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Abstract
Background—Despite its critical role in performance-monitoring, the development of posterior
medial prefrontal cortex (pMFC) in goal-directed behaviors remains poorly understood. Performance
monitoring depends on distinct, but related functions that may differentially activate the pMFC, such
as monitoring response conflict and detecting errors. Developmental differences in conflict- and
error-related activations, coupled with age-related changes in behavioral performance, may confound
attempts to map the maturation of pMFC functions. To characterize the development of pMFC-based
performance monitoring functions, we segregated interference and error-processing, while
statistically controlling for performance.

Methods—Twenty-one adults and 23 youth performed an event-related version of the Multi-Source
Interference Task during functional magnetic resonance imaging (fMRI). Linear modeling of
interference and error contrast estimates derived from the pMFC were regressed on age, while
covarying for performance.

Results—Interference- and error-processing were associated with robust activation of the pMFC
in both youth and adults. Among youth, interference- and error-related activation of the pMFC
increased with age, independent of performance. Greater accuracy associated with greater pMFC
activity during error commission in both groups.

Discussion—Increasing pMFC response to interference and errors occurs with age, likely
contributing to the improvement of performance monitoring capacity during development.

Introduction
The maturation of performance monitoring is a hallmark of psychological development (Casey,
2005; Posner et al., 2007). Performance monitoring involves the detection and resolution of
interference between competing response options, as well as the detection and evaluation of
errors to enable the flexible adjustment of goal-directed behaviors. In healthy adults,
performance monitoring functions activate several brain regions, but the most intensive work
has focused on the dorsal anterior cingulate cortex, or, more inclusively, the posterior medial
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frontal cortex (pMFC; Ridderinkhof et al., 2004). Among youth, age-related improvements on
behavioral measures of performance monitoring (i.e., lower error rates, faster response times)
have been well-documented (see Casey et al., 2005, for review), but the relationship of these
improvements to pMFC maturation remains poorly understood. Ultimately, characterizing the
maturation of performance monitoring in healthy youth may provide leverage for
understanding early onset psychiatric disorders with impaired monitoring and cognitive
control, such as obsessive compulsive (Rosenberg et al., 1997; Ursu et al., 2003; Maltby et al.,
2005; Fitzgerald et al., 2005) and attention deficit hyperactivity disorders (Liotti et al., 2005;
Plizska et al., 2006).

Despite the critical role of the pMFC for performance monitoring in adults (Roberts and Hall,
2009; Taylor et al., 2007; Ridderinkhof et al., 2004), the contribution of pMFC development
to age-related improvements of performance monitoring function remain unclear. In general,
developmental imaging studies of cognitive tasks that require performance-monitoring show
gradual age-related increases and decreases in activations throughout the brain (Rubia et al.,
2006 and 2007; Casey et al., 2005 for review), but with inconsistent findings in the pMFC. For
instance, youths show age-related increases of pMFC activation to interference on the Stroop
color-word (Adelman et al., 2002) and the Simon spatial (Rubia et al., 2006) interference tasks,
while other studies of interference-processing show no developmental changes in the pMFC
(Bunge et al., 2002; Konrad et al., 2005; Marsh et al., 2006). Response inhibition paradigms
induce interference and require subjects to withhold responses to non-target stimuli, leading
to robust and reliable activation of the pMFC in adults (Wager et al., 2005; Buschbaum et al.,
2005; Ridderinkhof et al., 2004); however, developmental fMRI studies of response inhibition
have produced varied results, showing age-related decreases of pMFC activation on the left
(Tamm et al., 2002; Durston et al., 2002), increased and decreased activation in different areas
of the right pMFC (Broadmann areas 32 and 6/8, respectively; Bunge et al., 2002), and no
difference from adults (Casey et al., 1997; Rubia et al., 2000; Booth et al., 2003; Rubia et al.,
2006; Durston et al., 2006; Rubia et al., 2007). Evaluating reasons for these inconsistencies is
an important task for studies that seek to understand the role of the pMFC in the maturation of
performance monitoring functions.

The impact of behavioral performance on brain activation represents a potential confound that
may contribute to inconsistent findings across developmental studies of interference-
processing. Adults typically perform better than children during interference and behavioral
measures of performance (e.g., error rates, response times) modulate interference-related
activation in the mature brain, including in the pMFC (Paulus et al., 2002; Durston et al.,
2002; Kerns et al., 2004; Weissman et al., 2006). As a result, observed changes in brain
activation from youth to adulthood could relate to differences in task performance, rather than
brain maturation, unless performance differences are taken into account. To address this issue,
younger and older subjects can be matched on performance (e.g., Brown et al., 2005); however,
this approach may yield results that are specific to unique subsets of high-performing youth
and low-performing adults, thus limiting generalizability. Performance-matching in
developmental work has also been pursued through the use of low potency interference tasks
to enable all subjects to perform at high levels, or individually-titrated task difficulty to achieve
similar performance across age groups. Yet, because the pMFC is more engaged by greater
interference loads (Durston et al., 2002; Hazeltine et al., 2000; Botvinick et al., 1999), low
potency tasks and reduced difficulty may decrease activation altogether (Hazeltine et al.,
2003; Taylor et al., 1997), possibly contributing to the absence of pMFC-localized findings in
developmental studies that have used this approach (Rubia et al., 2000; Rubia et al., 2006;
Konrad et al., 2005).

