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Abstract
In functional magnetic resonance imaging (fMRI) studies, researchers often attempt to ensure that
group differences in brain activity are not confounded with group differences in mean reaction
time (RT). However, even when groups are matched for performance, they may differ in terms of
the RT-BOLD relationship: the degree to which brain activity varies with RT on a trial-by-trial
basis. Group activation differences might therefore be influenced by group differences in the
relationship between brain activity and time on task. Here, we investigated whether correcting for
this potential confound alters group differences in brain activity. Specifically, we reanalyzed data
from a functional MRI study of response conflict in children and adults, in which conventional
analyses indicated that conflict-related activity did not differ between groups. We found that the
RT-BOLD relationship was weaker in children than in adults. Consequently, after removing the
effect of RT on brain activity, children exhibited greater conflict-related activity than adults in
both the posterior medial prefrontal cortex and the right dorsolateral prefrontal cortex. These
results identify the RT-BOLD relationship as an important potential confound in fMRI studies of
group differences. They also suggest that the magnitude of the RT-BOLD relationship may be a
useful biomarker of brain maturity.
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Introduction
Functional neuroimaging is becoming an increasingly popular tool for studying group
differences. For example, recent studies have identified differences in brain activity between
children and adults (Church et al., 2008), psychiatric patients and controls (Glahn et al.,
2005), and Americans and East Asians (Han and Northoff, 2008). These studies have
revealed fundamental group differences in the neural substrates of executive control,
emotional processing, and social cognition.
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However, group differences in brain activity are sometimes confounded with group
differences in behavioral performance. For example, children sometimes respond more
slowly than adults (Gaillard et al., 2001), and patients sometimes perform more poorly than
controls (Kerns et al., 2005). Such confounds complicate the interpretation of group
activation differences: do they reflect genuine differences in brain function or differences in
behavioral performance? To avoid such ambiguity, Church and colleagues (2010)
recommend several strategies to address potential group differences in behavioral
performance. For example, investigators may calibrate task parameters to hold performance
constant across groups, identify matched sub-groups of participants after data collection, or
include performance differences as covariates during data analysis.

While each of these strategies can effectively match groups for mean behavioral
performance in fMRI studies, none can ensure that groups are matched for the RT-BOLD
relationship: the degree to which activity varies with RT on a trial-by-trial basis. In adults,
trials with relatively slow RTs are associated with relatively high activity in a fronto-parietal
network that is linked to attention and executive control (Hahn et al., 2007; Prado et al.,
2011; Weissman et al., 2006). This effect has been observed across a diverse range of
cognitive tasks (Yarkoni et al., 2009). Thus, fronto-parietal activity may be sensitive to
demands on task-general cognitive processes (e.g., sustained attention, arousal, or effort)
whose recruitment increases with time on task. In line with this possibility, conditional
differences in brain activity in the fronto-parietal network are sometimes eliminated after
using the RT-BOLD relationship to remove the effect of RT on brain activity (Carp et al.,
2010; Grinband et al., 2011). Such effects can make differences in brain activity challenging
to interpret when conditions differ in mean RT. In these situations, do activation differences
reflect (1) task-specific processes that are hypothesized to vary across conditions or (2) task-
general processes whose recruitment varies with time on task (Yarkoni et al., 2009)? This
issue has stirred significant controversy in the past year, with different investigators drawing
strikingly different conclusions from similar data (Brown, 2011; Grinband et al., 2011;
Nachev, 2011; Yeung et al., 2011).

Similarly, group differences in the RT-BOLD relationship could complicate the
interpretation of group activation differences. If the RT-BOLD relationship differs across
groups, then removing the effect of RT on conditional differences in brain activity will alter
activity more in some groups than in others. Thus, group activation differences could be
magnified, reduced, or even newly revealed where none were previously observed. Such
findings might dramatically alter conclusions about the nature of group differences in brain
activity. To our knowledge, however, no prior study has investigated whether the RT-BOLD
relationship differs across groups, or the impact of removing this potential confound on
group activation differences.

