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a  b  s  t  r  a  c  t

Age-related  improvements  in human  performance  monitoring  have been  linked  to  matu-
ration  of medial  frontal  cortex  (MFC)  in  healthy  youth,  however,  imaging  studies  conflict
regarding  age-related  changes  in  MFC  activation  patterns.  Topographical  analysis  of  single-
subject activation  enables  measurement  of variation  in  location  of  MFC  activation  by  age,
as well  as other  potentially  influential  factors  (e.g.,  performance  on  task).  In  this  study,
22 youth  (ages  8–17  years)  and  21  adults  (ages  23–51  years)  underwent  functional  mag-
netic  resonance  imaging  during a performance  monitoring  task  examining  interference  and
errors. Single-subject  factors  (extent  of  MFC  activation,  age  and  accuracy)  were  entered  into
a three-level  hierarchical  linear  model  to test  the  influence  of  these  characteristics  on  loca-
tion of  MFC  activation.  Activation  shifted  from  a rostral/anterior  to a  more  dorsal/posterior
location  with  increasing  age  and  accuracy  during  interference.  Inclusion  of age  and  accu-

racy accounted  for almost  all of  the  unexplained  variance  in  location  of interference-related
activation  within  MFC.  This  pattern  links  improvement  of performance-monitoring  capac-
ity to  age-related  increases  in posterior  MFC  and  decreases  in  anterior  MFC  activation.  Taken
together,  these  results  show  the  maturation  of  performance  monitoring  capacity  to  depend
on more  focal  engagement  of  posterior  MFC  substrate  for  cognitive  control.
Abbreviations: MFC, medial frontal cortex; FC, frontal cortex; MSIT,
ultisource Interference Task; RT, reaction time; LS, longitudinal spline;

,  radius.
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1. Introduction

Behavioral capacity to monitor performance develops
throughout childhood and into adulthood; including the
ability  to ignore distractors, identify correct response and
correct  performance after a mistake (Casey et al., 2010).
The  medial frontal cortex (MFC) plays a key role in per-
formance monitoring (Ridderinkhof et al., 2004), and the
maturation of this region is linked to age-related improve-
ment  in performance monitoring capabilities (Fitzgerald

Open access under CC BY-NC-ND license.
et  al., 2010). However, the way in which MFC  maturation
contributes to the development of performance monitor-
ing  remains an open question. Development contributes to
changes  in white matter and gray matter development and
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contributes to changes in the degree of specialized in func-
tion  within an area, the location of specific brain functions,
and  connectivity to other areas to support behavioral per-
formance (Johnson, 2011). Within the MFC  the literature
is  conflicting on whether MFC  activation becomes more
focal  with development, whether shifts in MFC  activation
correlate with developmental performance improvements
and whether the location of performance monitoring shifts
within  the MFC  during development.

Performance monitoring has been associated with
conflicting reports of age-related decreases (Durston et al.,
2006;  Marsh et al., 2006; Velanova et al., 2008) and
increases (Adleman et al., 2002; Schroeter et al., 2004;
Rubia et al., 2007; Fitzgerald et al., 2010) in magnitude
of MFC  activity. In addition, some work suggests that the
extent  of activation (measured by the number of vox-
els  activated) becomes more focal (Schroeter et al., 2004;
Durston et al., 2006; Lamm et al., 2006; Velanova et al.,
2009)  or broader with age (Adleman et al., 2002; Bunge
et  al., 2002). Cognitive developmental theories of inter-
active specialization identify the PFC as a region that is
less  specialized in childhood and becomes more special-
ized  during development. Theoretically children should
exhibit a more diffuse activation during than adults with
a  greater specialization with age (Johnson, 2011). Develop-
mental  differences in magnitude and extent of activation
can be confounded by traditional group-averaged data,
which  may  contribute to the instability of MFC  findings
across developmental studies. Specifically, group differ-
ences  may  either be minimized or spuriously introduced
by  individual subjects in whom magnitude and/or extent
of  activation in a particular location differs substantially
from the group average (Stern et al., 2009). Large vari-
ance  in the location of individual peaks of activation may
reduce  the power to identify group differences in averaged
data.  Individual peak activity may  vary across a range of
8–10  cm activation within the medial frontal wall (Taylor
et  al., 2006). In addition, individual variability in perfor-
mance may  obscure developmental change in extent of PFC
activation.

There  are likely developmental differences in how the
brain  responds to the demands of performance monitor-
ing  tasks as performance improves with age. One study
demonstrated an increase in dorsal/posterior MFC  and a
decrease  in an anterior/rostral region with age while con-
trolling  for performance (Perlman and Pelphrey, 2010).
However they also found the reverse pattern correlated
with higher levels of fearful temperament. This may  sug-
gest  that while children are performing a task at similar
levels, some may  view the task as more emotionally salient.
Prior  work has established that ventral regions of the MFC
are  activated in response to more emotionally salient infor-
mation  (Somerville and Casey, 2010). Emotional salience
of  cognitive tasks may  change with age as well. Children
may  struggle more to maintain performance on a task with
greater  emotional arousal.

