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Abstract

Critical changes in adolescence involve brain cognitive maturation of inhibitory control processes 

that are essential for a myriad of adult functions. Cognitive control advances into adulthood as 

there is more flexible integration of component processes, including inhibitory control of 

conflicting information, overwriting inappropriate response tendencies, and amplifying relevant 

responses for accurate execution. Using a modified Stroop task with fMRI, we investigated the 

effects of age, sex, and puberty on brain functional correlates of cognitive and motor control in 87 

boys and 91 girls across the adolescent age range. Results revealed dissociable brain systems for 

cognitive and motor control processes, whereby adolescents flexibly adapted neural responses to 

control demands. Specifically, when response repetitions facilitated planning-based action 

selection, frontoparietal-insular regions associated with cognitive control operations were less 

activated, whereas cortical-pallidal-cerebellar motor regions associated with motor skill 

acquisition, were more activated. Attenuated middle cingulate cortex activation occurred with 

older adolescent age for both motor control and cognitive control with automaticity from repetition 

learning. Sexual dimorphism for control operations occurred in extrastriate cortices involved in 

visuo-attentional selection: While boys enhanced extrastriate selection processes for motor 

control, girls activated these regions more for cognitive control. These sex differences were 

attenuated with more advanced pubertal stage. Together, our findings show that brain cognitive 

and motor control processes are segregated, demand-specific, more efficient in older adolescents, 

and differ between sexes relative to pubertal development. Our findings advance our understanding 

of how distributed brain activity and the neurodevelopment of automaticity enhances cognitive and 

motor control ability in adolescence.
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Increasingly sophisticated cognition, faster processing, enhanced learning efficiency, and the 

ability to exert self-control over behavior are key functions that mature throughout healthy 

adolescence. During this time, the brain undergoes major changes in structure (e.g., 

Breukelaar et al. 2016; Pfefferbaum et al. 2016; Zhao et al. 2015) and neural functioning 

(Marek et al. 2015; Squeglia et al. 2013; for a review see Stevens 2016). As the brain 

develops from early adolescence into adulthood, the prefrontal cortex exerts greater control 

over higher-order cognition (Adleman et al. 2002; Andrews-Hanna et al. 2011; Luciana et al. 

2005; Schroeter et al. 2004), but also lags behind other brain regions in structural (Raznahan 

et al., 2014; Pfefferbaum et al., 2018) and functional maturation (Casey et al. 2005, 2008; 

Kerns et al. 2004; Simmonds et al., 2017). Sex differences in pubertal timing, with 

development occurring later in boys (Juraska and Willing, 2017), are implicated in later-

maturing prefrontal cognitive control regions (Blakemore, 2008; Herting et al., 2015; 

Raznahen et al., 2014). For example, boys lag behind girls by approximately two years in the 

peak frontal and parietal gray-matter volume and show steeper developmental slopes in gray 

matter reduction and white matter increase (Giedd et al., 1999; Gogtay et al., 2004). The 

different trajectories of regional brain maturation may in part explain sex differences in the 

development of cognitive abilities and motor response inhibition (Gur et al., 1999; Rubia et 

al., 2013; Spielberg et al., 2015).

In the progression toward adulthood, the ability to exert higher-order cognitive control is a 

key process of flexible behaviors needed to adapt to changes in social roles, responsibilities 

and to meet long-term ‘adult’ goals (Crone and Dahl, 2012), especially in conflict situations 

where focusing on goals requires the inhibition of inappropriate responses (Chen et al., 

2013). Cognitive control and response inhibition processes are measured widely with the 

Stroop task (Stroop, 1935; Carter et al. 1999; Fan et al. 2003; MacDonald et al. 2000; Salo et 

al. 2001). The Stroop effect is characterized by slowed responses to naming the ink color of 

incongruent words, e.g., the word RED printed in blue ink, compared to naming the ink 

color of congruent words, e.g., the word RED printed in red ink. Cognitive control 

mechanisms must engage to override the prepotent response to the word’s meaning. Half a 

century ago, this process was conceptualized as “an aspect of the functioning of the mature 

organism” and studied in healthy subjects ranging from 7 to 80 years of age (Comalli et al., 

1962). These data showed greatest Stroop color-word interference in children (7–13 years 

old), less interference in adolescents (17–19 years old), least in adults (25–44 years old), and 

an increase in interference with older adult age (65–80 years). Thus, the ability to deal with 

conflicting information, to exert control and override automatic response tendencies for 

goal-directed behavior evolves dramatically during adolescence (Tyborowska et al. 2016) to 

enhance processing efficiency in adulthood (Kelly et al. 2009; Luna et al. 2015).

Several studies have investigated developmental changes in the functional activation pattern 

of brain regions to cognitive tasks (e.g., Cohen et al., 2014; Satterthwaite et al., 2013; 

Supekar and Menon, 2012; for a review see Luna et al., 2015). Studies targeting the role of 
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frontal adolescent brain development for inhibitory control have reported both increased and 

decreased activation in prefrontal, anterior insular, anterior cingulate and dorsolateral 

prefrontal regions (Booth et al., 2003; Luna et al., 2001; Rubia et al., 2007; Tamm et al., 

2002; Veroude et al., 2013). These conflicting findings may be due to differences in the 

temporal maturation of component frontal control processes tested with these cognitive 

tasks; the reconfiguration of limbic-insular-frontal (Christakou et al., 2011; Ladouceur et al., 

2018) and frontal-basal gangliathalamic loops (Rubia et al., 2007) varies by age and pubertal 

stage. While maturation of limbic-insular-frontal circuitry is associated with the ability to 

exert inhibitory control over impulses (Dambacher et al., 2015; Luna et al., 2001; White et 

al. 2011), emotion (Tyborowska et al., 2016) and reward (Banich et al. 2007; Chambers et al. 

2009; Schramm-Sapyta et al. 2009; van Duijvenvoorde, 2016), the maturation of frontal-

basal ganglia-thalamic loops (Rubia et al., 2007) supports increases in the efficiency of 

planning-based action selection (Randerath et al., 2017) and automaticity of procedures 

(Beauchamp et al. 2003; Erickson et al. 2010; Leisman et al. 2014), which work together 

with fronto-cerebellar motor loops to store the most efficient representations of behavior (Ito 

1993; Koziol et al. 2012). As repeated procedures become more automatic, they require less 

cognitive control (Gratton et al., 1992; Mayr et al., 2003; Purmann and Pollmann, 2015; 

Ullsperger at al., 2005) associated with reduced frontoparietal activity (Egner and Hirsch, 

2005; Kerns et al., 2004; Larson et al., 2009). Thus, while the maturation of inhibitory 

control ability would be related to increased frontal activation, increased efficiency for motor 

response selection with repeated procedures would be associated with decreased 

frontoparietal activation and be equally part of the development of inhibitory control ability. 

In addition, sex-dimorphic activation patterns have been found for fronto-striatal and parietal 

activation during motor inhibition suggesting underlying sex differences in the functional 

maturation of these brain regions (Rubia et al., 2013).

Sex differences in brain structural and functional development depend in part on the timing 

of puberty and have been attributed to hormone effects (Hertling et al., 2014; Nguyen et al., 

2016; Piekarski et al., 2017; Savic et al., 2017), although the literature on the critical timing 

and brain regions affected by hormonal changes is discrepant (Koolschijn et al., 2014). In 

particular, sexual differentiation in brain structural development of subcortical (Wierenga et 

al., 2018) and prefrontal-limbic regions with implications for executive functions (Nguyen et 

al., 2017) have been attributed to changes in testosterone levels. In contrast to research on 

brain structural development (Giedd et al. 2012), the investigation of sexual dimorphism in 

brain functional maturation, considered in the context of puberty, is nascent (Ala0rcón et al., 

2014; Müller-Oehring et al. 2017; Satterthwaite et al. 2014, 2015; Scheinost et al. 2015).