The present study thus investigated whether the RT-BOLD relationship varies across groups
and, if so, whether removing the effect of RT on activity alters group activation differences.
To this end, we reanalyzed a prior fMRI study investigating the neural substrates of conflict
processing in children and adults (Fitzgerald et al., 2010). The original study investigated
developmental differences in conflict-related activity in the posterior medial prefrontal
cortex (pMFC), a region of the fronto-parietal network that has been implicated in conflict
detection (Botvinick et al., 1999; Carter et al., 1998). The results indicated that children and
adults were well matched for both overall RT and RT differences between conditions.
Further, the groups did not differ with regard to conflict-related pMFC activity. A plausible
conclusion, suggested by Fitzgerald and colleagues, was that the neural substrates of conflict
processing are equivalent in children and adults. However, their analysis did not assess
possible group differences in the RT-BOLD relationship.
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In this re-analysis, we hypothesized that the RT-BOLD relationship in the pMFC would be
weaker in children than in adults. This hypothesis was motivated by recent findings that
impaired attention and executive control in sleep deprived individuals co-occur with an
attenuated RT-BOLD relationship in the fronto-parietal network (Chee et al., 2008). Further,
the RT-BOLD relationship is weakest in subjects who exhibit the largest reductions of
accuracy following sleep deprivation (Chee and Tan, 2010). These results suggest that
individuals with relatively weak executive control are less able to recruit task-general
attentional or executive processes as RT slows, leading to an attenuated RT-BOLD
relationship in fronto-parietal regions. Given these results, findings that children exhibit
weaker executive control than adults (Verhaeghen and Cerella, 2002) suggest that children
may also show a weaker RT-BOLD relationship than adults. Based on this hypothesis, we
predicted that removing the effect of RT on pMFC activity would reduce conflict-related
activity less in children than in adults. Consequently, we hypothesized that removing this
confound would reveal greater conflict-related activity in children than in adults, even
though no developmental difference in conflict-related activity was observed in the original
study.

Methods
Participants

Eighteen children (mean age = 14.0 years, range 8–18 years, eight female) and twenty-one
adults (mean age = 39.8 years, range 23–51 years, six female) participated in the experiment
(Figure 1). Participants were screened for neurological or psychiatric illness, head trauma,
and mental retardation. Analyses of these data unrelated to the present investigation were
described in previous reports (Carp et al., 2010; Fitzgerald et al., 2010; Stern et al., 2009).

Task
Participants performed an event-related version of the Multi-Source Interference Task
(MSIT; Bush et al., 2003), which is described only briefly here; a more detailed description
can be found in the original study reporting these data (Fitzgerald et al., 2010). In each trial,
participants were required to identify the unique digit (1, 2, or 3) among a set of three
alphanumeric characters. The digits 1, 2, and 3 were mapped to the thumb, index finger, and
middle finger of the right hand, respectively. In congruent trials, the unique digit appeared
among letters (e.g., “x2x”), and its position (e.g., center) was compatible with its associated
response (e.g., index finger). In incongruent trials, the unique digit appeared among digits
(e.g., “311”), and its position (e.g., left) was incompatible with its associated response (e.g.,
middle finger).

Participants performed five runs of the MSIT. Each run included 24 incongruent trials and
24 congruent trials. Each alphanumeric stimulus was presented for 500 ms, followed by a
2500 ms fixation cross. Twelve 3000-ms fixation trials were randomly interspersed among
the 48 MSIT trials in each run.

Data acquisition
Neuroimaging data were collected during task performance using a 3T GE Signa MRI
scanner. Functional images were acquired using a reverse spiral sequence (repetition time
[TR = 2000 ms, echo time [TE] = 30 ms, flip angle [FA] = 90°, field of view [FOV] = 20
cm). Each functional image included 40 3-mm slices with an in-plane resolution of 3.44 by
3.44 mm. Ninety-four images were collected in each functional run. The first four images
were discarded to allow for the equilibration of the BOLD signal. High-resolution T1-
weighted anatomical images (3D SPGR, slice thickness 1.5 mm, 0 skip) were also collected
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to facilitate subsequent spatial normalization of the functional images to Montreal
Neurological Institute (MNI) space.

Data pre-processing
Functional images were slice-time corrected, realigned to the first volume, spatially
normalized to the MNI brain atlas, and spatially smoothed using a Gaussian kernel (FWHM
= 6 mm) as described by Fitzgerald and colleagues (2010).