A critical issue related to performance concerns differential patterns of brain activity during
successful performance and during error commission. Interference- and error-processing both
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activate the pMFC (Ridderinkhof et al., 2004), but recent work suggests that these functions
represent overlapping, but distinct neurocognitive functions (Taylor et al., 2007; Hester et al.,
2004; Rushworth et al., 2004) which may exhibit unique maturational trajectories (Fitzgerald
et al., 2008; Rubia et al., 2007; Velanova et al., 2008), calling for their separation in studies of
pMFC development. As such, results from previous developmental work utilizing block
designs that include both correct and incorrect trials (Adelman et al., 2002; Marsh et al.,
2006; Casey et al., 1997; Booth et al., 2003, Luna et al., 2001; Rubia et al., 2000) may be
confounded by differential development of the neural substrates for error-and interference-
processing as well as by age-related differences in performance, since youths typically commit
more errors. An event-related experiment that separates error trials from correct trials can
distinguish different patterns of activation for error-processing from successful interference
resolution.

Few functional magnetic resonance imaging studies have attempted to map the development
of pMFC response to errors (but see Velanova et al., 2008 and Rubia et al., 2007); however,
an emerging body of electrophysiological work has demonstrated that simple cognitive
mistakes elicit a midline prefrontal event-related potential, the error-related negativity (ERN),
that emerges in late childhood and increases in magnitude over the course of adolescence. Age-
related increases in the ERN are remarkably consistent across studies, (Davies et al., 2004;
Ladouceur et al., 2004; Wiersema et al., 2007; Kim et al., 2005; Hogan et al., 2005), but the
interpretation of developmental changes in the ERN is complicated by the reduction of ERN
amplitude at higher error rates (Gehring et al., 1993; Falkenstein et al., 1995). Given the inverse
relationship between error rates and the ERN, poorer performance could reduce pMFC signal
in younger subjects. In contrast, increasing interference load, as indexed by longer response
times (Botvinick, et al., 1999; Hazeltine et al., 2003; Weissman et al., 2006) leads to greater
pMFC signal during correct interference. These findings suggest that behavioral performance
may differentially affect the engagement of the pMFC by error-compared to interference-
processing, underscoring the importance of developmental studies that 1) separate these error
and correct trials and 2) control for the effects of behavioral performance when examining the
development of pMFC mechanisms for performance monitoring.

An analysis of error processing can also assess the degree to which error-related pMFC activity
may associate with the flexible adjustment of behavior to achieve a correct response on
subsequent trials (i.e., “cognitive control”). In the mature brain, pMFC response to errors
predicts greater activation of lateral prefrontal cortex on subsequent correct trials, suggesting
that the pMFC may signal other areas of the brain to increase cognitive control following a
mistake (Kearns et al., 2004; Hester et al., 2008). Before age 12, children fail to recruit medial
frontal cortex in response to errors (Davies et al., 2005), and reduced error-signaling could
hinder the adjustment of behavior to improve performance in youth. In addition, connectivity
of the pMFC with lateral prefrontal cortex increases from childhood through adolescence
within the “cingulo-opercular” network known for task control (Fair et al., 2008), consistent
with the notion that pMFC networking with the lateral prefrontal cortex (LPFC) may contribute
to the development of cognitive control.

To characterize the development of pMFC-based performance monitoring function, we
isolated correct and incorrect trials using an event-related version of the Multisource
Interference Task (MSIT; Bush et al., 2003). The event-related design enabled us to examine
the development of pMFC response to interference separately from its response to errors. In
addition, we tested for the effects of both age and performance on pMFC activation to minimize
the potential confound between these measures. Given the importance of the pMFC to mature
interference processing and well-documented improvements on behavioral measures of
interference capacity from childhood through adolescence, interference-related pMFC
activation was expected to increase with age among youth (8 to 18 years of age), but to remain
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stable during adulthood. Based on electrophysiological work, error-related activation of the
pMFC was also expected to increase with age among youth, and to plateau in adults. Finally,
post-hoc analyses were conducted to test the prediction that greater LPFC activation would
occur after errors in adults, consistent with evidence implicating lateral prefrontal regions in
cognitive control, an adaptive function lacking in youth.

Materials and Methods
Participants

Twenty-one healthy adults and 29 healthy children and adolescents were recruited from the
community. The adults ranged in age from 23–51 years (6F; mean age = 39.8 +/−9.4) while
the youth were ages 8–18 years (16F; mean age = 12.9 +/− 2.8). Exclusion criteria were history
of serious medical or neurological illness, head trauma, or mental retardation. In addition,
structured clinical interviews were administered to rule out the presence of any current or past
psychiatric illness in child/adolescent (Kiddie-Schedule for Affective Disorders-Present and
Lifetime Version; Kaufman et al., 1997) and adult (Structured Clinical Interview for Diagnosis;
First et al., 1996) subjects. The purpose and risks of the study were explained to all the
participants and to the parents of minors, and informed consent/assent was obtained according
to the procedures approved by the University of Michigan Medical School institutional review
board. Technical difficulties led to the loss of behavioral data for 2 children (a 13 year old girl
and 14 year old boy), and an additional child failed to understand the task (a 10 year old boy),
reducing the group of youth to 26 participants.

