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Abstract

Numerous lines of evidence have shown that cognitive processes engaged during response inhibition tasks are associated with
structure and functional integration of regions within fronto-parietal networks. However, while prior studies have started to
characterize how intrinsic connectivity during resting state differs between boys and girls, comparatively less is known about how
functional connectivity differs between males and females when brain function is exogenously driven by the processing demands
of typical Go/No-Go tasks that assess both response inhibition and error processing. The purpose of this study was to characterize
adolescent sex differences and possible changes in sexually dimorphic regional functional connectivity across adolescent devel-
opment in both cortical and subcortical brain connectivity elicited during a visual Go/No-Go task. A total of 130 healthy
adolescents (ages 12-25 years) performed a Go/No-Go task during functional magnetic resonance imaging. High model-order
group independent component analysis was used to characterize whole-brain network functional connectivity during response
inhibition and then a univariate technique used to evaluate differences related to sex and age. As predicted and similar to
previously described findings from non-task-driven resting state connectivity studies, functional connectivity sex differences
were observed in several subcortical regions, including the amygdala, caudate, thalamus, and cortical regions, including inferior
frontal gyrus engaged most strongly during successful response inhibition and/or error processing. Importantly, adolescent boys
and girls exhibited different normative profiles of age-related changes in several default mode networks of regions and anterior
cingulate cortex. These results suggest that cortical-subcortical functional networks supporting response inhibition operate
differently between sexes during adolescence.
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Introduction

In the past two decades, there has been a resurgence of interest
in describing sex differences to understand how male and
female brains function differently (Grabowska, 2017; Gur &
Gur, 2017) in ways that influence cognition and behavior
(Theresa, Mary-Lou Pardue, & Pardue, 2001). A particularly
important aspect of cognition is inhibitory control or response
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inhibition—defined as the ability to deliberately suppress in-
appropriate responses towards goal-directed behavior. Normal
development of response inhibition is required for successful
self-regulation that typically undergoes developmental chang-
es throughout childhood and adolescence in ways that influ-
ence many aspects of functioning (Buckley, Cohen, Kramer,
McAuley, & Mullen, 2014). Impaired response inhibition is
considered to be a core deficit implicated in impulsivity-
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related disorders, such as substance dependence. Moreover,
this cognitive impairment might underlie large sex differences
in clinical presentations and prevalence of such impulsivity-
related disorders that emerge in adolescence (Cotto et al.,
2010; Fox & Sinha, 2009; Kuhn, 2015). It is crucial to under-
stand neural mechanisms underlying adolescent development
of response inhibition in a sex-specific way. However, the
majority of previous neuroimaging studies of response inhibi-
tion do not include a sex as an independent variable (Zhang,
Geng, & Lee, 2017). We currently know little about neural
mechanisms that may lead to adolescent sex differences in
impulsivity-related disorders characterized by inefficient or
failure of response inhibition.

There is an increasing perception that response inhibition is
subserved by a large-scale distributed system that includes
both bilateral cortical and subcortical regions, including infe-
rior frontal cortex, inferior parietal lobule, pallidum, putamen,
and caudate (Zhang et al., 2017). In addition, many response
inhibition tasks with challenging and cognitively complex in-
structions engage other prefrontal-based neural systems to
mediate attentional/working memory demands or to process
errors in performance (reviewed in Criaud & Boulinguez,
2013; Hester, Fassbender, & Garavan, 2004; Sharp et al.,
2010). An important aspect of inhibitory control lies not sim-
ply in how the brain engages to withhold responses, but how
the brain processes and adapts to mistakes. Both error process-
ing and successful response inhibition are crucial elements of
Go/No-Go task and Stop-signal task performances (Corbetta
& Shulman, 2002; Hampshire, Chamberlain, Monti, Duncan,
& Owen, 2010; Li, Huang, Constable, & Sinha, 2006b). For
example, withholding a response to “No-Go” stimuli, namely
“correct rejects,” measures successful response inhibition
ability. Reaction times on trials after performance errors are
usually longer than reaction times on trials following correct
responses—a process referred to as post-error slowing. Both
the number of errors and this post-error slowing are all
regarded as behavioral indices of error monitoring typically
measured in a Go/No-Go task paradigm (Danielmeier &
Ullsperger, 2011; Rabbitt, 1966). Thus, a thorough examina-
tion of response inhibition-related cognitive control should
consider both successful and unsuccessful demands to with-
hold motor responses, focusing both on cingulo-opercular net-
works robustly engaged by errors (Dosenbach et al., 2007;
Dosenbach et al., 2006), as well as frontoparietal systems
and premotor-cortical-subcortical systems engaged to with-
hold motor responses.