Data analysis
Functional images were analyzed using the general linear model in SPM5 (Wellcome
Department of Cognitive Neurology, London, UK, www.fil.ion.ucl.ac.uk). BOLD responses
evoked by congruent and incongruent trials were modeled with separate regressors. We also
included two parametric regressors, one for congruent trials and one for incongruent trials,
to model the trial-by-trial RT-BOLD relationship (Weissman et al., 2006). Each parametric
regressor was mean-centered, rendering it orthogonal to its corresponding activity regressor.
Incorrect trials, trials with no responses, and trials in which the RT was greater than three
standard deviations from the conditional mean were modeled separately and discarded from
subsequent analyses. In total, 11.44% of the trials were excluded in children and 3.55% of
the trials were excluded in adults.

Whole-brain analyses used a height threshold of p < 0.005 and an extent threshold of k >=
30 voxels. Monte Carlo simulations using the Resting-State fMRI Data Analysis Toolkit
(REST, Song Xiao-Wei et al., http://www.restfmri.net) showed that these thresholds yielded
a corrected cluster-wise false positive rate of p < 0.01. This empirical threshold derivation
procedure maintains precise control of the cluster-wise false positive rate and increases
sensitivity up to fivefold relative to methods that rely solely on voxel-level thresholds
(Forman et al., 1995).

Removing the effect of RT on activity
For each participant, we used a multiple regression approach to estimate and remove the
effect of conditional differences in mean RT on conditional differences in brain activity
between incongruent and congruent trials (i.e., conflict-related activity) (Carp et al., 2010).
First, for each voxel, we estimated the slope of the RT-BOLD relationship (βRT) in correct
congruent trials. Second, we estimated the amount of activity that would have been present
in correct congruent trials whose RTs equaled the mean RT in correct incongruent trials
(RT-equated congruent trials, CongruentEQ). To do so, we multiplied each voxel's RT-
BOLD slope by the difference in mean RT between incongruent and congruent trials

 and added the result to the regression-derived estimate of mean
activity in correct congruent trials (Congruent). Thus, for each voxel, we calculated activity
in RT-equated congruent trials using the following formula:

(1)

Next, we used this estimate of CongruentEQ to remove the effect of conditional differences
in mean RT on conflict-related activity. Specifically, we estimated RT-equated conflict-
related activity (ConflictEQ) by comparing mean activity in incongruent trials to activity in
RT-equated congruent trials using the following formula:
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(2)

This approach assumes a linear relationship between RT and brain activity. To verify this
assumption, we tested for quadratic, cubic, and quartic effects of RT on activity in a separate
analysis, as in our previous work (Prado et al., 2011).

Region of Interest (ROI) analysis
We also conducted region of interest (ROI) analyses in brain regions that are thought to
underlie the detection and resolution of response conflict. Prior studies have linked the
posterior medial frontal cortex (pMFC) to the detection of response conflict (e.g., Botvinick
et al., 1999; van Veen et al., 2001). We therefore investigated conflict-related activity in the
pMFC (x = 2, y = 16, z = 46). In addition, computational models of conflict processing posit
that conflict detection in the pMFC recruits conflict resolution mechanisms in the
dorsolateral prefrontal cortex (DLPFC; Botvinick et al., 2001; Yeung et al., 2004). Thus, we
also investigated conflict-related activity in both the left DLPFC (x = −40, y = 26, z = 30)
and the right DLPFC (x = 42, y = 24, z = 28). ROIs were defined as spheres of 8 mm in
radius; coordinates were obtained from a recent meta-analysis of studies investigating the
neural correlates of interference resolution (Nee et al., 2007).

Results
Behavioral data

Behavioral data were analyzed using mixed ANOVAs including a within-subjects factor of
congruency (congruent, incongruent) and a between-subjects factor of age group (children,
adults). Descriptive statistics are presented in Table 1.

As described in the original report of these data (Fitzgerald et al., 2010), mean RTs were
significantly slower in incongruent than in congruent trials (F(1, 37) = 181.27, p < 0.001).
Mean RT did not vary between age groups (F < 1), nor did the congruency by age group
interaction approach significance (F(1, 37) = 1.42, p = 0.24).