Task
Participants performed a simple cognitive interference task, the MSIT (Bush et al., 2003),
which required subjects to identify the unique number among three digits, “1”, “2”, or “3” (e.g.,
for “311,” the target is “3”), and make a key press with one of three fingers, corresponding to
the ordinal value of the number: “1” → thumb, “2” → index finger, “3” middle finger.
Interference was enhanced by presenting the unique number in the position incongruent with
the ordinal value (e.g., “3” presented at the 1st position), and always flanked by different
numbers (e.g., “11”). In the congruent condition, the target number was presented in the
position compatible with its ordinal value (e.g., “1” presented in the first position) and flanked
by a non-number symbol (e.g., “1xx”).

In contrast to the original blocked version of the MSIT (Bush et al. 2003), the task was adapted
for an event-related design to allow for the separation of fMRI BOLD signal associated with
correct incongruent, correct congruent and error trials. MSIT stimuli appeared for 500 msec,
followed by a 2500 msec ISI (fixation cross), to comprise a trial. A total of 120 incongruent,
120 congruent, and 60 “fixation” trials (3000 msec of a fixation cross) were presented in
pseudorandom order, over five runs (3 minutes each). Errors were scattered across the
experiment, effectively introducing “jitter” to facilitate the resolution of error-related fMRI
BOLD response.

Functional MRI acquisition
Scanning took place on a 3.0 T GE Signa scanner (LX [8.3] release, Neuro-optimized
gradients), beginning with the acquisition of a standard, axial T1-image for anatomic
normalization and alignment. Next, a reverse spiral acquisition sequence was applied to collect
T2* weighted images (GRE, TR = 2000ms, TE = 30ms, FA = 90, FOV = 20cm, 40 slices,
3.0mm/slice, 64×64 matrix) in the same prescription as the T1-image, with 85 volumes per
session. This protocol has been shown to minimize magnetic susceptibility to enable signal
recovery in regions of the brain that lie near air/tissue boundaries (Stenger et al., 2002; Yang
et al., 2002). After the functional volumes were acquired, a high resolution T1 scan (3D SPGR,
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1.5 mm sl, 0 skip) was obtained for anatomic normalization. Subject head movement was
minimized through instructions to the participant and packing with foam padding that we have
found to be well-tolerated by children.

Functional data pre-processing
All functional data were subjected to an initial series of preprocessing steps. First, the data
were sinc-interpolated, weighted by a Hanning Kernal, in time, slice-by-slice, to correct for
the staggered sequence of slice acquisition (Aguirre et al., 1997). Next, a six-parameter, rigid
body motion correction algorithm was applied to realign all functional data from a given
participant to the first image acquired during a scanning session (“mcflirt”, Jenkinson et al.,
2002). The data were then automatically thresholded to exclude extra-parenchymal voxels from
subsequent analysis, and the scan-wise global signals and power spectra were derived and
stored. Functional volumes were anatomically normalized to the MNI152 template of the
SPM2 software package, in order to place individual data into a common anatomic reference
space to facilitate analysis across subjects. Co-registration of the 3D-SPGR image, T1-overlay,
and realigned functional volumes yields a high resolution image which can be warped to the
common reference space (i.e., canonical image) by means of non-linear transformation
contained within SPM2. The brain reaches 90% of adult size by approximately 5 years of age,
enabling the normalization of pediatric brains to the adult-sized canonical images included in
SPM2 (Kang et al., 2004).

Movement Analysis
Measures of head movement were obtained from the output of the rigid body motion correction
algorithm. Translations in the roll, pitch and yaw dimensions, and rotations in the x, y, and z
dimensions were averaged across TRs for each run. Runs were excluded from further analysis
if average movement in any direction exceeded 1 mm or degree, or if movement for one or
more TRs exceeded 2 mm or degrees. Excessive movement led to the exclusion of 3 youth [2
girls (ages 9 and 11) and one boy 9 (age 10)] from analyses. Functional MRI analyses included
data from the remaining twenty-three youth: 18 with five runs, 2 with four runs, and 3 with
three runs of data. Five runs of data were included for all of the adult subjects. Average
movement parameters for included runs were compared between youth and adults using 2-
sample t-tests (p < .05, 2- tailed).

Data Analysis
Behavioral—Commission error rates and response times (RT) were entered as dependent
measures in separate two-way ANOVAs using group (youth vs. adults) as the between-subjects
factor and condition (incongruent, congruent) as the within-subjects factor. Significant group
× condition interactions were followed up with 2-sample t-tests (p < .05, 2-tailed).