Although little is known about adolescent sex differences in
response inhibition, the most consistent findings from neuroim-
aging studies of how specific brain systems differ between
sexes are that subcortical regions, such as basal ganglia—
seem to be most likely to show sexual dimorphism in their grey
matter structure or white matter connectivity (Giedd, Raznahan,
Mills, & Lenroot, 2012; Ruigrok et al., 2014; Sacher,
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Neumann, Okon-Singer, Gotowiec, & Villringer, 2013). Sex
differences in neurocognition appear to exist between adoles-
cence and young adulthood when there is reorganization of
cortical-subcortical network of regions (Marek, Hwang,
Foran, Hallquist, & Luna, 2015; Sisk, 2017). For example,
when a large sample of participants performed the Penn com-
puterized neurocognitive battery that measured a broad range of
cognitive functions, boys outperformed girls on motor and spa-
tial cognitive tasks (Satterthwaite et al., 2015). On the other
hand, girls were faster in tasks of emotion identification and
nonverbal reasoning. The patterns of cognition were related to
masculinity or femininity of their pattern of resting-state func-
tional connectivity (Satterthwaite et al., 2015). Several adoles-
cent brain developmental models (Casey, Jones, & Hare, 2008;
De Bellis et al., 2001; Lenroot & Giedd, 2010) argue that there
are sex differences in the timing of cortical-subcortical matura-
tion. According to those models, females show earlier matura-
tion peak of the frontal regions compared with boys (Giedd
etal., 1999; Lenroot & Giedd, 2010). Both boys and girls show
relatively protracted development of the frontal regions than
subcortical regions (Casey et al., 2008; De Bellis et al., 2001,
Lenroot & Giedd, 2010). It is possible that brain structures
supporting response inhibition may show different adolescent
developmental trajectories between sexes. In this context, it is
crucial to understand sex-dependent inhibitory control especial-
ly in adolescence, because females and males show different
levels of neuropsychiatric disorders, such as impulsivity behav-
ior and addiction, characterized by dysregulated inhibitory con-
trol (Cotto et al., 2010; Fillmore & Weafer, 2004; Li, Huang,
Constable, & Sinha, 2006a; Petry, Kirby, & Kranzler, 2002).
For example, males appear to be more susceptible to impair-
ment in inhibitory control and more often to be reported with
impulsivity-related problems compared with females (Fillmore
& Weafer, 2004; Petry et al., 2002). Several studies have shown
that during stop signal inhibition, males tend to activate many
cortical regions and subcortical regions, such as globus pallidus
and thalamus more greatly compared with women. On the other
hand, women tend to more greatly engage specific cortical re-
gions important to performance monitoring, such as cingulate
cortical activation during a stop-signal task (Li et al., 2006a; Li
et al., 2008; Li et al., 2009; Mansouri, Fehring, Gaillard,
Jaberzadeh, & Parkington, 2016).