Here, we aimed to address gaps in the role of sex differences in brain functional 

development of efficient cognitive and motor control specifically during the heterogeneous 

developmental phase of puberty. We investigated age-related neurofunctional correlates of 

component inhibitory control processes by systematically varying cognitive and motor 

control demands in a task-activated functional MRI study in youth spanning the adolescent 

age range (12–21 years). As pubertal changes may have sex-specific organizing effects on 

the brain beyond chronological age (Wierenga et al., 2018), we investigated brain activation 

to cognitive and motor control in relation to age, sex, and pubertal stage. We propose that 

successful adolescent development results in enhanced neurofunctional efficacy of control 
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processes that is supported by the fine-tuning of cognitive and motor control functions and 

the enhancement of repetition-related efficiency of response selection procedures. 

Accordingly, we tested the hypothesis that, with older age, adolescents would invoke greater 

frontoparietal-insular activation during cognitive control, greater frontal-basal ganglia-

thalamic and cerebellar activation during motor control, and reduced activation in both 

systems with repetition, which we would interpret as enhanced efficiency of control 

procedures. As pubertal development differs temporally between boys and girls (Alarcón et 

al., 2014), we further tested whether sexual dimorphism in brain activations consistent with 

maturation is related to pubertal development.

MATERIALS AND METHODS

Participants.

Participants were 87 male and 91 female youth, age 12 to 21 years, recruited by two data 

collection sites (SRI International and University of California San Diego) of the National 

Consortium on Alcohol and Neurodevelopment in Adolescence (NCANDA). All adolescents 

met the entry NCANDA criteria for no/low alcohol and drug use (Brown et al. 2015). 

Consent (for majors) and assent (for minors) were obtained according to the Declaration of 

Helsinki. Participants were characterized by age, sex, pubertal stage using the self-

assessment Pubertal Development Scale (PDS; Petersen et al. 1988), socioeconomic status 

(SES) measured by the highest education of either parent (Akshoomoff et al. 2014), and 

reading and math performance on the Wide Range Achievement Test (WRAT; Wilkinson 

and Robertson 2006). Boys and girls did not differ in reading or math performance, parental 

SES, or age, but differed in pubertal status (Table 1). Higher puberty scores derived from the 

PDS have been associated higher testosterone levels (Huang et al., 2012; Tyborowska et al., 

2016). Figure 1 shows that, as expected, puberty in boys was delayed in comparison with 

girls of the same age. Age and puberty were more strongly related in boys than girls (Figure 

1).

Experimental design.

Task-activated functional MRI using the Stroop Match-to-Sample task.—
Participants performed our Stroop Match-to-Sample task, specifically designed for the 

functional MRI environment (Schulte et al. 2011, 2012). Stimuli were created and presented 

with PsyScope software. The task required adolescents to match the color of a sample 

stimulus to the color of a Stroop target stimulus. The color sample was shown prior to the 

Stroop stimulus and either matched or did not match the font color of the Stroop target, 

which was either congruent (e.g., the word RED written in red font) or incongruent (e.g., the 

word RED written in blue font). The incongruent color-word condition is the Stroop 

condition (cognitive conflict) and the congruent color–word condition is the non-Stroop 

control condition. Participants were instructed to match the color of the sample to the font 

color of the Stroop target stimulus by pressing a YES-key for sample-target color matches 

and a NO-key for nonmatches.

The Stroop Match-to-Sample paradigm has the advantage of using manual key-press 

responses enabling testing in the MRI environment. Furthermore, by combining Stroop and 
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Match-to-Sample paradigms cognitive and motor response aspects of inhibitory control can 

be differentiated. In particular, cognitive conflict and motor response were systematically 

manipulated, i.e., cue and target front colors matched for half of the incongruent and half of 

the congruent trials, and did not match for the other half of trials (Figure 2, upper panel: 

YES-response for conditions congruent-match (1) and incongruent-match (3), NO-response 

for conditions congruent-nonmatch (3) and incongruent-nonmatch (4)). Accuracy and 

reaction time measures were recorded.

The task contained 144 trials and was performed in an 8-minute run inside the MRI scanner. 

Each trial started with a string of Xs (i.e., the sample stimulus XXXX printed in red, green, 

or blue font) presented for 450 ms, followed by a variable inter-stimulus-interval of 200, 

300, or 400 ms, and then the Stroop color-word stimulus (i.e., the target stimulus GREEN, 

RED, BLUE written in red, green, or blue font) was presented for 1100 ms. The inter-trial-

interval was 1,450 ms; the total trial length was 3300 ± 100 ms (Figure 2). The task 

employed a blocked design containing 24 blocks of six trials each. Half of the blocks 

required response switches (RS), i.e., match and nonmatch trials were mixed in a block, and 

the other half of blocks required response repetitions (RR) and contained either match trials 

or nonmatch trials only (Figure 2, lower panel) (see also Schulte et al., 2012). Trials in RS 

and RR blocks were the same, but presented in a different order.

Stroop effects (cognitive conflict) were examined by comparing incongruent and congruent 

conditions (Koch and Brown, 1994; Melcher and Gruber, 2006; Pardo et al., 1990). The 

Stroop effect is characterized by interference from the more automatic word reading when 

naming the font color of an incongruent word, e.g., the word RED printed in blue ink 

resulting in slower responses relative to when the word’s meaning and font color are 

congruent (e.g., BLUE printed in blue font) (Stroop 1935; MacLeod 1991). Accordingly, 

cognitive control is required to override the prepotent response to the word’s meaning to 

match the word’s font color to the sample’s color and was measured herein as the difference 

in response time (RT) or activation pattern between incongruent and congruent trials (e.g., 

see conditions (2) and (4) versus (1) and (3); Figure 2).

Motor response control was characterized by switching between YES and NO responses (for 

cue-color matches and nonmatches, respectively) relative to when the same YES or NO 

response was required repeatedly. The motor control component was measured as the 

difference in RT or activation pattern between response switching (RS) and response 

repetition (RR) blocks (Figure 2). The strict-contrast design compares conditions that differ 

in one specific detail only, i.e., for cognitive control: the incongruent (inc) to the congruent 

(con) color-word content, and for motor control: the response switching (RS) to the response 

repetition (RR) blocks. The MR signal change between incongruent vs congruent trials thus 

reflects the cognitive process that is needed to overcome the semantic conflict elicited by the 

color-word incongruency (compared to congruency, i.e. the Stroop effect), because all other 

stimulation and response selection parameters for ‘inc’ and ‘con’ conditions are exactly the 

same. For the motor control contrast, where blocks of trials requiring response switches (RS) 

were compared against blocks of trials requiring response repetitions (RR), any activation 

difference represents this specific modulation of motor control, because all other parameters 

are identical for the RS and RR conditions. Moreover, the design enabled studying cognitive 
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control in interaction with motor control demands (Stroop-RS) and automaticity with 

repeated procedures (Stroop-RR), as well as motor control without cognitive control 

(congruent words only: RSRRcon).

All participants performed a task run outside the scanner to ensure that the task instructions 

were understood and the task was practiced. The examiner reviewed the test instructions 

with the subject again in a short practice session (8 trials) before entering the scanner and 

again via the scanner intercom system before the onset of the task run. Subjects did not 

receive feedback on their performance. The start of the task was preceded by a countdown of 

11 sec (i.e., 5 dummy TRs that were discarded prior to functional image analyses). The total 

task duration was 8 min and 6.2 sec.