Age-related changes in location of aspects of perfor-

mance monitoring function within MFC  have not been well
studied.  However, given the role of dorsal MFC  in suc-
cessful performance monitoring (Ridderinkof et al., 2004),
age-related increases in dorsal MFC  activation should
e Neuroscience 6 (2013) 137– 148

correspond with maturation of performance monitoring
function. Other work differentiates between the use of
rostral  MFC  for new rule learning and premotor dorsal
FC  for simple action rules (Badre and D’Esposito, 2009).
There may  be a developmental shift where children utilize
new  rule learning neuroanatomical regions (rostral MFC)
to  maintain the same level of performance on tasks that
would  be processed as simple action rules by adults (pre-
motor  dorsal FC). Better performing adults and children
(i.e., those with well learned rule execution) should process
in  dorsal/posterior MFC  during on low load tasks. However,
as  children develop, performance (i.e., accuracy) generally
improves, necessitating the consideration of performance
measures, as well as age, in mapping the development of
performance monitoring function (Casey et al., 2008).

The  present study seeks to examine the development
of performance monitoring in children and adults ages
8–51.  By analyzing topographical measures of MFC  loca-
tion  (Stern et al., 2009). We  sought to gain insight into
the  development of MFC-based performance monitoring
function by analyzing single subject activation during the
Multisource Interference Task (MSIT; Bush et al., 2003). The
MSIT  requires participants to respond to the different num-
ber  out of three numbers presented onscreen. There are
two  conditions, congruent, in which the target number is
flanked  by Xs and incongruent where the target number is
flanked  by distracting numbers. Hierarchical linear mod-
eling  enabled us to examine the independent role of age,
accuracy and activation extent on location of peak acti-
vations within the MFC. Based on work indicating a shift
in  location of activation from new rule learning to sim-
ple  action rules, we  hypothesized that better performance
would predict a shift in location of activation from ros-
tral/anterior to dorsal/posterior MFC  independent of age.
In  addition, we  hypothesized that the similar shift would
be  exhibited based on age, independent of performance.
This hypothesis was based on prior work showing a dor-
sal  developmental shift in function. Finally, based on the
interactive specialization theory of developmental cogni-
tive  neuroscience, we  predicted age and accuracy would
associate with a shift from more diffuse MFC  activation
extent to more focal extent of activation within posterior
MFC.

2.  Materials and methods

Permission  to conduct this study was obtained through
the  University of Michigan Institutional Review Board and
the  research conforms to the Code of Ethics of the World
Medical Association (Declaration of Helsinki). According
the  IRB procedures, consent was  obtained by adults and
parents  of children and children provide assent to partici-
pate  in this study.

2.1.  Participants

Healthy youth and adults were recruited through com-

munity advertisements, flyers and a university sponsored
research recruitment website. Twenty-nine healthy chil-
dren  and adolescents between the ages of 8–17 (16
females; mean age = 12.9, SD = 2.8) and 21 healthy adults
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etween ages 23–51 (6 females; mean age = 39.8, SD = 9.4)
ere  recruited. Data from seven children were excluded

failure to understand task, n = 1; image quality, n = 3;
xcessive movement, n = 3, movement greater than 2 mm
r  degrees for one or more brain volumes) for use in data
nalysis, resulting in a final group of 22 children. Par-
icipants were first prescreened during an initial phone
nterview to ensure no history of serious medical or neuro-
ogical  illness, head trauma, or mental retardation. Youth

ho  were eligible after phone pre-screening were inter-
iewed  to ensure no current or prior history of psychiatric
llness using the Kiddie-Schedule for Affective Disorders

 Present and Lifetime Version (Kaufman et al., 1997) or
he  Structured Clinical Interview for Diagnosis (First et al.,
996),  as appropriate to age group. [For greater detail on
election  criteria and methods, the reader is referred to
itzgerald et al. (2010)].

.2.  Task

Participants performed a modified version of the Mul-
isource Interference Task (MSIT), a cognitive interference
ask that elicits a robust interference signal in the medial
refrontal cortex (MFC) at the single-subject level (Bush
t  al., 2003). Participants were presented with three num-
ers  printed in white on a black background and instructed
o  press a button indicating the identity of the “oddball”
umber. Oddball refers to the case that is different when
thers are the same. In this case participants are presented
ith three numerals side by side, two are the same and

ne  is different. They are instructed to pick out the differ-
nt  number. Participants pressed the 1st, 2nd or 3rd button
o  indicate the numbers 1, 2 and 3, respectively. In control
rials,  the target number was flanked by the letter “x” and
as  in the same position as the correct button response

e.g., number 2 was in the second position). In interference
rials, competing but incorrect numbers flanked the target
umber and the position of the target number did not cor-
espond  with the correct button response (e.g., the oddball
umber is “1” but it is in the 3rd position). On half of the
rials  the font size of the target number was larger than
istracters and in the other half of the trials the font size of
he  target was smaller (see Fig. 1).

The original block design of the MSIT was modified
or an event-related presentation to enable the separa-
ion of correct from error trials. Participants completed 5
uns  with 60 trials per run for a total of 300 trials. The
xperiment consisted of 60 fixation trials (white + on black
ackground), 120 interference trials, and 120 control trials,
resented in a pseudorandom order. Stimuli appeared for
00  ms  and followed by a 2500 ms  inter-stimulus interval
ISI,  white + on black background).