Whole-brain fMRI Analyses for Interference and Errors—Functional data was
analyzed using a standard random effects analysis within the framework of the modified
General Linear Model (Worsley et al., 1997; Worsley et al., 1992), implemented using SPM2.
Correct incongruent, correct congruent, and commission error trials were modeled, with
fixation trials and inter-trial intervals modeled as an implicit baseline. Omission trials were
modeled as a covariate of no interest. Activation maps were first derived for individual subjects
from linear contrasts of interest, Incongruent – Congruent (correct trials only) and Error –
Correct (across both incongruent and congruent conditions). For inclusion in the Error contrast,
subjects were required to have at least 3 errors of commission, which we have empirically
determined, in other similar data sets, as the minimum number of trials to generate a reliable
error signal in the BOLD response (Stern et al., 2008). In a separate model, correct trials after
error responses, and correct trials after correct responses were entered as regressors to test the
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prediction that errors would increase LPFC engagement on subsequent correct trials (i.e., for
correct trials that followed an error compared with those that followed other correct trials).
Contrasts for individual subjects were entered into parametric random effects (or “second
order”) analyses to produce group activation maps (Friston et al., 1999). Contrasts for
interference, errors and post-error correct trials were examined within and between the youth
and adult groups using voxel-by-voxel parametric maps at a height threshold of p < 0.001
(uncorrected), with cluster-level significance of p < 0.05, corrected for multiple comparisons
across the brain.

Region of Interest fMRI Analyses—To test the effects of age and performance on pMFC
activation, beta contrast estimates for individual subjects were extracted from the pMFC
regions of interest (ROI) for the interference and error contrasts. To obtain unbiased ROIs,
clusters of voxels from the combined “super-group” of youth and adults for each contrast were
functionally identified in the pMFC (interference: −3, 9, 54; k = 171; error: −9, 21, 57; k = 56).
ROI extractions were regressed on age, group, age × group interaction and performance to test
for a linear relationship between pMFC activations and age, accounting for performance,
during interference- and error-processing. Linear regression models (simultaneous entry of
independent variables) were implemented in SPSS.

The first-order linear coefficients for performance were differentially specified for the
interference and error contrasts: interference contrast estimates were tested against overall
performance accuracy (i.e., across both incongruent and congruent trial types) and interference
RT (the difference between correct incongruent and congruent RTs), since the interference
contrast was derived from the difference in fMRI BOLD signal for correct incongruent
compared with correct congruent trials. Error contrast estimates were tested against
commission error rates for incongruent trials, which elicited the majority of errors.

Since some work has suggested that younger subjects exhibit greater extent of regional
activations in response to cognitive tasks (Durston et al., 2006; see Casey et al., 2005 for
review), analyses were performed to test for differential effects of age and performance on the
extent of pMFC activation during interference- and error-processing. Extent was defined as
the total number of activated voxels (t-score > 1.65) within a pMFC region of interest. Two
large regions covering the known extent of activation foci reported for interference and error
processing (Ridderinkhof et al., 2004) were defined by manually thresholding the relevant
contrasts from the unbiased super-groups (t = 2.15, t = 3.02, respectively) to yield volumes of
39177 mm3 and 21735 mm3, respectively. Measures of extent were entered into linear
regressions to test for effects of age, group, age × group interaction and performance.

The pMFC was the primary region of interest for the linear regression analyses; however,
contrast estimates from other peak activations that fell within regions known to be engaged by
interference- and error-processing were also examined (Roberts and Hall, 2009; Wager et al.,
2005; Taylor et al., 2007). Based on super-group activations, interference ROIs were defined
in the bilateral inferior frontal gyrus (IFG, right: 48, 9, 30; k = 32 and left: −48, 3, 33; k = 90),
bilateral anterior insula (right: 36, 21, 6; k = 63 and left: −33, 27, 3, k = 22), and bilateral
parietal cortex (right: 30, −66, 42 and left: 33, −72, 36 were included within a single larger
cluster spanning midline, k = 717) and error ROIs were defined for the left IFG (−51, 15, 0; k
= 15) and the midline superior parietal cortex (3, −72, 51; k = 15).

Results
Movement results

No group differences in movement were observed except in the roll direction, for which youth
(.15 +/− .21 deg) exhibited significantly less movement than adults (.60 +/− .59 deg; t [2, 42]
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= −3.39, p < .01). There was also a trend towards less movement in the pitch direction for youth
(.02 +/− .15) than adults (.10 +/− .24; t [42] = 1.9, p = .06). Exclusion of 3 youth with excessive
movement and exclusion of specific runs for 5 additional youth likely contributed to these
findings.

Behavioral results
For commission error rates, there were main effects of group [F (1, 42) = 15.9; p <0.01],
condition [F (1, 42) = 38.9, p < 0.01], and a group × condition interaction (F [1, 42] = 11.6, p
< 0.01). Planned contrasts revealed that youth had higher error rates than adults on both
incongruent (youth: 19.7 +/− 15., adult: 5.6 +/− 7.2, t [42] = 3.8, P < 0.01) and congruent trials
(youth: 3.4 +/− 4.1, adult: 0.8 +/− 1.3, t [42] = 2.8, p = 0.01; Figure 1A).