MRI data acquisition.

Imaging was performed on 3.0-T General Electric Discovery MR750 scanners with 8-

channel head coils from two sites (134 subjects from UCSD and 44 subjects from SRI). 

Whole-brain fMRI data were acquired with a T2*-weighted gradient echo spiral pulse 

sequence (TE=30ms; TR=2200ms; flip angle=79°; FOV=240; matrix=64×64; slice 

thickness=5mm; skip=0mm; in-plane resolution=3.75mm; 32 slices). Standard T1-weighted 

structural data were acquired with an inversion recovery-spoiled gradient recalled echo 

sequence (TE=1.932ms; TR=5.904ms; flip angle=11°; FOV=24cm; matrix=256×256; 

NEX=1; 146 slices; slice dimensions= 1.2×0.9375× 0.9375mm) for spatial co-registration.

MRI data analysis.

Functional imaging data from a total of 229 adolescents with no/low alcohol use were 

preprocessed and analyzed using the SPM12 software (Wellcome Department of Cognitive 

Neurology; http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). For each subject, 215 whole 

brain functional volumes were acquired. The functional images were realigned, subjected to 

motion correction, and coregistered to the T1-weighted structural images. All data were 

inspected for quality and movement artifacts based on SPM12 motion correction parameters 

and ArtRepair Software (http://cibsr.stanford.edu/tools/human-brain-project/artrepair-

software.html). The translational movement and rotational absolute motion of all images did 

not exceed 2 mm and 2 degrees. In addition, no more than 10% of total images within each 

subject exceeded frame-to-frame movement threshold (0.3 mm/TR) based on ArtRepair 

Software (see also Power et al. 2010). Data in 44 subjects did not meet these criteria and 

were excluded from analysis. An additional seven subjects had unusable behavioral fMRI 

task data. Images from the final sample of 178 subjects were normalized to MNI (Montreal 

Neurological Institute) space and smoothed with a Gaussian Kernel of 8mm full-width at 

half-maximum.

Individual models were calculated for each subject using a general linear model convolved 

with a canonical HRF without derivatives, implemented in SPM12. To remove slow signal 

drifts, a high-pass filter at 158.4 seconds was implemented in the individual models. The six 

estimated movement parameters were modeled as regressors. Four different conditions of the 

study design (Figure 2) were specified as congruent color-word trials in response repetition 

blocks (con RR), incongruent color-word trials in response repetition blocks (inc RR), 
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congruent color-word trials in response switching blocks (con RS), and incongruent color-

word trials in response switching blocks (inc RS). The onset of each block of trials was 

entered for each condition with a block duration of9 scans. Six blocks of trials were modeled 

for each condition. One image per contrast was computed for each subject for 5 contrasts of 

interest: Stroop (inc>con) total and for response switching (Stroop-RS: inc RS > con RS) 

and response repetition (Stroop-RR: inc RR > con RR), and response mode (RS>RR) total 

and for non-conflicting congruent (RSRR-con: con RS > con RR) block of trials. Testing for 

site revealed no significant differences in the activation maps between SRI and UCSD for 

Stroop (inc>con) and response mode (RS>RR) contrasts of interest.

Statistical analysis.

Group functional MR image analyses.—To investigate task-contrast-related regional 

activation pattern in the whole group, and sex- and age-related effects, a second level group 

analysis modeled sex (girls, boys) as a factor where the individual images for each contrast 

of interest were subjected to independent two-sample t-tests and age was modeled as a 

covariate. An explicit whole-brain mask implemented in SPM12 was applied to the model. 

Significance threshold was set at p=0.05 cluster-corrected for multiple comparisons using a 

peak voxel threshold of p=0.001 and a minimum cluster size of 103 contiguous voxels (in 

addition, see Monte Carlo simulation; afni.nimh.nih.gov/pub/dist/doc/program_help/

3dClustSim.html) (Eklund et al. 2016). Age was modeled as a continuous variable in the 

second-level two-sample t-test design models, as implemented in SPM12, to identify voxels 

clusters significantly related to age for each contrast of interest, i.e., cognitive and motor 

control. For graphing purposes, BOLD signal change for the voxel clusters showing age 

effects were extracted using the matlab-based SPM-compatible MarsBar toolbox (http://

marsbar.sourceforge.net/marsbar.pdf) and graphed using SPSS (SPSS 24).

Brain-behavior relationships.—We extracted individual MR signal change from 

significant activation clusters using the MarsBar toolbox to test for brain-behavior 

relationships. Stepwise regression analyses (SPSS 24) tested the explanatory value of 

activation cluster for behavioral measures separately for cognitive control and motor control 

for boys and girls separately. Finally, we tested relationships between pubertal development 

scores (PDS) and activation clusters to cognitive and motor control. Regions showing 

significant Pearson’s correlations at p<0.05 were Z-transformed to calculate one composite 

score. The Z-transform results in a group mean Z of 0 and standard deviation of ±1, and 

allows direct comparisons across regions. Where a negative correlation indicated greater 

PDS-related differences, scores were multiplied by −1, so that higher Z scores always 

indicated more difference with higher PDS. A composite score was calculated as the mean 

of all Z-scores that depicts greater activation difference with higher PDS, for all subjects, 

and for boys and girls separately.

RESULTS

Behavioral data analysis

Accuracy.—Overall task accuracy was high. On average, less than 2% errors were 

committed during task performance in the scanner (total number of errors: total=2.3 out of 
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144, range 0 to 13). Boys and girls did not differ in accuracy (t(176)=−0.67, p=0.51). No 

significant difference in the number of errors committed was observed between incongruent 

and congruent Stroop trials (t(177)=0.39, p=0.7) or between response switching and 

repetition blocks of trials (t(177)=1.3, p=0.19). Task accuracy was not related to age 

(overall: r=−.11, p=0.13; girls: r=−.13, p=0.23; boys: r=−.11, p=0.31). Also, there was no 

speed-accuracy trade-off (i.e., which would have been indicated by more errors committed 

with faster response time) (overall: r=.08, p=0.31; girls: r=.17, p=0.1; boys: r=.00, p=0.99).

Reaction time (RT).—An ANOVA of reaction times (RTs) with Stroop (incongruent, 

congruent), response block (RS, RR), and sample-word color matching (match, nonmatch) 

as within-subject factors and sex (girls, boys) as the between-subject factor revealed 

significant main effects for Stroop (F(1,176)=51.25, p<0.0001, η2
p=.23), response mode 

(F(1,176)=2.89, p=0.016, η2
p=.02), match (F(1,176)=146.9, p<0.0001, η2

p=.46), and sex 

(F(1,176)=12.36, p<0.0001, η2
p =.07) with boys exhibiting faster RTs than girls. Significant 

Stroop-by-match (F(1,176)=6.68, p=0.011, η2
p=.04) and Stroop-by-response block 

(F(1,176)=25.5, p<0.0001, η2
p=.13) interactions were observed, as was a 3-way interaction 

among all task conditions (F(1,176)=44.43, p<0.0001, η2
p=.20) (Table 2). No interaction 

between sex and task conditions was found (all p’s>0.05). The Stroop task-derived mean RT 

in adolescents was 599ms (±118ms). Stroop effects (RTINC minus RTCON) were greater for 

response repetition (RR: Diff RTINC-CON mean= 18.1±33.6ms) than for response switching 

blocks of trials (RS: Diff RTINC-CON mean= 2.6±39.2ms) (Figure 3). For congruent trials, 

mean RTs were slower for RS (RTconRS mean=599.7±121.9ms) than RR blocks (RTconRR 

mean=585.3±115.7ms) (con: Diff RTRSRR mean=14.4±38.9) (follow-up paired t-test 

t(177)=4.95, p<0.0001).