.3.  Data analysis
.3.1.  Behavioral analysis
Reaction  time and accuracy data were collected during

canning on a trial-by-trial basis. Accuracy and difference
etween incongruent and congruent conditions in reaction
Fig. 1. Multisource Interference Task (MSIT) paradigm.

time (RT) and accuracy were submitted to ANCOVA with
age  as a covariate.

2.3.2.  Data acquisition and preprocessing
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 (gradient-recall-
echo, repetition-time TR = 2000 ms,  echo-time TE = 30 ms,
flip-angle FA = 90, field-of-view FOV = 20 cm,  40 slices,
slice-thickness = 3.0 mm,  64 × 64 matrix). Next, a reverse-
spiral acquisition sequence was  applied to collect T2*
weighted images 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, TR = 10.5 ms,  TE = 3.4 ms,
FA  = 25, FOV = 24 cm,  102 slices, slice thickness = 1.5 mm,
256  × 256 matrix) was  obtained for anatomic normal-
ization. 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. Data underwent standard preprocessing steps
including slice-timing correction, realignment of func-
tional  data (mcflirt, http://www.fmrib.ox.ac.uk/fsl/) and
thresholding to exclude non-brain voxels from subse-
quent analysis. Functional volumes were normalized to
the  MNI152 template of the SPM2 software package, an
average  of 152 T1 images from the Montreal Neurologi-

cal Institute. Data were then resliced and smoothed with a
5  mm isotropic Gaussian smoothing kernel (voxel size after
preprocessing was 3 mm × 3 mm × 3 mm).

http://www.fmrib.ox.ac.uk/fsl/
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s during
Fig. 2. Youth and Adult Topographical Map  of Locations of peak activation
to  72. Individual subjects can contribute multiple peaks.

2.3.3. Functional imaging analyses
Functional data were analyzed using a standard ran-

dom  effects analysis within the framework of the modified
General Linear Model (Worsley and Friston, 1995; Worsley
et  al., 2002), implemented using SPM2. Three conditions
were modeled (errors, correct interference trials, and cor-
rect  control trials) to enable the calculation of contrasts of
interest  for errors (all errors – all correct) and for interfer-
ence (interference trials – control trials) for each subject.
Errors and interference processing were both assessed
given prior work suggesting these functions may  be distinct
elements of performance monitoring that engage more
dorsal,  and more rostral aspects of the MFC, respectively
(Ridderinkhof et al., 2004; Hester et al., 2008). Previous
research has found robust signal of error-related brain acti-
vation  with three or more error trials (Stern et al., 2009).
Thus, six adults and 2 youth who committed less than three
errors  were excluded from this analysis, leaving 20 youth
and  15 adults with sufficient errors for inclusion in the
error  analysis. Single-subject contrasts were carried for-
ward  into hierarchical linear modeling (HLM) to test the
relationship of topographical measures of MFC  activation
with  individual characteristics of age and performance.

2.3.4. Group analyses
Whole-brain group analyses of both interference
(incongruent – congruent) and error (error – correct) con-
trasts  were previously reported (Fitzgerald et al., 2010) and
showed  robust MFC  activation for youth and adult groups
when  examined separately, but no differences between
groups.
 interference within coordinate bounds: x = +18 to −18, y = 1 to 71, z = −18

2.3.5.  Topographic analyses of MFC activation
Previously our lab has defined a procedure for the

measurement of the locations of individual activations in
the  MFC  (see Stern et al., 2009). In brief, a large MFC
search volume was  specified (coordinate bounds: x = +18
to  −18, y = 1 to 71, z = −18 to 72). Since the analysis focused
on differential spatial distribution of peaks, rather than
the  significance of individual peaks, a liberal threshold of
p  < 0.005 uncorrected and an extent ≥10 voxels (volume
of  270 mm3) was used to threshold single-subject activa-
tion  maps. Within the confines of this space, individual
interference and error contrasts were examined to charac-
terize  MFC  activations for each subject based on (1) location
(i.e.,  peak coordinates) and (2) extent of cluster associated
with each peak. Similar numbers of youth and adults acti-
vated  the MFC  for both the interference (12/22 youth and
13/21  adults) and error contrasts (16/19 youth and 11/15
adults).

We  defined two measurements to characterize the
location of each peak activation (Stern et al., 2009). A two-
dimensional cubic spline (S) was  fit to a series of points
located along the border of the corpus callosum (Steele
and Lawrie, 2004) of the MNI152 brain. A point P along the
spline  S was determined for each peak of each cluster or
sub-cluster, projected across the lateral dimension (x = −18
to  +18), enabling the calculation of two  indices of spatial
location (see Figs. 2 and 3). First, the radial measurement
(R) from point P to each cluster peak was calculated. Sec-

ond,  the distance along line S (starting at y = 0) from point
P  – the longitudinal spline (LS) – was  measured. Radial
measurements were along the dorsal–ventral dimension
and longitudinal spline measurements generally gave the
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ig. 3. Youth and Adult Topographical Map  of Locations of peak activation
 = −18 to 72. Individual subjects can contribute multiple peaks.

istribution of clusters in the anterior–posterior dimen-
ion. For clusters located subgenually, a longer longitudinal
pline measurement would have been recorded, follow-
ng  the neuroanatomy of the corpus callosum (Stern et al.,
009;  Steele and Lawrie, 2004). Radial and longitudinal
pline measurements were computed for the maximal peak
nd  sub-peaks within each cluster of activation. In addi-
ion,  the extent of activation for each cluster was calculated
ased on total number of voxels per cluster. Scatterplot
ge and distance were examined with linear, quadratic and
ubic  linear estimates. There was no evidence of a quadratic
r  cubic relation between age and radius or longitudinal
pline.