Response times were not found to differ between youth and adults (no main effect of group [F
(1, 42) = .048, p = .83]). However, there was a main effect of condition [F (1, 42) = 214, p< .
01]), and a trend towards a group × condition interaction (F [1, 42] = 3.4, p = .07). Post-hoc
contrasts revealed slower response times for incongruent than congruent trials across all
subjects (t [42] = 25.4, p < .01), but no between-group differences for incongruent (youth: 1062
+/− 338, adults: 1044 +/− 193 p = .83) or congruent (youth: 754 +/− 212, adults: 803 +/− 197,
p = .42) conditions (Figure 1B), suggesting that the trend-level interaction of group × condition
was driven by nominally slower incongruent, but faster congruent response latencies for youth
than adults.

fMRI results
Interference-processing (Incongruent - Congruent, Correct Trials) in pMFC—
Analyses of interference-processing included 23 youth (12 F, 13.2 +/− 3.0 years) and 21 adults
(6 F, 39.8 +/− 9.4 years). The whole brain, voxel-wise analyses revealed robust pMFC
activations for the youth and adult groups when examined separately (Table 1, Figure 2), but
no between-group differences for this region. On the other hand, when pMFC activity was
regressed on age as a continuous measure, a significant developmental effect emerged. In a
linear regression analysis of BOLD values extracted from an unbiased pMFC ROI (defined by
combining both groups in a single analysis), significant effects of age and an age by group
interaction were observed. Interference-related activation of the pMFC ROI was positively
associated with age for youth, but not adults (Table 2; Figure 3), when controlling for
performance (accuracy and interference RT). No independent effects of performance on pMFC
activity were observed (Table 2). In a separate and secondary analysis, the extent of pMFC
activation was regressed on age and performance, but no significant associations were found.

Error-processing (Error - Correct Trials) in the pMFC—Fifteen adults (4F, 40.2 +/−
8.5 years) and 20 youth (9 F, 13.1 +/− 3.0 years) exhibited sufficient error rates for inclusion
in the analyses of error-processing. The whole brain, voxel-wise analyses revealed activations
for both youth and adult groups in the pMFC (Table 3; Figure 4); for the group contrasts, greater
activation of the left dACC (0, 33, 6, k = 10, Z = 3.92) was observed for adults than youth, but
failed to meet the threshold set for cluster level significance (p = .10). As with interference
processing, the linear regression of pMFC ROI extractions revealed significant effects of age
and an age by group interaction, as well as an effect of group, indicating that error-related
pMFC activation was positively associated with age for youth, but not adults, when controlling
for performance (error rates; Table 4, Figure 5A). Across all subjects, error-related activation
in the pMFC ROI was inversely related to error rates (Table 4, Figure 5B). Secondary analyses
of the extent of pMFC activation during error-processing revealed no associations with age or
performance, and no age by group interaction.
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Performance Monitoring Outside of the pMFC
Interference: In addition to the pMFC, whole brain voxel-wise analyses also revealed
interference-related activations of the bilateral inferior frontal gyri, bilateral anterior insula,
and bilateral parietal cortex in both youth and adults (Figure 2, Table 1). For adults compared
to youth, activation of the left angular gyrus (−39, −57, 36; k = 10; Z = 3.53) met the statistical
threshold set for height-, but not cluster-level significance (pcorr = .75); youth did not exhibit
greater activity than adults in any part of the brain. In contrast to the largely negative results
for the whole brain group comparison, significant developmental effects were shown by
regression analyses testing the effects of age on extracted values for supergroup-derived ROIs.
Activity in the left IFG, right anterior insula and, at trend-level significance, the right IFG (p
= .06) was positively associated with age for youth, but not adults (Table 2), controlling for
performance. Across all subjects, performance accuracy was inversely associated with
activation in the left anterior insula ROI (Table 2). No other significant effects of age or
performance were observed in any other ROI.

Error: Whole brain voxel-wise analyses revealed error-related activations in the pMFC, but
also in the left anterior insula, the left IFG and bilateral parietal cortex in both groups (Table
3, Figure 4); group comparisons showed greater activation of the left anterior insula (−30, 33,
−12; k = 22; Z = 4.11) and left basal ganglia (−15, 9, 3; k = 104; Z = 3.96) in adults, but no
increased activation in any area for youth. In the linear regression analyses, no age effects were
observed for either of the ROIs that were tested outside of the pMFC (left IFG or the midline
superior parietal; Table 4). For the ROI in the left IFG, activity was inversely correlated with
error rates across all subjects at trend-level significance (p = .07).

Error-related Adjustment ( Correct Trials, Post-Error - Post-correct)—Recent
theories of cognitive control posit that the pMFC response to an error may induce slower, more
accurate performance on subsequent trials through recruitment of the lateral prefrontal cortex
(PFC; Kerns et al., 2004; Garavan et al., 2002). Although mean post-error response times did
not differ between groups (youth: 941 +/− 389 msec, adults: 1009 +/−243 msec; t [1, 42] = .
68, p = .50), we sought to test whether development impacts error-related adjustments of the
lateral prefrontal cortex (Kerns et al., 2004) in a post-hoc analysis comparing correct trials
preceded by an error with those preceded by a correct response in adults and in youth. Adults
exhibited activation of the right DLPFC (42, 24, 45; Z = 3.74; k = 31, pcorr < .01 in lateral
prefrontal search volume) and of the right IFG (54, 18, 33; Z = 3.81; k=16, pcorr = .01),
consistent with prior work (Kerns et al., 2004; Garavan et al., 2002). In contrast, youth did not
exhibit activation in any lateral prefrontal region. For the group comparison, adults exhibited
greater activation of the left inferior frontal gyrus (−45, 18, 6; Z = 3.63; k = 37; pcorr < .01)
than youth, a difference that was driven by activation in adults compared to deactivation in
youth. Across all subjects (adults and youth), error-related activation for the pMFC tended to
associate with extracted values from this left IFG region (B = .26 +/− .12, p = .06), controlling
for age and performance accuracy. No relations were observed between the pMFC and post-
error response times, or between the left IFG and overall performance accuracy.