Very few studies have sought to describe sex-dependent
patterns of how sexually dimorphic subcortical structures are
functionally connected with diverse cortical brain regions.
What we know about sex differences in distributed brain net-
work connectivity so far comes mostly from studies using
task-free “resting state” fMRI, which can differ from network
interactions during task performances in characteristic and
important ways (Cole, Bassett, Power, Braver, & Petersen,
2014; Geerligs, Rubinov, Cam, & Henson, 2015; Krienen,
Yeo, & Buckner, 2014; Roth, Johnson, Tokoglu, Murphy, &
Constable, 2014). This experimental approach quantifies
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network connectivity in the absence of cognitive task de-
mands to drive neural network activity. In line with previous
studies indicating sexually dimorphic brain structure and func-
tional activity studies suggesting sex differences, several
resting-state connectivity studies suggest that there are sex
differences in terms of how well several subcortical regions
coordinate their activation over time with other frontal regions
through their afferent and efferent connections (Alarcon,
Cservenka, Rudolph, Fair, & Nagel, 2015; Sacher et al.,
2013; Zuo et al., 2010). For example, large-sample studies
of resting state connectivity point to connectivity with basal
ganglia being stronger in females (Allen et al., 2011; Jung
et al., 2015). In particular, a relevant resting-state network to
sex differences in the brain is the default mode network
(DMN). The DMN is a system whose activity levels tend to
be high when task demands are low. Features of slow blood-
oxygenation-level dependent (BOLD) fluctuations within the
DMN have been linked to multiple brain processes, as evi-
denced by modulation of the activity of the DMN depending
on cognitive loads (Esposito et al., 2006) and the connectivity
between DMN and other task-positive networks (i.e., a collec-
tion of regions commonly recruited in cognitive tasks)
(Hampson, Driesen, Roth, Gore, & Constable, 2010).
Females show stronger intra-DMN connectivity compared
with males (Mak et al., 2017). Also, there is some evidence
for females’ greater resting-state functional connectivity with-
in the DMN, between the DMN and prefrontal regions, and
between subcortical and frontal lobe regions compared with
males (Bluhm et al., 2008; Hjelmervik, Hausmann, Osnes,
Westerhausen, & Specht, 2014; Tian, Wang, Yan, & He,
2011). But these studies tell us little about whether or not
network integration differs by sex when such DMN connec-
tions are called upon to support different types of active cog-
nitive processing. This is important because how functional
connectivity operates during certain tasks might be a proxy of
sex differences in prior neurocognitive studies of executive
function, attention, verbal memory, or emotion (Collaer &
Hines, 1995; Hamson, Roes, & Galea, 2016; Sommer,
Aleman, Bouma, & Kahn, 2004; Stevens & Hamann, 2012).

Only a few functional connectivity studies in adolescents
associated with response inhibition have been published.
Converging findings across these functional connectivity
studies are that there is increased functional connectivity
among some prefrontal cortex regions (e.g., dorsolateral pre-
frontal cortex—anterior cingulate cortex coupling) and greater
strength between striatum and frontal regions with age during
successful inhibitory control (Keulers, Goulas, Jolles, &
Stiers, 2012; Spielberg et al., 2015a; Spielberg, Miller,
Heller, & Banich, 2015b; Stevens, Kiehl, Pearlson, &
Calhoun, 2007; Vink et al., 2014). None of these functional
connectivity studies included sex as an independent variable.
As such, it is not known whether adolescent girls and boys
show similar or different functional connectivity patterns

engaged in response inhibition-related cognitive processing.
To fill these gaps in the scientific literature, this study asked
whether there would be sex differences in regional functional
connectivity engaged during performance of a response inhi-
bition task (i.e., Go/No-Go task) in a large sample of healthy
adolescents and young adults. Although we were interested in
connections among all major brain regions and used a statis-
tical framework appropriate for inferences across the brain, we
were particularly interested in subcortical regions with known
sexual dimorphism. Even such brain regions like the amygda-
la or hippocampus could exert direct or indirect effects on the
neuronal basis of Go/No-Go-related information processing,
despite not being functionally specialized for response inhibi-
tion or error processing due to their interconnections with
regions that were commonly engaged for those cognitive op-
erations. Accordingly, we hypothesized that adolescent sex
differences would be observed in any type of subcortical-
cortical network connectivity. In particular, we anticipated that
we would be most likely to observe these effects in the
amygdala—known to be the most sexual dimorphic region
consistently found across prior studies. We predicted that
amygdala functional connectivity would be greater in girls
consistent with earlier cortical and subcortical maturation
peaks in girls (Lenroot & Giedd, 2010; Lenroot et al., 2007).
If so, this would suggest that the effect of amygdala network
connectivity maturation extends beyond the conventionally
recognized role of this structure in emotional and salience
processing into a more domain-general role. We also closely
examined DMN regions to determine if similar sexually di-
morphic connectivity profiles existed when these regions dy-
namically changed their levels of activation during response
inhibition demands in ways consistent with connectivity pro-
files previously observed during resting state. Finally, we ex-
pected that any functional connectivity sex differences we
might find also would differ with increasing age, because
numerous prior studies have found network connectivity reor-
ganization from childhood/adolescence to adulthood (Faghiri,
Stephen, Wang, Wilson, & Calhoun, 2018; Luna & Sweeney,
2004; Marek et al.,2015; Rubia et al., 2006). We expected that
girls would show greater functional connectivity changes with
increasing age both in cortical and subcortical regions, given
the expectation of generally earlier cortical brain system mat-
uration in females (Giedd et al., 1999; Lenroot & Giedd,
2010).