For the primary analyses of interest, we fitted three-
evel hierarchical linear models (HLMs) (Raudenbush and
ryk,  2002) using the HLM 6.0 software (Raudenbush and
ryk,  2004). In each of these models, locations of peaks
nd  sub-peaks on radial and longitudinal splines defined
he  first level of measurement (Level 1), and these were
he  dependent variables of interest. The location meas-
res were nested within clusters of activation, which often

ncluded  a maximal peak and multiple sub-peaks (Level 2)
hat  in turn were nested within individuals (Level 3). We
stimated the fixed effects of cluster extent (a level-two
ovariate), subject age (a level-three, or individual-level,
ovariate), and subject accuracy (also a level-three covari-
te)  on the locations of the peaks. The models also included
andom effects for clusters nested within individuals, and

andom  effects for individuals (allowing for correlations of
eve1  1 location measures within clusters and individuals).
nalyses were conducted separately for peak locations
ased on radius (R) and longitudinal spline (LS), for both
g error commission within coordinate bounds: x = +18 to −18, y = 1 to 71,

error  and interference contrasts, yielding four different
HLMs (see Table 1).

Prior  to the selection of the final model two  additional
predictors were examined. First, to explore interdepen-
dence between our distance measures, we  modeled each
outcome measure (LS and R) with and without the other as
a  level one predictor; however, there was  no evidence of
interdependence. Second, we examined gender as a level
three  predictor however the inclusion of this variable was
also  insignificant. In order to proceed with the most par-
simonious model the other distance measure and gender
were  eliminated as predictors.

Three different models were fitted for each of four
dependent variables (LS and R, each for interference and
error  conditions). First, an unconditional three-level model
was  used to quantify the amount of unexplained variance
in  location across the three levels (Level 1: peak level, Level
2:  cluster level and Level 3: individual level). Unconditional
models are necessary to fit as a basis for quantifying the
amount of unexplained variance at levels two  and three of
analysis  that can be accounted for by the later conditional
models (Raudenbush and Bryk, 2002).

Next, a full three-level model was examined. At the first
level  the peak location (the dependent variable, measured
by  either longitudinal spline or radius for each individual)
was entered. At the cluster level of the model (Level 2), the
extent  of the cluster was entered as the only cluster-level
covariate, expected to explain variance in peak locations.

Finally, individual-level covariates entered at Level 3 of the
model  included the age of the participant (centered relative
to  the grand mean) and accuracy. In the Interference condi-
tion,  the percent of accuracy during interference was used.
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Table 1
Hierarchical linear model equations, variables and summary of results.

Level of analysis Equation Dependent variable Independent variables Result

Interference longitudinal spline (LS) final model
Level 1 Y = P0 + E LS  distance along CC Mean  LS + error

variance
Mean LS = 28.24 mm

Level  2 P0 = B00 + B01*(CLUSTER) + R0 LS distance along CC Cluster extent + error
variance

N.S.

Level 3 B00 = G000 + G001(EXACT
AG) + G002(INC ACC) + U00

LS distance along CC Age + accuracy + error
variance

MFC activation moved posteriorly along
the corpus callosum by:
• 0.79 mm per year older
• 0.43 mm for each percentage point more
accurate

B01 = G010 + G011(AGE) + G012(ACC) Cluster extent Age + accuracy Age and accuracy interacted with cluster
extent to predict LS (Fig. 3)

Explained  variance Level 1 variance − Level 3 variance/Level 1 variance Difference between unconditional
model and three level model

85% of total variance in peak locations was
due to individual factors

Interference  radius (R) final model
Level 1 Y = P0 + E Radial  measure from CC to peak Mean  R + error variance Mean R = 22.63 mm (22.93 mm in

unconditional model)
Level  2 P0 = B00 + B01*(CLUSTER) + R0 Radial measure from CC to peak Cluster extent + error

variance
N.S.

Level 3 B00 = G000 + G001(EXACT AG) + G002(INC ACC) + U00 Radial measure from CC to peak Age + accuracy + error
variance

N.S.

B01 = G010 + G011(AGE) + G012(ACC) Cluster extent Age + accuracy N.S.
Explained variance Level 3 variance/total variance Percent of variance 10% of total variance accounted for by age

and accuracy
Error longitudinal spline (LS) final model
Level 1 Y = P0 + E LS distance along CC Mean LS + error

variance
Mean LS = 26.01 mm

Level  2 P0 = B00 + B01*(CLUSTER) + R0 LS distance along CC Cluster extent + error
variance

N.S.