Discussion
To address the question of how the pMFC contributes to the development of performance-
monitoring, we used fMRI to assess pMFC response to interference and errors in youth and
adults performing the MSIT. Both interference- and error-processing were associated with
activations of the pMFC in adults, as well as youth. These findings are consistent with a recent
meta-analysis demonstrating overlapping clusters of interference- and error-related activation
across the pMFC in adults (Ridderinkhof et al., 2004), and extend this work by demonstrating
the engagement of the pMFC by both performance monitoring functions in the developing
brain.
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To disentangle the effects of age and performance on pMFC activation, contrast estimates for
interference and errors were extracted from functionally defined pMFC regions of interest and
regressed on age and performance measures. As predicted, increasing age was positively
associated with pMFC activation to both performance monitoring functions among youth, but
not adults, when covarying for behavioral performance. Behavioral performance was not
significantly associated with interference-related pMFC activation while, in contrast, greater
pMFC response to errors occurred with declining error rates. Developmental differences in
performance monitoring function outside of the pMFC, including in the lateral prefrontal cortex
following errors, were also examined and are discussed below.

Effects of Age on pMFC Activation—Given the complicated differential effects of age
and performance on pMFC function for interference and error processing, it is not surprising
that prior attempts to map the development of interference-processing have produced
inconsistent findings in the pMFC. Age-related increases of pMFC activation to interference
have been previously demonstrated (Adelman et al., 2002; Rubia et al., 2006), but negative
findings from developmental studies of interference and interference-inducing response
inhibition tasks (Interference: Bunge et al., 2002; Konrad et al., 2005; Marsh et al., 2006;
Response Inhibition: Casey et al., 1997; Booth et al., 2003; Durston et al., 2006; Rubia et al.,
2006), reports of age-related decreases (Response Inhibition: Durston et al., 2002; Tamm et
al., 2002; Velanova et al., 2008) or shifts in laterality (Response Inhibition: Bunge et al.,
2002) have left an inconclusive picture. Prior work may have been confounded by block designs
in which error and correct trials were mixed, and/or a failure to control for performance
differences between adults and youth. By separating correct interference from errors and
covarying for performance effects, we demonstrated that pMFC activation to interference
increases with age in the developing brain.

Evidence for maturational increases in error-related engagement of the medial prefrontal cortex
comes from electrophysiological work, which has collectively demonstrated a dramatic
increase of the ERN over the course of adolescence (Davies et al., 2004; Ladouceur et al.,
2004). However, given the limited spatial resolution of electrophysiologic techniques, the
localization of the developing ERN within the frontal midline remains to be determined.
Despite the critical, and apparently distinct role of the pMFC in responding to errors in mature
brain (Taylor et al., 2007), few developmental fMRI studies have examined the maturation of
this pMFC function. The extant literature includes only two developmental fMRI studies of
error-processing -- one with negative findings for the pMFC (Rubia et al., 2007) and the other
showing decreased pMFC activation from childhood to adolescence followed by subsequent
increase into adulthood (Velanova et al., 2008), with neither study controlling for the effects
of performance. Covarying for performance, we have demonstrated a maturational increase of
pMFC engagement by error-processing that appears to parallel the development of the ERN.

Recent work suggests that the development of pMFC structure may follow a nonlinear,
quadratic trajectory, with the peaking of cortical thickness in adolescence, followed by
subsequent thinning through adulthood (Shaw et al., 2006), and some evidence suggests that
functional development may also follow an inverted ‘U-shaped’ relationship with age. For
instance, Luna and colleagues (2001) found that during an anti-saccade task, pMFC activity
increased from pre-adolescent children (8–13 years) to adolescents (14–17 years), and then
decreased from adolescents to adults. In our sample, inspection of the pMFC contrast estimates
plotted against age, suggests that pMFC response to performance monitoring may peak in late
adolescence/early adulthood and then decline. Greater pMFC activation in older adolescents
compared with some adults may have obscured developmental differences in this region in our
whole brain comparison of youth and adult groups, and could have contributed to the negative
findings for the pMFC in prior developmental work that has relied on simple group
comparisons (Bunge et al, 2002; Konrad et al, 2005; Casey et al, 1997; Both et al, 2003). Taken
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together, these converging lines of evidence underscore the importance of considering age as
a continuous measure to map the gradual, and possibly non-linear, shifts of pMFC function
that occur during development.

Prior work has suggested that developmental improvement in performance monitoring capacity
may associate with increasing magnitude, but decreasing extent of activation in task critical
regions (“focalization,” Durston et al., 2006). Contrary to this possibility, the extent of pMFC
activation was not found to vary across the age range represented by our youth sample, 8 – 18
years. In contrast, Durston et al. (2006) found increasing focalization of right IFG activation
during response inhibition in children from 9 to 11 years of age. It is possible that this
developmental pattern may be specific to particular brain regions (e.g., IFG, but not pMFC),
task designs (e.g., response inhibition, but not interference- or error-processing), or even
periods of development (e.g., from mid- to late childhood, rather than during adolescence).
Alternatively, the inclusion of larger numbers of youth subjects might enable the detection of
age-related decreases in pMFC extent that we were underpowered to detect.