As reported by Fitzgerald and colleagues (2010), response accuracy was significantly lower
in incongruent than in congruent trials (F(1, 37) = 32.46, p < 0.001). In addition, children
responded less accurately than adults (F(1, 37) = 12.53, p = 0.0011). These main effects
were qualified by an interaction between congruency and age group (F(1, 37) = 10.98, p =
0.0021): the reduction in accuracy in children, relative to adults, was more pronounced in
incongruent than in congruent trials (see Table 1).

Functional MRI
Voxel-wise analyses—As reported by Fitzgerald et al. (2010), incongruent trials evoked
significantly greater activity than congruent trials throughout the fronto-parietal network in
both children and adults (Table 2; Figure 2). In addition, as described by Carp and
colleagues (2010), trials with relatively slow RTs were associated with relatively high
fronto-parietal activity in adults (Table 3; Figure 3). As predicted, however, the present
analysis revealed that the RT-BOLD relationship was largely absent in children, among
whom effects of RT on brain activity were relatively weak and restricted to bilateral regions
of the posterior parietal cortex (Table 3; Figure 3). Finally, consistent with prior work
(Prado et al., 2011), we observed no higher-order relationships between RT and brain
activity in either children or adults (i.e., we observed no significant second-, third-, or
fourth-order effects of RT on activity).
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ROI analyses in the pMFC—As described by Fitzgerald et al. (2010), incongruent trials
evoked greater pMFC activity than congruent trials in both children (t(17) = 5.16, p < 0.001)
and adults (t(20) = 4.99, p < 0.001). Moreover, as reported by Fitzgerald et al. (2010),
conflict-related pMFC activity did not differ between children and adults (t(37) = 1.65, n.s.).
As hypothesized, however, the present analysis revealed that the RT-BOLD relationship was
significantly weaker in children than in adults (t(37) = 2.65, p = 0.012). Specifically, RT did
not modulate brain activity in children (t(17) = −0.33, n.s.). In contrast, as we reported in a
prior reanalysis of these data (Carp et al., 2010), adults showed a positive relationship
between RT and brain activity (t(20) = 4.06, p < 0.001). Thus, consistent with our first
prediction, the RT-BOLD relationship was significantly attenuated in children, relative to
adults.

Given this developmental difference in the RT-BOLD relationship, we next explored
whether correcting for this confound would reveal a group difference in conflict-related
pMFC activity. As predicted, after removing the effect of RT on activity, we observed
significantly greater conflict-related pMFC activity in children than in adults (t(37) = 2.59, p
= 0.014; Figure 4). This group difference reflected the fact that conflict-related activity
remained robust after removing the effect of RT on activity in children (t(17) = 2.98, p =
0.0085), but, as reported by Carp et al. (2010), was eliminated in adults (t(20) = −0.43, n.s.).

ROI analyses in the DLPFC—We next performed analogous analyses in bilateral
regions of the DLPFC, which are thought to participate in resolving response conflict
(Botvinick et al., 2001; Yeung et al., 2004). Analyses of these ROIs were unique to the
present report.

In the right DLPFC, we observed significant conflict-related activity in children (t(17) =
2.53, p = 0.022) but not in adults (t(20) = 0.75, n.s.). However, conflict-related activity did
not differ between children and adults (t(37) = 1.23, n.s.). Nonetheless, as hypothesized, the
RT-BOLD relationship was significantly weaker in children than in adults (t(37) = 2.23, p =
0.032). Indeed, as in the pMFC, we observed no relationship between RT and brain activity
in children (t(17) = −1.11, n.s.). In contrast, we observed a significant positive RT-BOLD
relationship in adults (t(20) = 2.31, p = 0.032). Consequently, removing the effect of RT on
activity revealed greater conflict-related activity in children than in adults (t(37) = 2.84, p =
0.0072; Figure 5).

In the left DLPFC, we found that neither children (t(17) = 1.05, n.s.) nor adults (t(20) = 1.73,
n.s.) exhibited significant conflict-related activity. Further, consistent with Fitzgerald et al.
(2010), conflict-related activity did not vary with age group (t(37) = −0.17, n.s.). As
predicted, however, the RT-BOLD relationship was significantly weaker in children than in
adults (t(37) = 3.01, p = 0.0047). In particular, we observed no RT-BOLD relationship in
children (t(17) = −1.57, n.s.) while adults showed a robust positive RT-BOLD relationship
(t(20) = 3.28, p = 0.0037). Finally, as expected, removing the effect of RT on left DLPFC
activity revealed a marginally significant trend for greater conflict-related activity in
children than in adults (t(37) = 1.86, p = 0.071; Figure 6).