Level 3 B00 = G000 + G001(EXACT AG) + G002(INC ACC) + U00 LS Distance along CC Age + total
errors + error variance

MFC activation moved anteriorly along the
corpus callosum by:
•  0.30 mm per error
• 0.04 mm

B01  = G010 + G011(AGE) + G012(ACC) Cluster extent Age + total errors Age interacted with cluster extent to
predict LS (Fig. 4)

Explained  variance Unconditional Level 3 variance − final Level 3
variance/unconditional Level 3 variance

Proportion of individual variance
explained

96% of total individual variance was
explained by age and total number of
errors

Error radius (R) final model
Level  1 Y = P0 + E Radial measure from CC to peak Mean R + error variance Mean R = 21.98 mm (22.18 mm in

unconditional model)
Level  2 P0 = B00 + B01*(CLUSTER) + R0 Radial measure from CC to peak Cluster extent + error

variance
N.S.

Level 3 B00 = G000 + G001(EXACT AG) + G002(INC ACC) + U00 Radial measure from CC to peak Age  + total
errors + error variance

MFC activation moved posteriorly along
the corpus callosum by:
• 0.21 mm per year older

B01  = G010 + G011(AGE) + G012(ACC) Cluster extent Age + total errors Age and Accuracy interacted with cluster
extent to predict R (Fig. 5)

Explained  variance Unconditional Level 2 variance − final Level 2
variance/unconditional Level 2 variance

Percent of variance 18% of total cluster level variance
accounted for by cluster extent
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or the error condition we used the total count of commis-
ion  errors. The three-level HLM (full model) allowed us
o  (1) test for the linear effects of age and accuracy on the
ocation of MFC  activation (2) and control for the poten-
ial  influence of difference in extent of clusters on peak
ocation.

It  is important to note that each individual could have
ultiple peaks corresponding to multiple clusters of MFC

ctivation, and multiple sub-peaks within each cluster. This
nalysis  partitions the total variance of location of MFC  acti-
ations  into between-person variance (based on age and
ccuracy), between-cluster variance (based on extent, i.e.,
he  number of voxels per cluster within a subject), and
etween-location variance within a cluster (locations of
luster  and sub-cluster peaks within a subject).

To account for the possible interactions between fac-
ors  at different levels, at the third stage a final three-level

odel was examined. This final model included the pre-
ictors  in the full model and allowed for a three-way

nteraction between age, accuracy, and cluster extent on
ocation  of activation. This was an exploratory analysis
o  understand if there was a change in the association
etween cluster extent and location based on age or accu-
acy.  For simplicity of presentation, significant results are
resented.  Variables not discussed are non-significant pre-
ictors.

.  Results

.1. Behavioral results

Results  of ANCOVA in the full group of 43 subjects
howed a linear effect of age where performance increased
ith  age in both congruent, F(1,43) = 6.209, p < 0.05, and

ncongruent conditions, F(1,43) = 14.110, p = 0.001. There
as  also a linear effect of age on the difference in RT

etween congruent and incongruent conditions such that
ounger  subjects had a greater difference in RT between
asks, F(1,43) = 4.084, p = 0.05.

.2. Functional results

.2.1.  HLM of interference

.2.1.1.  Interference longitudinal spline. The unconditional
eans model for longitudinal spline (LS) showed signifi-

ant  unexplained individual-level variance in location of
eaks  along the LS (�2(23) = 65.05, sd = 12.05, p < 0.001,
ee Fig. 2). In other words, on average, peaks occurred in
ifferent locations for different individuals (as expected).
he estimated standard deviation of HLM random effects
re  assumed to arise from a normal distribution with
ean 0 and some standard deviation. In addition, the
ean  locations of cluster peaks within individuals var-

ed  significantly (�2(29) = 173.32, sd = 10.97, p < 0.001). The
stimated mean location of peaks along the LS of the cor-
us  callosum (  ̌ = 28.56, t = 8.99, p < 0.001) was 28.56 mm

rom  the posterior edge of our LS measurement (i.e.,

 = 0). Examination of level-three variance components
evealed that the proportion of total variance in peak loca-
ions  due to individual factors was 43% (equation: Level 3
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variance/(Level 1 variance + Level 2 variance + Level 3 vari-
ance))  or ��/(�2 + �� + ��).

In a full model including the fixed effects of age of indi-
vidual, accuracy (percent accuracy during interference),
and cluster extent there was no longer unexplained vari-
ability  at the individual level in LS (�2(21) = 24.79, sd = 3.43,
p  > 0.1). Specifically, variability in LS between individuals
was predicted by age (  ̌ = −0.83, t = −7.13, p < 0.001) when
controlling for differences in cluster extent such that, for
each  year older, MFC  activation moved posteriorly along
the  corpus callosum by 0.83 mm.  Accuracy also uniquely
predicted the location of clusters along the LS (  ̌ = −0.33,
t  = −2.88, p < 0.05) when included with age, such that with
each  percentage point greater accuracy, the location of the
activation  moved posteriorly by 0.33 mm.  Between-cluster
variability within individuals remained after including the
fixed  effect of cluster extent in the model (�2(28) = 164.51,
sd  = 9.33, p < 0.001), suggesting that other cluster-level fac-
tors  may  be introducing variance in locations among the
clusters.