Effect of performance on pMFC activity—Despite prior work demonstrating that greater
interference load, reflected by reduced performance accuracy and/or longer response times,
increases engagement of the pMFC on correct trials in adults (Durston et al., 2002; Botvinick
et al., 1999), we did not observe a relationship between interference-related activation of the
pMFC and performance measures across our combined group of subjects. However, our linear
regression model tested the effect of performance on pMFC activation across the combined
group of subjects and would not have been sensitive to detecting a situation in which adults,
but not youth, exhibit a relationship between performance and pMFC response to interference.
Indeed, partial correlations of accuracy and interference-related pMFC activation, controlling
for age, revealed a trend towards inverse association in adults (r = −43, p = .06), but not youth
(r = −.04, p = .89), suggesting that the interaction between performance and the pMFC during
interference may be developmentally specific.

In contrast to interference, error-related pMFC was affected by performance. Subjects who
performed more accurately exhibited a stronger pMFC signal when they committed an error.
This result is consistent with electrophysiological work that has consistently found higher error
rates to reduce the amplitude of the ERN (Gehring et al., 1993; Yeung et al., 2004; Stahl and
Gibbons, 2007), as well as recent fMRI findings (Polli et al., 2008; Klein et al., 2007). Our
work replicates and extends these findings across a broad developmental range, since lower
error rates were inversely correlated with pMFC activation during error-processing across the
combined group of youth and adult subjects, independent of age. There are several explanations
for this finding. Infrequent errors may reflect greater subjective involvement in correct
performance, and a stronger reaction to individual errors. Increasing a subject’s investment in
a task with a monetary reward increases the magnitude of the ERN (Hajcak et al., 2005) and
the fMRI BOLD signal (Taylor et al., 2006) when subjects commit errors. Alternatively, recent
work suggests that pMFC response to errors may be directly connected to brain mechanisms
that adjust performance (Kearns et al., 2004), such that greater error-related engagement of the
pMFC may facilitate adjustments to improve performance, reducing errors overall.

Error-related activation of the pMFC has been previously found in association with post-error
improvements in performance and recruitment of the lateral PFC (Kerns et al., 2004; Garavan
et al., 2002). Consistent with this work, adults from our sample showed greater lateral prefrontal
(right DLPFC and right IFG) activation on correct trials that followed errors compared with
correct trials that followed other correct responses. In contrast, youth did not activate any region
of the lateral PFC. Greater activation of the left IFG was observed in adults compared to youth,
driven by differential patterns of activation and deactivation between groups. Across all
subjects, post-error activity of the left IFG tended to associate with greater pMFC response to
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errors, consistent with recent theories that error-related activation of the pMFC may signal the
lateral PFC to increase cognitive control (Kerns et al., 2004). In addition to predicting post-
error engagement of the lateral PFC, cognitive control theory also predicts greater behavioral
adjustment (i.e., post-error slowing) in better performing individuals; in our sample, adults
were more accurate than youth but post- error response times, though nominally slower for
adults, were not significantly different between groups. Nonetheless, findings for our adults
are compatible with recent work suggesting that pMFC interactions with the lateral PFC may
support the execution of a correct response following an error (Kerns et al., 2004; Garavan et
al., 2002). In contrast, the absence of post-error engagement of the lateral PFC in youth may
reflect under-developed networks for cognitive control, consistent with recent work
demonstrating reduced pMFC-lateral PFC connectivity at resting state in youth (Fair et al.,
2008).

Distinguishing between Error and Interference Processing in the pMFC—
Functional neuroimaging work in adults suggests that interference and error processing may
represent overlapping, but separable functions within the pMFC (Ridderinkhof et al., 2004).
For the combined group of youth and adult participants, the peak activation for interference
localized to y = 9, whereas the peak for error-processing was observed at y = 21, consistent
with meta-analytic work suggesting that error-processing may occur in a more anterior region
of the pMFC than interference processing (Hester al, 2005; Taylor et al., 2007). The precise
functional topography of this region remains an area of debate (Botvinick et al., 2004), and
additional study will be needed to determine whether development may influence the
distribution of interference- and error-related activations within the pMFC.

Changes in pMFC activation with age may follow different slopes for interference-compared
to error-processing. Velanova et al. (2008) recently reported greater differentiation of pMFC
response to errors than correct trials in adults compared to youth, and developmental shifts in
the timing of peak differences in pMFC activation to correct versus error trials for adults,
adolescents, and youth. In our sample, the slope (Δ pMFC contrast estimate: Δ Age) was
nominally steeper for error- (.40) than interference-processing (.04). From our sample, it was
not possible to distinguish differential developmental trajectories, but future work with larger
sample sizes may be better able to test for differences between the development of the two
processes

Effects of Age and Performance on Performance Monitoring Regions Outside
of the pMFC—Interference reliably activates the pMFC, anterior insula, IFG and parietal
cortex in the mature brain (Roberts and Hall, 2009), and recent developmental neuroimaging
work has provided evidence that “long range connections” between task-critical regions
increase with age in youth (Fair et al., 2008; Stevens et al., 2007; Rubia et al., 2006 and
2007; Velanova et al., 2008). Among youth in our sample, interference-related activation was
found to increase with age in the pMFC, but also in the left IFG and right anterior insula and,
at trend levels, the right IFG, independent of performance. Age-related increases of pMFC and
opercular (i.e., anterior insula and IFG) activations for interference are predicted by prior work
demonstrating developmental increases of connectivity between these regions during response
inhibition (Stevens et al., 2007) and at resting state (Fair et al., 2007). Outside of the pMFC,
error-processing engaged the left IFG and superior parietal in both youth and adults, consistent
with prior work (Taylor et al., 2007), however, no significant relation between age and
activation in these regions was observed.