Discussion
When assessing group differences in brain activity, researchers often take great pains to hold
potentially confounding variables constant. For example, researchers may equate groups for
average behavioral performance (e.g., Church et al., 2008; Schlaggar et al., 2002),
intelligence (Eden et al., 1996), or age (Manoach et al., 2000). Nonetheless, previous studies
have not explored whether the RT-BOLD relationship varies across groups and, if so,
whether correcting for this potential confound alters group activation differences.
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To investigate these issues, we reanalyzed a functional MRI study of developmental
differences in conflict processing (Fitzgerald et al., 2010). As predicted, the RT-BOLD
relationship was weaker in children than in adults in brain regions that have been implicated
in conflict processing. Removing the effect of RT on activity in these regions therefore did
not reduce conflict-related activity in children, but wholly eliminated such activity in adults.
Consequently, after removing the effect of RT on activity, we observed greater conflict-
related activity in children than in adults in both the pMFC and the right DLPFC. Given that
these groups showed equivalent conflict-related pMFC activity in conventional group
contrasts (Fitzgerald et al., 2010), our findings identify the RT-BOLD relationship as a
potentially important confound in functional MRI studies of group activation differences.
These results also suggest that the magnitude of the RT-BOLD relationship may be a useful
biomarker of brain maturity.

Developmental differences in the RT-BOLD relationship
While adults showed a robust positive relationship between RT and brain activity
throughout a network of frontal and parietal brain regions, this pattern was largely absent in
children. Indeed, children exhibited only weak effects of RT that were restricted to lateral
parietal regions. Furthermore, relative to adults, the RT-BOLD relationship in children was
significantly attenuated in both the pMFC and bilateral DLPFC. The weaker RT-BOLD
relationship in children dovetails with prior work indicating that (1) executive control is less
efficient in children than in adults (Verhaeghen and Cerella, 2002) and (2) less efficient
executive control is linked to a weaker RT-BOLD relationship in frontal and parietal regions
(Chee et al., 2008).

What developmental differences in executive control could account for the attenuated RT-
BOLD relationship in children? Yarkoni et al. (2009) suggested that the RT-BOLD
relationship in frontal and parietal regions reflects demands on sustained attention. More
specifically, they posited that activity in fronto-parietal regions related to sustaining
attention is maintained in each trial until a response is made, thereby leading to a positive
relationship between brain activity and time on task. From this perspective, the weaker RT-
BOLD relationship in children may indicate that children have reduced attentional
resources, relative to adults. Consistent with this view, children show reduced activity in
brain regions implicated in attentional alerting, orienting, and control (Konrad et al., 2005).
Alternatively, activity in fronto-parietal regions may simply be less sensitive to demands on
sustained attention in children than in adults. Future studies exploring the link between
sustained attention and the RT-BOLD relationship may therefore help to clarify the
developmental differences we have observed.

Developmental differences in the RT-BOLD relationship might also reflect age differences
in conflict processing. According to the conflict monitoring model of cognitive control,
trials with relatively long RTs are associated with greater response conflict than trials with
relatively short RTs. Thus, they are thought to make greater demands on conflict detection
processes implemented by the pMFC (Yeung et al., 2011). Our finding that pMFC activity
increases with RT more in adults than in children therefore suggests a group difference in
conflict processing. This effect may indicate that variations of RT stem from variations of
response conflict less in children than in adults. Alternatively, pMFC activity may be less
sensitive to parametric variations of response conflict (as indexed by trial-by-trial variations
of RT) in children than in adults. Consistent with this possibility, prefrontal activity
increases with demands on response inhibition in adults, but not in children (Durston and
Casey, 2006).
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Quantitative versus qualitative activation differences
Yarkoni et al. (2009) argued that removing the effect of RT on activity distinguishes
between quantitative and qualitative differences in brain activity. In particular, they
suggested that activation differences that can be explained by conditional differences in
mean RT are likely quantitative, meaning that different conditions recruit the same processes
to varying degrees. In contrast, activation differences that cannot be explained by RT
differences are likely qualitative, meaning that different conditions recruit distinct processes.