A  final model allowing for a three-way interaction
between age, accuracy and the extent of the cluster was
fitted  on the LS. In this model there remained no unex-
plained variability between individuals in LS location
(�2(21) = 31.07, sd = 4.65, p > 0.05). Age remained a pre-
dictor of LS when controlling for differences in cluster
extent (  ̌ = −0.79, t = −5.66, p < 0.001), such that for each
year older peak location was  0.79 mm more dorsal and
posterior along the corpus callosum. Incongruent accuracy
also  significantly predicted location of clusters (  ̌ = −0.42,
t  = −2.72, p < 0.05), such that with each percentage point
greater accuracy, activation was  0.42 mm more dorsal and
posterior  along the corpus callosum.

Incongruent accuracy interacted with the extent of
cluster (  ̌ = 0.10, t = 2.45, p < 0.05), and there was also
weak evidence of age interacting with extent of clus-
ter  (  ̌ = −0.001, t = −1.48, p < 0.1) to influence activation
distance along the longitudinal spline. Interpreting these
interactions, we found that with greater age and less accu-
racy,  larger clusters were located closer to the y = 0 point,
and  with younger age and less accuracy, larger clusters
were located farther away from the start of the y = 0 point
(see  Fig. 4). A comparison of the final three-level model
to  the unconditional model revealed that 85% of explain-
able individual-level variance in location of LS is explained
by  the inclusion of age and accuracy. There remained
between-cluster variance within individuals in LS in this
model.

3.2.1.2.  Interference radial distance. The unconditional
means model for radial distance (R) location had significant
unexplained variance within individual (�2(29) = 62.70,
sd  = 4.86, p = 0.001). There was  no between individual dif-
ferences  in R (�2(23) = 30.74, sd = 3.18, p > 0.1), with a mean
R  location of 22.93 mm from the corpus callosum. Exam-
ination of variance components indicated that only 10%
at  the level of individual factors, meaning that most of

the  variability in radial distance was within individuals,
rather than between individuals. Within individual vari-
ability  remained for the R distance in the full model
(�2(28) = 61.66, sd = 4.69, p = 0.001). None of the predictors
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nce alon
Fig. 4. Three way interaction of age, accuracy and cluster extent on dista
percentile  of age and performance.

significantly explained between within individual variabil-
ity  in R location.

3.2.2.  HLM of error
3.2.2.1.  Error longitudinal spline. The unconditional means
model  for LS during error found evidence of significant
variance in location within individuals (�2(61) = 552.78,
sd  = 17.29, p < 0.001, see Fig. 3), but not between individ-
uals (�2(26) = 23.55, sd = 3.77, p > 0.1). The mean location of
LS  from the y = 0 was 25.51 mm.

In a full model including cluster extent, age and accu-
racy (total commission errors), there remained significant
cluster level unexplained variance within individual LS
(�2(60) = 501.42, sd = 16.75, p < 0.001). Differences in clus-
ter  extent (  ̌ = −0.04, t = −3.00, p < 0.005) predicted this
within individual variance. In this full model, accuracy
also predicted LS distance (  ̌ = −0.31, t = −2.20, p < 0.05)
between individuals; however, age was not predictive
(  ̌ = −0.10, t = −0.70, p > 0.1). Both greater cluster extent
and more total commission errors were related to a shorter
distance from the y = 0 point.

In  a final model allowing for the interaction between
Level 1 factors and Level 2 factors, there remained sig-
nificant unexplained variance at the cluster level in LS
measurement (�2(60) = 449.01, sd = 16.59, p < 0.001), with
the  mean location of error activation ∼26 mm from the
y  = 0 point on the corpus callosum (  ̌ = 26.01 t = 13.78,
p  < 0.001). There remained a difference in LS based on accu-
racy  (  ̌ = −0.31, t = −2.19, p < 0.05) and extent of clusters
(  ̌ = −0.04, t = −4.85, p < 0.001) such that fewer error com-
missions, controlling for age and cluster extent were more
rostral  and anterior and larger clusters were located more
dorsally  and posteriorly.

Individual  age interacted with cluster extent (  ̌ = 0.001,

t  = 3.252, p < 0.005), such that smaller clusters in youth were
located  more rostrally and anteriorly and greater clus-
ter  extent was significantly closer to y = 0 in youth than
in  adults (see Fig. 5). Ninety-six percent of explainable
g longitudinal spline during interference, illustrated with 25th and 75th

variance in means between individuals was explained by
the  individual-level factors considered in this model.

3.2.2.2. Error radial distance. There was also significant
variability at within individuals in the unconditional means
model  of error R measurement (�2(61) = 198.37, sd = 7.88,
p  < 0.001) and a trend level difference between individuals
(�2(26) = 37.32, sd = 3.98, p < 0.1) in error R. Average dis-
tance  from the corpus callosum 22.18 mm.  Examination of
variance  components revealed that only 11% of variance
in  R location of activations could be accounted for by the
individual level.

A  full model with age, accuracy, and cluster extent
revealed that age was a marginal predictor of R mea-
surement (  ̌ = −0.18, t = −1.96, p < 0.1). The final model
including interactions between individual level predictors
and  cluster extent revealed that age (  ̌ = 0.001, t = 2.51,
p  < 0.05) and accuracy (  ̌ = 0.001, t = 2.28, p < 0.05) inter-
acted with cluster extent, such that older participants with
more  errors and large cluster extents activated further
away from the corpus callosum, whereas for younger par-
ticipants  greater accuracy resulted in smaller and closer
activation (see Fig. 6). In the final model 18% of the
explainable cluster-level variance in activation location
was  explained by cluster extent.