RT, age, and puberty.—Age and pubertal development scores (PDS) correlated 

negatively with overall mean RTs (age: r=−.404, p<0.0001; PDS: r=−.205, p=0.006) and 

standard deviation (std) (age: r=−.269, p<0.0001; PDS: r=−.251, p=0.001) during Stroop 

Match-to-Sample task performance; that is, older adolescents responded faster and with less 

variation than younger ones. No significant sex differences were observed between the 

correlations between adolescent age and RT (boys r=−.49, p<0.0001, girls r=−.341, p=0.001, 

z=−1.18, ns), age and std (boys r=−.277, p=0.009, girls r=−.261, p=0.013, z=0.11, ns), as 

well as between pubertal stage (PDS) and RT (boys r=−.35, p=0.001, girls r=−.275, p=0.008, 

z=−0.55, ns) and PDS and std (boys r=−.245, p=0.022, girls r=−.344, p=0.001; z=0.71, ns).

Task-activated fMRI data analysis

Group analyses for contrasts of interest were carried testing activation evoked for cognitive 

control (Stroop conflict, inc>con) (overall, and for RS and RR blocks separately) and motor 

control (response switches, RS>RR) (overall and for non-conflict congruent trials only).

Cognitive control (Stroop).—Stroop conflict (inc>con) processing resulted in greater 

BOLD activation for incongruent (inc) relative to congruent (con) trials in several large 

fronto-temporo-parietal cortical, thalamo-limbic-striatal subcortical, and cerebellar regions 

(Table 2). The opposite contrast (con>inc) revealed greater BOLD response to congruent 

than incongruent trials in medial prefrontal and parietal regions including angular gyrus and 
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precuneus, and in extrastriate cortices including lingual and calcarine gyrus (Figure 4, upper 

panel).

Stroop-RS and Stroop-RR:  Table 3 shows Stroop (inc>con) evoked regional activation 

separately for response switching (Stroop-RS) and response repetition (Stroop-RR) blocks 

(Figure 4, middle panel). For Stroop-RS, the BOLD response was greater for incongruent 

(inc) than congruent (con) trials in frontoparietal-limbic and dorsal striatal regions. By 

contrast, for Stroop-RR, the BOLD response was greater in cerebellarpallidal-motor cortical 

regions.

Motor control (response mode).—Across all subjects and trials, response switching 

relative to response repetition (RS>RR) evoked BOLD activity in a cerebellar-motor cortical 

circuitry that included lateral parietal and temporal regions, bilateral insula, and thalamus 

(Table 4). The opposite contrast, i.e., RR>RS, showed greater BOLD activity in prefrontal, 

lateral and medial frontal areas including supplementary motor area, angular and fusiform 

gyri, and cerebellar regions (Figure 4, lower panel).

Motor control (RS>RR) for congruent non-conflict trials:  Next, we tested activation 

patterns of adolescent motor control independently from cognitive control. Table 5 shows 

the response mode-evoked regional activation for non-conflict trials (RS>RR con). In 

support of our hypothesis, a cerebellar–motor cortical network was engaged for response 

switches (vs. repetitions; RS>RR con) (Figure 4, lowest panel). For the opposite contrast 

(RR>RS con), a medial frontoparietal (supplementary motor area, middle cingulate cortex, 

precuneus) network was engaged that also included orbitofrontal, insular, and occipital 

cortices.

Age and brain activation.—Age-related BOLD signal changes were observed for high 
cognitive control demands (Stroop-RS) in the left superior parietal lobe, precuneus, middle 

temporal, and occipital brain regions were more activated in older than younger adolescents 

(Figure 5, left panel). When cognitive control was less demanding (Stroop-RR), bilateral 

middle cingulate cortices (MCC) were less activated in older adolescents (Figure 5, middle 

panel). Also for motor control ability with less demanding conditions (RSRRcon, i.e., no 

cognitive conflict), bilateral middle cingulate cortical regions were less activated with older 

adolescent age (Figure 5, right panel).

Age-related activation and processing efficiency.: To test if age-related brain signal 

changes were explained by task performance, we used partial correlation analyses 

controlling for mean reaction time (RT) and standard variation, i.e., where faster speed 

(mean RT) and less variation (std) indicate better overall task performance. For all regions, 

age-activation correlations remained significant (all p’s < 0.0001).

Puberty and brain activation.—Because pubertal development varied widely within the 

same age groups, we explored if the observed activation pattern for cognitive and motor 

control were related to PDS. We found moderate positive and negative relationships. In 

particular, more advanced puberty was related to greater activation for high cognitive control 

demands, mainly in extrastriate brain regions, and lower activation for less demanding 
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control conditions in extrastriate and MCC regions. We calculated Z-scores for puberty-

related regions where negative relations were multiplied by −1. A composite Z-score was 

derived denoting greater activation differences with more advanced pubertal stage (r=.304; 

p<0.0001). It included puberty-related signal changes in extrastriate clusters with greater 

activation during cognitive control in lingual, fusiform gyri (Stroop, Table 2B), middle and 

superior temporal gyri (Stroop-RS, Table 3A), and middle temporal and occipital gyri 

(Stroop-RS, Table 3C). Less activation with higher PDS was observed during cognitive 

control with repeated response selection procedures in the left MCC (Stroop-RR, Table 3C), 

and during motor control in the left lingual gyrus (RSRR-con, Table 5A), and the right MCC 

(Table 5C). In sum, puberty-related BOLD signal change to cognitive and motor control was 

demand-specific and observed in occipital, temporal, and MCC regions.

Sex and brain activation.—Girls activated extrastriate fusiform and lingual areas more 

than boys during cognitive control (Stroop conflict, inc>con, Table 2B). Boys activated the 

right superior temporal and left lingual gyri more than girls during motor control (RSRR, 

Table 4B). Exploratory analyses (Supplemental Materials) showed that extrastriate activation 

correlated with PDS scores (cognitive control: r=.151, p=0.044; motor control: r=−.262, 

p<0.0001; boys: r=−.318, p=0.003; girls: r=−.138, ns) such that sex differences gradually 

decreased with more advanced puberty (Figure 6).

Brain-behavior relationships.

Cognitive control (Stroop).: Brain-behavior relationships differed for boys and girls (see 

also Supplementary Table and Figure). Stepwise regression analysis with activation clusters 

entered as independent variables (Table 2A) showed that greater behavioral Stroop effects 

(Diff RTINC-CON) in boys were explained by greater activation (inc>con, Table 2) of 

bilateral anterior insula-frontal regions (extending into supplementary motor area, precentral 

gyrus, anterior and middle cingulate cortices) (t=2.691) and lower cerebellar activation 

(vermis, areas I-IV) (t=−2.033) (F(2,84)=5.706, p=0.005), and in girls by lower precentral 

gyrus activation (inc<con) (t=−2.069) (F(1,89)=4.281, p=0.041).

Motor control (response mode).: Stepwise regression analysis with activation clusters 

entered as independent variables (Table 4A) showed that response-mode effects (Diff RTRS-

RR) in girls were explained by greater right cerebellar (area IV-VI, Crus1) activation during 

response switching (RS>RR) (t=2.90) (F(1,89)=8.407, p=0.005), and in boys by lower right 

cerebellar (area VIIB/Crus2) activation during response repetition (RR>RS) (t=2.488) 

(F(1,86)=6.189, p=0.015).