Following this logic, the present findings indicate that conflict-related pMFC activity is
quantitative in adults but qualitative in children. This suggests that the two age groups
performed the experimental task using different strategies. Consistent with this possibility,
although mean RT did not vary with age group, error rates were significantly higher in
children than in adults, especially in incongruent trials (see Table 1). These results imply
that children showed a stronger preference for speed over accuracy than adults, possibly
reflecting a greater reliance on pre-potent stimulus-response mappings.

To our knowledge, this is the first study to demonstrate that an activation difference can be
quantitative in one group but qualitative in another. This result is consistent with prior
research indicating developmental differences in neural responses to increased processing
demands. For example, Crone and colleagues reported that increased demands on relational
reasoning processes modulated prefrontal activity differently in children and adults (2009).
The authors interpreted this effect as a group difference in the recruitment of common or
distinct processes to meet increased processing demands. The present findings are therefore
consistent with prior results suggesting that children and adults sometimes use different
processing strategies.

Relevance of the present findings to developmental cognitive neuroscience
A number of previous studies have documented developmental differences in frontoparietal
activity. For example, Rubia and colleagues (2006) reported increased frontoparietal activity
in adults, relative to children, during task switching, response inhibition, and response
conflict. Adults also exhibit greater DLPFC activity than children when maintaining
(Klingberg et al., 2002) or manipulating (Crone et al., 2009) information in working
memory. These results may be interesting to revisit in light of our finding that correcting for
developmental differences in the RT-BOLD relationship can alter group activation
differences. In particular, our results suggest that correcting for group differences in the RT-
BOLD relationship might change the nature of previously reported developmental
differences. Such changes might bring about important revisions to current theories in
developmental cognitive neuroscience.

The present findings are also relevant to prior work showing that machine learning
algorithms can predict individual differences in brain maturity using patterns of functional
connectivity between regions (Dosenbach et al., 2010). These algorithms explain only about
55% of the total variance in age. Thus, augmenting them with information about the RT-
BOLD relationship may enhance their predictive power.

Conclusion
The present findings identify the RT-BOLD relationship as a potentially important confound
in functional MRI studies of group activation differences. Moreover, they indicate that when
the RT-BOLD relationship varies across groups, removing the effect of RT on activity can
alter the nature of group activation differences that are observed. This suggests that the
conclusions of previous studies of group activation differences might change if the
confounding effects of RT on activity were removed. We therefore encourage researchers to
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determine whether the RT-BOLD relationship varies across groups and, if so, to correct for
the effects of this variability on group activation differences. Future research should also
continue to explore the RT-BOLD relationship, with an eye to understanding its
psychological underpinnings and potential use as a biomarker of brain maturation.
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Figure 1.
Age range of the sample.
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Figure 2.
Effects of response conflict on brain activity. In both adults (left panels) and children (right
panels), incongruent trials evoked greater activity than congruent trials in a widespread
network of frontal and parietal regions. All maps are thresholded at p < 0.005 and 30
contiguous voxels.