Performance accuracy was inversely associated with interference-related activation of the left
anterior insula and, at a trend level, with error-related activation of the left IFG. The anterior
insula and inferior frontal cortex comprise the more broadly defined anterior operculum, which
has been repeatedly implicated in studies of performance monitoring (Roberts and Hall, 2009;
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Taylor et al. 2007), and plays a key role within the “frontal-opercular” network for task control
(Dosenbach et al., 2008; Wager et al., 2005). Prior neuroimaging work has linked lower
accuracy to insular activation (Paulus et al., 2008; Klein et al., 2007). The insula mediates
conscious perception of changes in bodily states (Craig et al., 2002), leading Klein et al.
(2007) to suggest that its engagement may enhance autonomic reactivity to errors which, in
turn, could trigger negatively-valenced affect and degrade performance. Although future work
will be needed to clarify the exact roles of these regions, they appear to be associated with the
development of performance monitoring functions.

Limitations and Future Directions—Several limitations of the present study should be
kept in mind. The MSIT was chosen because simple, small-value numbers are processed
“automatically” by 6 years of age (Duncan and McFarland, 1980; Resnick et al., 1983),
however, because incongruent trials involved 3 numbers compared to the only 1 number and
2 flankers for congruent trials, it is possible that task demands – unrelated to interference - may
have been greater for incongruent trials, possibly impacting the developmental effects
observed. A modified version of the MSIT has recently been developed to address this concern
(Bush and Shin, 2006). Future work could also improve on the current study by including older
adolescents and young adults; engagement of the pMFC by interference may continue to
increase past 18 years – the age of our eldest youth participant - and further testing across late
adolescence and early adulthood will be needed to determine whether the development of
interference- and/or error-related pMFC function increases linearly with age and then plateaus
(exponential function), or follows an inverted U-shaped curve (quadratic function). Our study
was also limited in that adults performed at high levels of accuracy across a relatively narrow
range, possibly leading to our failure to demonstrate increasing interference-related activation
of the pMFC with declining performance (Durston et al., 2002). Future work could maximize
interference demands among adults (and high performing youth) by parametrically modulating
interference demands to test for a relationship between accuracy and pMFC response to
interference. Future work eliciting higher error rates will also help to better elucidate the
development of interactions between the pMFC response to errors, subsequent activation of
the lateral PFC, and the adjustment of behavior to improve performance. In addition, more
advanced analytic techniques, such as psychophyisologic interactions and dynamic causal
modeling could be employed to characterize the development of pMFC integration with other
task control regions during performance monitoring (Stevens, 2009).

Conclusion—Isolating the effects of age on pMFC performance monitoring function
represents a challenge for developmental cognitive neuroscience since age-related changes in
performance may confound changes in brain activation in youth compared to adults. In
addition, the role of development in shaping pMFC contributions to the overlapping, but
distinct performance monitoring functions of interference- and error-processing has only
recently been addressed (Rubia et al., 2007; Velanova et al., 2008), and remains poorly
understood. By examining correct and incorrect trials in separation, while covarying for
performance, we have demonstrated age-related increases in pMFC activation to both
interference and errors during development, followed by a plateau in adulthood. Greater pMFC
response to errors was associated with better performance across both youth and adults and,
on correct trials that followed an error, greater lateral prefrontal activation tended to associate
with greater pMFC activation during errors. Taken together, these findings suggest that the
maturation of the pMFC facilitates improvements in performance monitoring from childhood
through adolescence, and may interact with lateral prefrontal cortex in the development of
cognitive control.
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Figure 1.
Youth had significantly higher error rates during incongruent and congruent trials compared
with adults (Panel A), but response times were not significantly different between groups for
either condition (Panel B).
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Figure 2.
During interference, both adults (A, B) and youth (C, D) exhibited robust activations of the
pMFC, bilateral insula, inferior frontal gyri and parietal cortex. Activations are displayed at a
height threshold of punc < .001 for clusters comprised of more than 9 voxels.
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Figure 3.
Interference-related pMFC activation increased with age among youth, but plateaued in adults,
when controlling for the effects of performance. Blue circles indicate youth, green circles
indicate adults.
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Figure 4.
During error-processing, both adults (A, B) and youth (C, D) exhibited robust activations of
the pMFC, left insula and inferior frontal gyrus, and bilateral parietal cortex. Activations are
displayed at a height threshold of punc < .001 for clusters comprised of more than 9 voxels.
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Figure 5.
Error-related pMFC activation increased with age among youth, but plateaued in adults, when
controlling for the effects of performance (A). Greater error-related pMFC activation occurred
at lower error rates across the combined group of subjects (B). Blue circles indicate youth,
green circles indicate adults.
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