Additional analyses testing the moderating effects of sex and puberty on brain-behavior 

relationships are presented in Supplemental Materials.

DISCUSSION

Our study shows new ways of distinguishing inhibitory control functions between cognitive 

and motor components and repetition-related enhancement of response selection procedures. 

During adolescent development, cognitive and motor control mechanisms were dissociable, 

subserved by different brain systems, and were optimized throughout the adolescent age 
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range. We found evidence for a sexual dimorphism in neural activation pattern that was 

related to pubertal development, indicating sex-specific organizing effects in the developing 

brain beyond chronological age.

Adolescent inhibitory control.

Behaviorally, adolescents exhibited interference from cognitive conflict posed by our Stroop 

task. Cognitive interference was modulated by motor control demands, where Stroop effects 

were greater for response repetitions than response switches. Similar to previous findings on 

the Stoop Match-to-Sample task in healthy adults (Schulte et al, 2011), adolescents profited 

from repetition priming when resolving Stroop color-word conflict. One could expect that 

repetitive conditions require less cognitive control and, in turn, reduce conflict (see e.g., 

Gratton et al., 1992; Mayr et al., 2003; Schmidt and Weissman, 2016). However, we did not 

see this pattern for incongruent conflict trials, but instead for congruent non-conflict trials. 

Thus, the benefit from response repetition occurred with low need for control, resulting in 

faster and more efficient processing that was specific to repetitive trials with no conflict 

(congruent), i.e., the benefit did not occur for repetitive trials with cognitive conflict 

(incongruent). As a consequence, Stroop effects, i.e., the difference between incongruent and 

congruent RTs, was greater for repetition than switching blocks. Facilitation of response 

selection procedures with repetition appears to be independent of conscious awareness and 

may rely on a type of implicit memory subserved by corticostriatal brain circuits (Mishkin et 

al., 1984). Because these findings are similar to our previous findings in adult populations 

(Schulte et al., 2011), these cognitive and motor control functions, together with functions 

enhancing processing efficiency with repetition, may have already matured to a certain 

degree even in our youngest adolescents. Nevertheless, we still observed age-related 

differences, with better processing efficiency in older, more mature adolescents, expressed as 

faster psychomotor speed and less variance in RTs. Although boys and girls did not differ in 

cognitive (Stroop effects) and motor control (response mode effects), boys had overall faster 

responses than girls. It is possible that boys may have employed a different strategy from 

girls that expedited overall processing speed, unspecific to component control processes. 

Accordingly, we tested the neurofunctional correlates of task performance and found 

differentiated regional BOLD activation patterns to cognitive and motor control demands in 

relation to processing efficiency, that was modulated by age, sex, and pubertal development, 

described next.

Neural correlates of cognitive control in adolescence.

Cognitive control demands (inc>con) activated a wide reaching, bilateral neural system 

involving frontotemporo-parietal cortical, thalamo-limbic-striatal subcortical, and cerebellar 

regions. The opposite contrast showed regions less activated during conflict (inc<con), or 

alternatively more activated during non-conflict low demand congruent trials, which were 

the medial prefrontal cortex, angular gyrus, precuneus, as well as extrastriate occipito-

temporal cortical regions. Medial prefrontal-parietal cortical regions are typically engaged 

during rest (Fox et al. 2005; Fox and Raichle 2007; for review, Raichle 2011; for meta-

analysis, Fox et al. 2015) and preferentially deactivated during task processing (McCormick 

and Telzer, 2018; Schulte et al., 2012; Tomasi et al., 2006) likely to enhance efficient and 

task-specific processing. That activity in non-specific default mode regions was attenuated 
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while control-specific regions were activated suggests refined neurodynamics to the specific 

cognitive and motor demands in adolescents. The lateral frontoparietal activation was 

specifically evident for conditions that required both cognitive and motor control and 

resembled the Stroop activation pattern in adult populations (Bench et al. 1993; Carter et al. 

1995; Larrue et al. 1994; Pardo et al. 1990; Peterson et al. 1999; Schulte et al. 2011, 2012).

We found indication for neurofunctional efficacy in adolescents that was supported by the 

fine-tuning of interacting cognitive and motor control systems and their automaticity with 

repeated procedures. Similar to behavioral results, brain activation patterns to cognitive 

control demands were modulated by motor control demands. A cerebellar-pallidal-motor 

cortical network was activated during Stroop processing for low motor control demands 

(Stroop-RR). These findings are consistent with the idea that lateral prefrontal and parietal 

regions, typically recruited for cognitive control operations, would be less activated with the 

development of automaticity, whereas motor cortical regions and putamen/globus pallidus 

regions, associated with motor skill acquisition, would be more activated (Poldrack et al. 

2005). Specific mechanisms underlying adolescent motor and cognitive associations with 

respect to skill acquisition and automaticity remain poorly characterized. Our findings 

explicate this finding and show that control processes were demand-specific and required 

less brain engagement with low control from automaticity from repetition. In particular, 

recruitment of cognitive control regions was no longer evident when the same motor 

response was performed repeatedly (Stroop-RR), whereas frontoparietal-insula regions were 

engaged in cognitive-motor control during Stroop-RS requiring response switching.

Neural correlates of motor control in adolescence.

Specifically testing the effects of motor control demands shed light on the neurofunctional 

mechanisms of implicit motor learning with repetition. Pooled over both incongruent and 

congruent trials, motor control (response switching) activated a cerebellar-thalamic-motor 

cortical network and bilateral insula, inferior frontal, anterior and middle cingulate, lateral 

temporal, and occipitoparietal cortical regions. For motor control without cognitive control 

(RS>RR con), however, only the motor cortico-cerebellar network was activated, validating 

the successful experimental manipulation of implicit motor control demands within the 

Stroop Match-to-Sample paradigm.

Moreover, for motor response automaticity with repetition (RR>RS con), greater BOLD 

responses occurred in a medial frontoparietal (SMA, MCC, precuneus) network that 

involved the caudate nucleus. This pattern is consistent with cortico-subcortical activation 

increase with automaticity (Wu and Hallett 2005) and the caudate’s role in perceptual skill 

learning (Poldrack et al. 2005; for review Poldrack 2002).

While cortico-cerebellar circuitry is engaged during motor control demands (RS>RR), 

cerebellar regions were not involved during RR (>RS). With learning through practice, the 

cortico-cerebellar circuitry enables storing of the most efficient representations of behavior 

in frontal motor association cortices (Ito 1993; Koziol et al. 2012) with reduced participation 

of the cerebellum when a task is mastered.
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Age effects on inhibitory control function.