4. Discussion

We  undertook a re-analysis of previously published
data to demonstrate age-related differences in the loca-
tion  of MFC  activity during a performance monitoring task
using  a topographic analysis. Our previous analysis with
voxel-wise group contrasts found age-related increases
in  activation within a dorsal MFC  ROI among youth, but
failed  to show magnitude or extent differences in MFC

activation between youth and adults (see Fitzgerald et al.,
2010).  Because that analysis examined group-averaged
data, it was  unable to test age-related changes in loca-
tion  of MFC  activation. In this re-analysis, topographic
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istribution of individual activations was assessed across
he  wall of the MFC, demonstrating that activation dur-
ng  interference processing shifted from a rostral/anterior

FC  to dorsal/posterior with age. In addition, better
erformance was also associated with more posterior
ctivation. Cluster extent did not predict the location of
eaks  but did interact with age and accuracy underlin-

ng the degree to which extent of activation may  mask
ge-  and performance-related changes in location. During
rror  processing, accuracy (but not age) significantly pre-

icted  between individual variability in activation location.

n  contrast to interference processing, error processing was
ssociated  with greater within – than between – individ-
al variability in activation location, suggesting that error

ig. 6. Three way interaction of age, accuracy and cluster extent on radial distan
ge  and performance.
 during error, illustrated with dichotomous grouping of data, illustrated

processing  within an individual is spread over a greater
span of the MFC.

4.1.  Interference processing: longitudinal distance

Within our sample, at the mean age of ∼22, mean dis-
tance of interference peak activation was  ∼29 mm from
the  point Y = 0 along the corpus callosum (CC), localizing
to the rostral, dorsal divide of the CC suggested by Steele
and  Lawrie (2004). The shifting of interference-related acti-

vation  from rostral/anterior to dorsal/posterior MFC  during
development adds to prior work showing that limbic areas
related  to the awareness of emotionally salient informa-
tion, including the ventral MFC, develop prior to dorsal

ce during error processing, illustrated with 25th and 75th percentile of
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MFC  substrates for cognitive control regions (Perlman and
Pelphrey,  2010; Somerville and Casey, 2010). Our work
shows that, during interference, younger subjects recruit
areas  located within the MFC  considered to be more active
during  emotion processing (Etkin and Wager, 2007; Steele
and  Lawrie, 2004). The three-level HLM indicated that the
location  difference is not due to large extent clusters, but
cluster  extent did interact, pointing to the necessity of con-
trolling  for this variable.

Age-related  increases in dorsal/posterior and decreases
in  rostral/anterior MFC  activation during interference have
been  suggested by prior work, and are supported by
our  topographical analysis. For example, Rubia et al.
(2006) who found increased activation of cognitive control
regions, including the dorsal MFC  with age during inhi-
bition, switching and interference; Adleman et al. (2002)
found  greater activation with age in more posterior regions
of  the ACC in their sample of youth from 7 to 22 years
old; and Marsh et al. (2006) found a decrease in acti-
vation with age during Stroop interference in the vMFC
and  rACC in children, adolescents and adults. This shift
has  been observed in other developing cognitive domains,
notably mentalization (Blakemore and Robbins, 2012), and
may  be associated with structural changes in white mat-
ter  integrity and gray matter volumes (Blakemore, 2012;
Johnson, 2011; Konrad et al., 2005).

This shift may  also be a result of how the brain is
responding to the task over the course of development.
Because we controlled for the independent contribution
of performance, age related shift in function is indepen-
dent of performance in our study. However, the shift from
rostral/anterior to dorsal/posterior MFC  may  be indicative
of  an underlying difference in how children and adults
perform this task. Consistent with the work of Badre and
D’Esposito (2009) the developmental shift we  found may
indicate  greater automaticity in adult processing while
youth  may  cognitively rehearse rules to a greater degree
in  order to achieve the same level of performance.

Prior work has also suggested the importance of control-
ling  for age-related differences in performance, with Rubia
et  al. (2007) finding age-related increases in MFC  activa-
tion  during stop signal task designed to force a 50% fail
rate  in a similar healthy developmental cohort. Our use of
hierarchical linear modeling allowed us to simultaneously
test the effects of age and performance on location of MFC
activation, while controlling for potential developmental
changes in extent of that activation. In addition to becom-
ing  more dorsally located with increasing age and accuracy,
MFC  activation was observed to decrease in extent with
development. This supports the integrative specialization
theory of cognitive developmental neuroscience (Johnson,
2011)  in that we observe more diffuse activation in youth
and  greater specialization in location of activation in adult-
hood.

Our  work highlights the importance of location of MFC
activation to the development of interference processing,
showing a linear effect of age where for each year in

age,  activation shifts more dorsally by ∼1 mm.  By taking
into account the role of age, accuracy and the interacting
effects of activation extent, we have demonstrated that age
and  accuracy follow separate but analogous topographical
e Neuroscience 6 (2013) 137– 148

patterns of development, with each predictor associated
to  more dorsally located activation within the MFC. In
fact,  most of the between-individual variability in location
(85%)  can be accounted for by age and performance factors.
Immaturity of the MFC  in youth, in which limbic-associated
rostral subregions develop prior to dorsally located areas
for  cognitive control regions (Perlman and Pelphrey, 2010),
and  greater reliance on rehearsal of performance rules
(Badre and D’Esposito, 2009) may  be responsible for
increased failure to suppress interference at younger ages.