Carp et al. Page 13

Neuroimage. Author manuscript; available in PMC 2013 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effects of trial-by-trial variations in reaction time (RT) on brain activity. In adults (left
panels), relatively slow RTs were associated with increased activity throughout the fronto-
parietal network. In contrast, the RT-BOLD relationship was reduced in children (right
panels) who exhibited only weak effects of RT on brain activity, which were confined to
lateral parietal cortex. All maps are thresholded at p < 0.005 and 30 contiguous voxels.
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Figure 4.
Region of interest analyses in the posterior medial frontal cortex (pMFC). Panel A: The
pMFC ROI, overlaid on the ch2bet template in MNI space. Panel B: Conflict-related activity
in pMFC did not differ for children and adults before removing the effect of RT on brain
activity (t(37) = 1.65, n.s.). However, after removing for this effect, children showed
significantly greater conflict-related activity than adults (t(37) = 2.59, p = 0.014). Error bars
show the standard error of the mean. Panel C: Developmental trajectory of the conflict effect
in the pMFC using the original data. Panel D: Developmental trajectory of the conflict effect
in the pMFC using the RT-equated data.
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Figure 5.
Region of interest analyses in the right dorsolateral prefrontal cortex (DLPFC). Panel A: The
right DLPFC ROI, overlaid on the ch2bet template in MNI space. Panel B: Conflict-related
activity in the right DLPFC did not differ for children and adults before removing the effect
of RT on brain activity (t(37) = 1.23, n.s). However, after removing this effect, children
showed significantly greater conflict-related activity than adults (t(37) = 2.84, p = 0.0072).
Error bars show the standard error of the mean. Panel C: Developmental trajectory of the
conflict effect in the right DLPFC using the original data. Panel D: Developmental trajectory
of the conflict effect in the right DLPFC using the RT-equated data.
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Figure 6.
Region of interest analyses in the left dorsolateral prefrontal cortex (DLPFC). Panel A: The
left DLPFC ROI, overlaid on the ch2bet template in MNI space. Panel B: Conflict-related
activity in the left DLPFC did not differ for children and adults before removing the effect
of RT on brain activity (t(37) = −0.17, n.s.). After removing this effect, children showed
marginally significantly greater conflict-related activity than adults (t(37) = 1.86, p = 0.071).
Error bars show the standard error of the mean. Panel C: Developmental trajectory of the
conflict effect in the left DLPFC using the original data. Panel D: Developmental trajectory
of the conflict effect in the left DLPFC using the RT-equated data.
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Table 1

Behavioral performance as a function of congruency and age group.

Reaction Time (ms) Accuracy (% correct)

Children Adults Children Adults

Congruent 737.3 ± 50.1 804.6 ± 43.0 97.88 ± 0.69 99.31 ± 0.23

Incongruent 1020.6 ± 82.1 1041.9 ± 42.9 82.80 ± 3.57 95.32 ± 1.31

Neuroimage. Author manuscript; available in PMC 2013 January 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Carp et al. Page 19

Ta
bl

e 
2

Ef
fe

ct
s o

f r
es

po
ns

e 
co

nf
lic

t o
n 

br
ai

n 
ac

tiv
ity

.

R
eg

io
n

N
um

be
r 

of
 v

ox
el

s
M

N
I C

oo
rd

in
at

es
Pe

ak
 t-

va
lu

e
X

Y
Z

Br
ai

n 
re

gi
on

s s
ho

w
in

g 
hi

gh
er

 a
ct

iv
at

io
n 

fo
r i

nc
on

gr
ue

nt
 th

an
 c

on
gr

ue
nt

 tr
ia

ls
 in

 a
du

lts
.

M
ed

ia
l f

ro
nt

al
 g

yr
us

34
9

−
3

18
51

5.
70

M
ed

ia
l f

ro
nt

al
 g

yr
us

34
9

0
−
3

60
4.

90

L.
 in

fe
rio

r f
ro

nt
al

 g
yr

us
15

7
−
33

27
−
6

4.
10

R
. i

nf
er

io
r f

ro
nt

al
 g

yr
us

32
18

36
24

0
5.

52

L.
 m

id
dl

e 
fr

on
ta

l g
yr

us
13

1
−
39

0
60

4.
85

R
. m

id
dl

e 
fr

on
ta

l g
yr

us
32

18
33

−
6

63
6.

82

L.
 in

fe
rio

r p
ar

ie
ta

l l
ob

ul
e

32
18

−
42

−
51

51
6.

35

R
. i

nf
er

io
r p

ar
ie

ta
l l

ob
ul

e
32

18
36

−
51

45
8.

41

L.
 th

al
am

us
26

09
−
12

−
6

9
4.

26

R
. t

ha
la

m
us

26
09

9
−
9

6
6.

16

L.
 m

id
dl

e 
oc

ci
pi

ta
l g

yr
us

26
09

−
51

−
60

−
9

4.
97

R
. m

id
dl

e 
oc

ci
pi

ta
l g

yr
us

26
09

45
−
69

0
5.

75

Br
ai

n 
re

gi
on

s s
ho

w
in

g 
hi

gh
er

 a
ct

iv
at

io
n 

fo
r i

nc
on

gr
ue

nt
 th

an
 c

on
gr

ue
nt

 tr
ia

ls
 in

 c
hi

ld
re

n.