Sensory association areas, including parietal and occipito-temporal cortices, were more 

activated with older adolescent age, but only for high executive control demands (Stroop-

RS) that required both cognitive and motor control. Age-related parietal activation (Stroop-

RS) correlated with mean RT. Because faster mean RT (with no speed-accuracy trade-off) 

can be considered a measure of processing efficiency, this finding suggests that, for high 

inhibitory control demands, changes in parietal lobe activation with older age underwrite 

efficient performance. A functional neuroimaging study using a Stroop task (Adleman et al., 

2002) found age-related increases in parietal and parieto-occipital activation mainly during 

childhood that had matured during adolescence. Our results show that some neurofunctional 

processes (i.e., an increase in parieto-occipital involvement for control) may not have 

matured fully during childhood and undergo further refinement during adolescence, e.g., for 

high control demands, when incongruent stimulus information is additionally in conflict 

with the planning of movement (Stroop-RS). We had previously investigated the 

neurofunctional correlates of high control demands in young (19–30 years) and older adults 

(58–84) using the same task (Schulte et al., 2011). When comparing the finding from those 

two adult samples (see Figure 2 in Schulte et al., 2011) to that from the adolescent sample in 

this study, one could infer a linear development for parietal and parieto-occipital activation 

for high cognitive control. For the bilateral middle cingulate cortex (MCC) engagement, a 

main motor control region activated for response repetitions (RR>RScon contrast), however, 

one would rather infer a non-linear age-related neurofunctional development. In the current 

study, the MCC was less invoked with older adolescent age and, consistent with this, the 

young adults in the previous study had exhibited low MCC activity, whereas the older adult 

sample had shown enhanced MCC activation to cognitive control (Schulte et al. 2011). In 

the current study, the bilateral MCC showed diminishing activation with age for both 

cognitive and motor control, i.e., the Stroop-RR and RR>RScon contrasts, suggesting older 

adolescents required less cortical involvement than younger ones for engaging automatic 

sequences.

Thus, together these findings suggest that adaptive neurofunctional alterations occur during 

adolescent maturation to enhance efficiency of control processes, a process that likely 

continues during adult development. It appears that the adolescent fronto-parietal and 

cerebro-cerebellar cognitive and motor control circuits observed in our study closely 

resemble that of adults (Schulte et al., 2011; Power et al. 2010); yet, our findings of 

enhanced partietal and occipito-temporal activation to high control demands in older 

adolescence and less middle cingulate cortical activation to low demand with automaticity 

suggests that cortical functioning becomes more efficient with maturation in establishing 

cortical anticipatory skill learning (Imamizu and Kawato 2009; Saling and Phillips 2007). 

Our findings are consistent with the interactive component model of control (Luna et al., 

2015) that understands adolescence as an adaptive period of continued refinement of an 

existing set of functions, where improvements in cognitive control ability are related to both 

the development of component-specific brain systems and their integration.
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Sex and puberty effects on inhibitory control function.

The most prominent Stroop activation peak in adolescents was in bilateral anterior insular 

cortices, which correlated with behavioral Stroop effects in boys, who were, on average, not 

as advanced as girls in their pubertal development despite similar chronological ages. The 

insula is well situated for orchestrating synchronization between frontal cortical and 

subcortical limbic, striatal, and thalamic regions (Vogel et al. 2010). As such, the anterior 

insula has been previously linked to cognitive-motor control (Barber et al. 2013; Sali et al. 

2016; Tremel et al. 2016), incentive salience (e.g., Filbey et al. 2009), emotion (e.g., Loeber 

et al. 2009), and interoceptive regulation (Li et al. 2016). The insula is also a key player in 

the salience network that filters relevant, interoceptive, autonomic, and emotional 

information (Seeley et al. 2007; Taylor et al., 2009). As the development of cognitive control 

is influenced by emotion and changing reward contingencies (Geier et al., 2010) such that 

motivational systems enhance behaviors (van Duijvenvoorde, 2016), the finding of insula 

principal engagement for cognitive control in adolescents may denote its role during 

maturation, particularly in boys, who had a lower pubertal status than girls. It can be 

speculated that during maturation the insula’s role is to coordinate limbic responses to 

incoming stimuli, by assigning salience to stimuli in the selection processes in extrastriate 

regions (see e.g., Rainer et al. 2004) and allocating cognitive-motor control responses in 

frontoparietal circuits (e.g., Marusak et al. 2015). Although boys and girls in our study 

exhibited overall similar Stroop-related activation patterns, sex differences were observed 

for visual extrastriate regions during inhibitory control. Specifically, boys (relative to girls) 

activated extrastriate cortices less for cognitive control and more for motor control. Although 

extrastriate regions are not known to be directly involved in cognitive control, increased 

activity in occipital and temporal regions have been frequently observed in association with 

motor planning (e.g., Randerath et al., 2017) that has modulatory effects in brain areas 

concerned with early processes of visual encoding (Danielmeier et al., 2004). An 

interpretation of these effects includes a possible involvement of extrastriate regions in 

action planning that affects how Stroop words are encoded with different developmental 

trajectories in boys than girls for cognitive and motor control. Satterthwaite et al. (2014) 

found that cerebral perfusion in fronto-parietal, insular and occipito-temporal regions started 

to diverge between boys and girls in midpuberty, regions that were also activated for 

cognitive control in our study. In an event-related potential study using Stroop stimuli in 

young adults (18–23 years old), Shen (2005) reported sex differences in the allocation of 

attentional resources for perceptual discrimination with a longer P300 latency and smaller 

amplitude in young men than women. Our fMRI findings add to these results and suggest 

the use of different control strategies over the course of pubertal maturation in adolescent 

boys and girls. In our study, the observed sexual dimorphism in extrastriate activation 

attenuated with increased pubertal status. Also, the insula was less engaged with more 

advanced puberty in boys (see Supplemental Material). Taken together, sex disparities in 

inhibitory control functions manifest depending on the timing of pubertal development and 

brain regions affected.

Although others have linked higher puberty scores, derived from the same PDS scale as in 

our study, to higher testosterone levels (Huang et al., 2012; Tyborowska et al., 2016), a 

mechanistic interpretation is limited by the lack of data on circulating hormone levels for our 
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adolescent sample. However, recent MRI studies suggest a role of testosterone and estradiol 

in mediating sexual dimorphism in pubertal brain development (Cservenka et al., 2015; 

Nguyen et al., 2013, 2017; Op de Macks et al., 2016; Selmeczy et al., 2018; Tyborowska et 

al., 2017; Wiereanga et al., 2018). For example, Cservenka et al. (2015) reported 

testosterone-related changes in frontal-pallidal activation in boys and estradiol-related 

changes in occipital brain activation in girls during an emotional conflict task. These 

limitations notwithstanding, using PDS, our results establish that pubertal delay in boys 

(relative to girls of the same age) was associated with sexual dimorphism in brain activation 

patterns during inhibitory control. In addition to chronological age as predictive of brain 

development, pubertal stage may be a useful predictor of sex-specific brain maturation.

Together, our results provide unique insight into the fine-tuning of neurofunctional dynamics 

underwriting cognitive and motor control during adolescence. In addition to frontoparietal 

regions, the insula was robustly engaged during executive control potentially marking an 

adolescent maturation process in that it showed less activation with higher pubertal stage, in 

particular in adolescent boys. The insula may orchestrate the synchronization between 

higher-order frontoparietal circuits for cognitive-motor control with bottom-up extrastriate 

regions to aid efficient stimulus attribute selection. The neural cognitive control circuitry 

was modulated by motor control demands and specifically by the development of 

automaticity from repetition, which engaged a different cerebellar-pallidal-motor cortical 

network associated with motor skill acquisition. Here, attenuated MCC activation with older 

age suggests development of neural efficiency in establishing cortical anticipatory skill 

learning. Whether observed associations among age, sex, puberty, and cognitive and motor 

control circuitries mark developmental trajectories await longitudinal study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Age and pubertal stage distributions for girls and boys.
Despite similar chronological ages (left panel), boys had on average lower pubertal 

development scores (PDS) than girls (right upper panel) using the self-assessment Pubertal 