4.2.  Error processing: longitudinal distance

It is important to understand brain function in tasks
that mimic  real world performance where youth exhibit
performance deficits relative to adults. However, when
controlling for performance differences and cluster extent,
no  significant relation of age to location of error-related
activation within MFC  was observed. Rather, more dor-
sal  and posterior activation within the MFC  was  predicted
by  greater number of errors across subjects, regardless
of age. This finding is consistent with other work that
has  identified dorsal MFC  as responsive to the commis-
sion of errors (Braet et al., 2009; Stevens et al., 2009;
King et al., 2010; Forster and Brown, 2011; Ichikawa et al.,
2011).  In contrast to interference-related activations which
were  more dorsal for better performing individuals, error-
related  activations were more rostrally located with better
overall  performance (i.e., lower commission error rates).
Differential location of MFC  activation for interference and
errors  in better performing individuals distinguishes these
functions  as separable aspects of performance monitor-
ing, consistent with prior work (Hester et al., 2008). More
rostral  activation of MFC  to errors has been previously
observed in the context of monetary incentive to perform
well  (Taylor et al., 2006), and our results suggest that more
rostral  MFC  activation to errors may  enhance overall per-
formance even in the absence of external incentive.

4.3. Interference and error: radial distance

There remained within individual unexplained variance
in  radial distance in both error and interference models
after controlling for between individual variance in age and
accuracy.  This suggests that radial location of brain activity
is  mostly dependent on within individual variability that is
not  accounted for by between individual differences in age
or  performance.

5. Conclusions

A  primary limitation of our study is that we  consid-
ered only individual differences in age and accuracy, when
many  other factors may  impact location of MFC  response to
performance monitoring, which varies substantially even
among  healthy adults (Taylor et al., 2006). In addition to
developmental factors (Lamm et al., 2006; Rubia et al.,

2006,  2007; Fitzgerald et al., 2010) and task performance
(Lamm et al., 2006; Ochsner et al., 2009; Egner, 2011),
BOLD signal activations are influenced by individual vari-
ability  in BOLD signal at rest (Mennes et al., 2011), task
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otivation (Locke and Braver, 2008), and effortful con-
rol  (Urry et al., 2009). To further an understanding of
eveloping brain function it will be necessary to better
xamine the role of inter and intra individual differences
cross a wide range of potentially influential factors (Kanai
nd  Rees, 2011; van Horn et al., 2008). In addition, the
ritical role of other brain regions, outside the MFC, in per-
ormance monitoring has been well-documented (Taylor
t  al., 2007), underscoring the importance of considering
ther elements of neural circuitry in mapping development
f  performance monitoring function. Understanding of net-
orked  regions associated with performance monitoring
ould better characterize these changes as resulting from

kill  learning or interactive specialization over the course
f  development (Johnson, 2011). The results of this study
uggest  that children and adolescents utilize a broader sec-
ion  of the PFC, while adults use a more focal region of the
orsal/posterior prefrontal cortex.

Nonetheless, our work demonstrates that topograph-
cal analysis of single-subject activation patterns has the
dvantage of being able to examine multiple factors asso-
iated  with activation patterns including individual factors
e.g.,  age, performance), and characteristics of the activa-
ion  itself (e.g. location and extent). The introduction of
LM  to the analysis allows for the separation of hierarchi-
al  nested data at inter and intra-individual levels and to
stimate  variance accounted for at multiple levels simulta-
eously (Raudenbush et al., 2004). The application of this
nalytic  approach enables testing for age effects on aspects
f  brain activation, while controlling for other potentially
elevant factors between and within individuals. In addi-
ion  this method allows for examination of the degree of
nexplained variance at different levels of analysis and to
stimate  the effects of variables, such as age, accuracy and
xtent  of activation.

Despite  our small sample size, we were able to deter-
ine that there is a dorsal to rostral shift in location of
FC  activation during interference that is predicted by age

nd  accuracy. This shift had been suggested by other stud-
es,  including our previous analysis of these data, however,
sing analysis of single-subject topographical patterns of
ctivation  and HLM, we were able to control for compet-
ng  factors and estimate the degree to which development
nd performance determine location of BOLD signal within
he  MFC. This is the first study to demonstrate a progres-
ive developmental shift in the location of MFC  activation
rom youth to adulthood. During error, we failed to find a
ifference  in location, intensity or extent of activation with
ge,  but instead with accuracy, which suggest that perfor-
ance  may  be integral to differences in development of

rror  processing in MFC.
This study also represents a significant advance in

MRI methods. Through the consideration of multiple
actors, both within and between individuals, we have
ontrolled for individual variability in brain function,
evelopmental change and performance differences in one
nalysis.  The findings highlight the importance of consid-

ring  development and performance differences during
erformance monitoring. Our data underscore that the
evelopmental maturation of the MFC  during performance
onitoring accounts for significant variability between
e Neuroscience 6 (2013) 137– 148 147

individuals in neural activity during performance monitor-
ing.
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