocampus +19 -11 -17
24 L accumbens -7 +8 -6
32 R caudate +10 +4  +12
28 R putamen +24 +11 -1

Page 26

Notes. The FSL cluster command was applied to the summed activation map to determine cluster sizes and coordinates. We report cortical and
subcortical clusters comprising 20 voxels or more. L = left; R = right; dACC = dorsal anterior cingulate cortex; STG = superior temporal gyrus.
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