Development Scale (PDS; Petersen et al. 1988) (Table 1). Age and pubertal development 

were more strongly correlated in boys than girls (right lower panel).
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Figure 2. Stroop Match-to-Sample fMRI paradigm.
Subjects were asked to match the color of a sample to the font color of the Stroop target and 

press a YES-key for color matches and a NO-key for non-matches. Stroop targets were color 

words printed in a font color that was either congruent (e.g., the word BLUE printed in blue 

font) or incongruent (the word BLUE printed in green font) to the word’s meaning. The task 

had four conditions: congruent-match, incongruent-match, congruent-nonmatch, and 

incongruent nonmatch, which were presented in blocks of trials requiring response 

switching (RS), i.e., when match and nonmatch trials were mixed in a block, or response 

repetitions (RR), i.e., when either match or nonmatch trials were presented in a block.
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Figure 3. Stroop Match-to-Sample task: Behavior.
Mean response time (RT) and standard to incongruent (inc) and congruent (con) Stroop 

words for response switching (RS) and response repetition (RR) blocks of trials in 

adolescent girls and boys. The Stroop effect (green) is defined as the difference in RT 

between incongruent and congruent trials (Diff RTINC-CON). Behavioral Stroop effects were 

larger for RR than RS in girls and in boys.
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Figure 4. Cognitive Control.
Stroop-related activation (upper panels): Incongruent in contrast to congruent Stroop 

conditions (inc>con: in red-to-yellow; all trials) activated a bilateral fronto-parietal network, 

also including subcortical (thalamus, striatum, limbic) and cerebellar regions; the opposite 

contrast (con>inc: in blue-to-green) activated medial prefrontal and parietal regions. Stroop 

contrasts (inc>con) conducted separately for response switching (Stroop-RS) and response 

repetition blocks of trials (Stroop-RR). Motor Control. Response mode-related activation 

(lower panels): Response switching (RS), contrasted to response repetition (RR) blocks of 
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trials (RS>RR, all trials) activated a cerebellar-motor cortical circuitry, also including lateral 

parietal, temporal, insula, and thalamic regions (in red-to-yellow); the opposite contrast 

(RR>RS) activated prefrontal, lateral and medial frontal areas, also including supplementary 

motor area, angular, fusiform, and cerebellar regions (in blue-to-green). Response mode 

contrasts conducted separately for non-conflict congruent trials showed cerebellar–motor 

cortical network activation (lower panel).
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Figure 5. Age-related Activation.
Correlation graphs depict age effects (Tables 3C, 5C). Cognitive control. With older age, left 

parietal and occipito-temporal regions were more activated to Stroop-RS (in cyan; left 

panels) and the middle cingulate cortex (MCC) was less activated to Stroop-RR (in green; 

middle panels). Motor Control: With older age, the MCC was less activated during RS than 

RR for non-conflict congruent trials (in green; right panels).
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Figure 6. Sex Differences in Activation.
Girls (in pink) activated extrastriate fusiform and lingual areas more than boys (in blue) 

during cognitive control (Stroop conflict, inc>con, Table 2B). Boys activated the right 

superior temporal and left lingual gyri more than girls during motor control (RSRR, Table 

4B). Relation to Puberty. Pubertal development (PDS) scores correlated with extrastriate 

activation such that sex differences gradually decreased with more advanced puberty.
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Table 1.

Demographic characteristics of the adolescent study group: N=subject count; Mean ± SD (range)

Boys Girls df p

N 87 91 1

Age 16±2.34 15.67±2.19 176 .332

Site (UCSD/SRI) 69/18 65/26
.223

a

PDS
1 2.93±0.7 3.34±0.65 176 .0001

Parent SES 92.06±16.05 90.36±15.15 171 .476

Parent Years of Education 16.76±2.98 16.8±2.46 175 .92

WRAT
2

 Reading 115.86±16.387 112.97±15.882 176 .233

 Math 115.63±15.611 113.32±16.015 176 .331

Stroop Match-to-Sample task

 Mean response time (ms) 568.29±96.66 628.66±129.61 176 .001

 Median response time (ms) 544.776±93.82 604.56±125.94 176 .001

Stroop conflict: RTINC − RTCON (ms) 14.88±25.44 12.08±24.79 176 .458

 Stroop for RR 20.82±31.26 15.62±35.81 176 .305

 Stroop for RS 6.18±40.13 −0.8±38.21 176 .236

Response switching: RTRS − RTRR (ms) 3.84±25.96 3.35±30.35 176 .909

 RR for con (no conflict) 12.53±39.77 16.23±38.14 176 .528

 RS for inc (conflict) −4.86±38.58 −9.53±43.81 176 .452

1
Pubertal Development Score (PDS): score ranges between 1=puberty not started and 4=puberty completed;

2
Wide Range Achievement Test (WRAT): Standard scores are reported with an expected mean±SD of 100±15;

a
Chi-square test

Abbreviations: df: degrees of freedom; p: p-value of statistical significance; SES: socioeconomic status; RS: response switching; RR: response 
repetition; inc: incongruent; con: congruent; RT: response time; ms: milliseconds.

Note: Despite same average ages of boys and girls, boys had lower pubertal development scores (PDS) than the girls. Age and PDS were more 
strongly correlated in boys than girls (age/PDS: boys r=0.81, girls r=.639, z=−2.43, p=0.0151). Boys scored lower on TIPI conscientiousness and 
higher on TIPI emotional stability than girls, the latter being associated with higher PDS scores in the male (r=.236, p=0.028), but not the female 
(r=−.172, p=0.102) (z=2.72, p=0.0065) group.
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Table 2.
Cognitive control in adolescents.

A. Stroop-related activation; B. Sex differences (boys vs. girls); C. Age correlation

Regions H BA k extent t Z MNI coordinates

x y z

A. Stroop activation (inc>con)

Anterior insula, frontal inferior operculum, extending to precentral 
gyrus

R 48,38,6 3534 7.95 7.33 42 14 −2

Anterior insula, extending to SMA, precentral gyrus, anterior and 
middle cingulate cortex

L/R 48,6,23,2,32 7146 7.31 6.82 −34 14 6

Supramarginal, superior temporal, middle temporal gyri R 40,48,42,21,22 2553 6.91 6.49 58 −40 24

Fusiform, inferior occipital gyrus/cerebellum, inferior and middle 
temporal gyri, extending to supramarginal, inferior parietal, superior 
temporal gyri

L 37,19,39,40 3521 6.42 6.07 −40 −64 −10

Cerebellum - vermis, areas I-VI L/R - 537 5.91 5.64 0 −48 −16

Fusiform, inferior occipital/cerebellum VI R 37,19 549 5.08 4.9 40 −62 −12

dlPFC L 46 549 4.5 4.37 −34 48 32

Midbrain, thalamus L/R - 691 4.39 4.27 −2 −26 −16

Hippocampus R 20 120 4.28 4.17 36 −6 −12

Caudate, thalamus R - 163 4.2 4.1 10 12 8

Inferior parietal lobe R 7,40 172 3.8 3.72 28 −48 46

Stroop deactivation (con>inc)

Middle frontal gyrus L 8 286 5.76 5.5 −28 20 54

Angular and middle occipital gyri L 7,19 235 5.13 4.94 −36 −74 42

Lingual, calcarine gyri R 17,18 741 4.97 4.8 12 −88 −2

Precentral gyrus R 6 419 4.73 4.58 32 −20 70

Angular and middle occipital gyri R 19,7 224 4.64 4.5 40 −76 42

Precuneus L/R 7 291 4.5 4.37 4 −60 44

Superior temporal gyrus, rolandic operculum R 22.48 430 4.5 4.37 60 −10 6

Superior and middle temporal gyri L 21,22,48 370 4.36 4.24 −56 −8 0

vmPFC R 11 161 4.27 4.16 8 56 −10

mPFC L 10 255 3.88 3.79 −8 66 16

vmPFC L 11 129 3.85 3.77 −20 48 −6

Lingual, calcarine gyri R 17,18,30 155 3.75 3.67 12 −50 2

B. Girls > boys for Stroop (inc>con)

Lingual, fusiform gyri L 17,18 122 4.08 3.98 −10 −80 −8

C. Age for Stroop (inc>con)

No suprathreshold voxel cluster

Abbreviations: inc: incongruent; con: congruent; H: cerebral hemisphere; BA: Brodmann area; k; number of voxel in a cluster; m: medial; vm: 
ventromedial, dl: dorsolateral; SMA: supplementary motor area; ACC: anterior cingulate cortex; MCC: middle cingulate cortex; PFC: prefrontal 
cortex
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Table 3.
Effect of motor control on cognitive control in adolescents.