C
in

gu
la

te
 g

yr
us

26
33

3
15

45
4.

72

L.
 m

id
dl

e 
fr

on
ta

l g
yr

us
26

33
−
27

0
66

3.
87

R
. m

id
dl

e 
fr

on
ta

l g
yr

us
26

33
33

−
3

63
3.

90

L.
 m

id
dl

e 
fr

on
ta

l g
yr

us
52

−
54

6
42

3.
92

R
. i

nf
er

io
r f

ro
nt

al
 g

yr
us

10
0

48
3

30
4.

48

L.
 m

id
dl

e 
fr

on
ta

l g
yr

us
13

1
−
36

42
24

5.
44

L.
 th

al
am

us
12

8
−
3

−
12

15
5.

58

L.
 in

fe
rio

r p
ar

ie
ta

l l
ob

ul
e

26
33

−
48

−
36

45
5.

10

R
. i

nf
er

io
r p

ar
ie

ta
l l

ob
ul

e
26

33
42

−
45

51
5.

97

L.
 su

pe
rio

r p
ar

ie
ta

l l
ob

ul
e

26
33

−
6

−
72

57
4.

61

L.
 fu

si
fo

rm
 g

yr
us

98
−
48

−
60

−
18

4.
59

Neuroimage. Author manuscript; available in PMC 2013 January 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Carp et al. Page 20

Ta
bl

e 
3

Ef
fe

ct
s o

f t
ria

l-b
y-

tri
al

 v
ar

ia
tio

ns
 in

 R
T 

on
 b

ra
in

 a
ct

iv
ity

.

R
eg

io
n

N
um

be
r 

of
 v

ox
el

s
M

N
I C

oo
rd

in
at

es
Pe

ak
 t-

va
lu

e
X

Y
Z

Br
ai

n 
re

gi
on

s s
ho

w
in

g 
hi

gh
er

 a
ct

iv
ity

 fo
r s

lo
w

 v
er

su
s f

as
t t

ri
al

s i
n 

ad
ul

ts.

M
ed

ia
l f

ro
nt

al
 g

yr
us

34
9

−
3

18
51

5.
70

M
ed

ia
l f

ro
nt

al
 g

yr
us

34
9

0
−
3

60
4.

90

L.
 in

fe
rio

r f
ro

nt
al

 g
yr

us
15

7
−
33

27
−
6

4.
10

R
. i

nf
er

io
r f

ro
nt

al
 g

yr
us

32
18

36
24

0
5.

52

L.
 m

id
dl

e 
fr

on
ta

l g
yr

us
13

1
−
39

0
60

4.
85

R
. m

id
dl

e 
fr

on
ta

l g
yr

us
32

18
33

−
6

63
6.

82

L.
 in

fe
rio

r p
ar

ie
ta

l l
ob

ul
e

32
18

−
42

−
51

51
6.

35

R
. i

nf
er

io
r p

ar
ie

ta
l l

ob
ul

e
32

18
36

−
51

45
8.

41

L.
 th

al
am

us
26

09
−
12

−
6

9
4.

26

R
. t

ha
la

m
us

26
09

9
−
9

6
6.

16

L.
 m

id
dl

e 
oc

ci
pi

ta
l g

yr
us

26
09

−
51

−
60

−
9

4.
97

R
. m

id
dl

e 
oc

ci
pi

ta
l g

yr
us

26
09

45
−
69

0
5.

75

Br
ai

n 
re

gi
on

s s
ho

w
in

g 
hi

gh
er

 a
ct

iv
ity

 fo
r s

lo
w

 v
er

su
s f

as
t t

ri
al

s i
n 

ch
ild

re
n.

L.
 su

pe
rio

r p
ar

ie
ta

l l
ob

ul
e

36
−
33

−
57

54
4.

12

R
. i

nf
er

io
r p

ar
ie

ta
l l

ob
ul

e
15

7
48

−
36

57
4.

83

R
. s

up
er

io
r p

ar
ie

ta
l l

ob
ul

e
32

24
−
63

39
3.

73

Neuroimage. Author manuscript; available in PMC 2013 January 2.