A. Stroop-RS and Stroop-RR related activation; B. Sex differences (boys vs. girls); C. Age correlation

Regions H BA k extent t Z MNI coordinates

x y z

A. Stroop-RS (inc>con)

Inferior frontal gyri - pars triangularis and opercularis, anterior insula R 45,47,48 2507 6.49 6.13 54 36 0

Supramarginal, superior temporal gyri R 40,41,42,48 1159 5.81 5.55 56 −40 20

Caudate nucleus L/R - 389 5.73 5.48 10 12 8

Middle cingulate cortex L/R 23 1710 5.39 5.18 −6 −18 38

Middle and superior temporal gyri L 21,22,37 730 5.17 4.98 −52 −60 6

Anterior insula L 48 980 4.78 4.63 −36 −2 −14

Midbrain L/R - 219 4.67 4.53 6 −22 2

Rolandic operculum, inferior frontal operculum L 6,48 127 4.46 4.33 −48 6 14

Superior occipital gyrus, cuneus R 18,19 111 3.65 3.58 24 −78 34

Stroop−RR (inc>con)

Cerebellum - areas VI,VIIB/Crus1,2 L/R - 6428 7.44 6.93 −6 −74 −40

Pallidum and midbrain L/R - 269 5.67 5.43 14 −4 −6

Pallidum L - 111 4.74 4.59 −14 −2 −4

Precentral gyrus L 6 1574 4.71 4.56 −30 −12 64

B. Girls vs. boys for Stroop-RR and Stroop-RS

No suprathreshold voxel cluster

C. Age positive correlation for Stroop-RS

Superior, inferior parietal lobe, precuneus L 7,40 117 3.88 3.79 −24 −56 56

Middle temporal and occipital gyri L 37 106 3.70 3.63 −48 −64 0

Age negative correlation for Stroop-RR

Middle cingulate cortex L 23 132 4.28 4.16 −8 −28 40

Middle cingulate cortex R 23 104 4.09 3.99 10 −34 44

Abbreviations: RS: response switching blocks; RR: response repetition blocks; inc: incongruent; con: congruent; H: cerebral hemisphere; L: left; 
R: right; BA: Brodmann area; k; number of voxel in a cluster
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Table 4.
Motor control in adolescents.

A. Response mode-related activation; B. Sex differences (boys vs. girls); C. Age correlation

Regions H BA k extent t Z MNI coordinates

x y z

A. Response Switching (RS>RR)

 Cerebellum - areas IV-VI/Crus1 R - 1486 9.09 Inf 22 −52 −22

 Cerebellum - area VI/Crus1 L - 797 7.1 6.65 −26 −54 −24

 MCC, ACC, SMA L/R 23, 24, 6 3087 7.01 6.57 −6 −20 38

 Inferior parietal, postcentral, supramarginal gyri, extending to 
superior and middle temporal gyri

L 2,3,48,41,42,21,22 4718 6.71 6.32 −50 −26 50

 Insula, inferior frontal gyri - pars opercularis, orbitalis, 
triangularis, rolandic operculum

L 44, 45, 48 1397 5.54 5.31 −46 12 −10

 Cerebellum - area VIII R - 146 5.53 5.3 28 −48 −52

 Superior and middle temporal gyri R 21, 22 2146 5.43 5.21 48 −32 0

 Thalamus, midbrain L/R - 866 5 4.83 −8 −20 8

 Anterior insula R 48 244 4.59 4.45 44 10 −6

Response Repetition (RR>RS)

 Middle and superior frontal cortex R 10,11 304 4.61 4.48 28 58 12

 Cerebellum - area VIIB/Crus2 R - 348 4.61 4.47 10 −74 −34

 Fusiform gyrus L 20 243 4.52 4.39 −34 −18 −22

 Angular, superior occipital gyri R 7,39 614 4.49 4.36 34 −70 46

 SMA, paracentral gyri L/R 4,6 323 4.25 4.14 4 −24 60

 Superior medial frontal gyri L/R 8,9,32 180 4.18 4.07 8 34 48

 Middle frontal gyrus R 44,45 209 4.15 4.04 52 30 34

B. Boys > girls for RS>RR

 Superior temporal gyrus R 22,48 142 3.78 3.7 58 −12 6

 Lingual gyrus L 18,27 142 3.71 3.63 −12 −48 2

C. Age for RS>RR

 No suprathreshold voxel cluster

Abbreviations: RS: response switching blocks; RR: response repetition blocks; inc: incongruent; con: congruent; H: cerebral hemisphere; BA: 
Brodmann area; k; number of voxel in a cluster; inf: inferior; mid: middle; sup: superior; m: medial; vm: ventromedial, dl: dorsolateral; SMA: 
supplementary motor area; ACC: Anterior cingulate cortex; MCC: middle cingulate cortex; PFC: prefrontal cortex
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Table 5.
Motor control without cognitive control.

A. Response mode-related activation for congruent trials only; B. Sex differences (boys vs. girls); C. Age 

correlation

Regions H BA k extent t Z MNI coordinates

x y z

A. Response switching (RS>RR) for congruent (con) trials

Cerebellum - areas VI, VIIB, VIII/Crus1,2 R - 5608 8.31 7.62 28 −52 −28

Pre- and postcentral gyri L 2,3,4,6 2007 6.45 6.1 −30 −12 64

Precentral and superior frontal gyri R 6 155 4.17 4.07 30 −8 60

Response repetition (RR>RS) for con

Caudate L/R - 584 6.14 5.83 10 12 8

SMA, paracentral gyri, MCC, precuneus L/R 4,5,23 1773 5.74 5.48 6 −38 54

Superior and middle occipital gyri, cuneus R 18,19 1214 5.61 5.38 24 −80 36

B Inferior frontal gyri - pars triangularis, orbitalis, and opercularis R 45,46,47 1059 5.41 5.2 50 42 6

Heschl gyrus, rolandic operculum, post insula R 41,48 924 5.07 4.89 38 −26 16

Heschl gyrus, rolandic operculum L 41,48 239 4.92 4.75 −38 −30 16

Lingual gyrus L 30,37,19 322 4.21 4.11 −16 −42 −8

Calcarine gyrus L 17 118 3.89 3.8 −18 −60 14

B. Girls vs. boys for RS>RR con and RR>RS con

No suprathreshold voxel cluster

C. Age negative correlation for RS>RR con

Middle cingulate cortex R 23 193 4.58 4.44 10 −36 46

Middle cingulate cortex L 23 142 4.35 4.24 −8 −28 42

Abbreviations: RS: response switching blocks; RR: response repetition blocks; con: congruent; H: cerebral hemisphere; L: left; R: right; BA: 
Brodmann area; k; number of voxel in a cluster; post: posterior; SMA: supplementary motor area; MCC: middle cingulate cortex
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