Methods
Participants
The sample included 130 right-handed, healthy adolescents,

collected as part of a study supported by the National Institute
of Mental Health (ROIMHO081969). By design, the sample was
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evenly balanced for sex and age across 12-25 years (66 boys,
mean age: 18.39 + 3.6 years; 64 girls, mean age: 18.37 + 3.8
years). No participants had a history of formal learning disabil-
ity, significant medical conditions, or current mental health dis-
orders as confirmed by the Schedule for Affective Disorders
and Schizophrenia for School-Age Children-Present and
Lifetime Version (Kaufman et al., 1997) conducted using stan-
dard semistructured interview procedures. The Adolescent
Alcohol and Drug Involvement Scale (AADIS) (Mayer &
Filstead, 1979; Moberg & Hahn, 1991) and Fagerstrom Test
for Nicotine Dependence (Heatherton, Kozlowski, Frecker, &
Fagerstrom, 1991) confirmed minimal substance use for both
boys and girls, which did not differ by sex. Boys (n = 66, mean:
0.06, SD £ 0.39) and girls (n = 64, mean: 0.05, SD: + 0.37) did
not differ for nicotine dependence as assessed by Fagerstrom
test [#(127) = 0.21, p = 0.82]. Also, boys (n = 66, mean: 14.51,
SD: + 13.47) and girls (n = 64, mean: 12.18, SD: & 12.40) did
not differ for AADIS scores [#126) = 1.01, p = 0.31]. All
participants provided written, informed consent in protocols
approved by Hartford Hospital’s Institutional Review Board.
For legal minors, parents provided written permission, and mi-
nors provided written assent.

Go/No-Go task

The fMRI Go/No-Go task was performed in a scanner where
frequent ‘X* (p = 0.85) and less frequent ‘K’ stimuli were
presented at a 3 x 5 visual degrees for 50 msec each with
1,000 msec of minimum interstimulus interval. Intervals be-
tween K stimuli were in the range 10-15 seconds. Participants
were asked to make a button press with their right index finger
to rapidly presented visual ‘X” (Go) stimuli as soon as possi-
ble, while withholding a response to pseudo-randomly inter-
spersed ‘K* (No-Go) stimuli. During a practice trial, speed was
emphasized over accuracy to ensure engagement of a prepo-
tent response tendency. With these instructions, participants
typically make roughly equivalent numbers of errors and cor-
rectly inhibited responses to No-Go stimuli, providing an op-
portunity to evaluate both aspects of task performance and
task-elicited brain activity. E-Prime software was used to
closely control stimuli presentation timing. The stimulus se-
quences were projected to the participant via a screen visible
to participants in the MRI by rear-facing mirror attached to the
head coil. Before beginning the task, all participants were
asked to perform a practice trial to endure that they were
familiar with task instructions. A commercially available mag-
netic resonance imaging (MRI)-compatible fiber-optic re-
sponse device (Current Designs, Inc.) was used to acquire
behavioral responses. Stimulus events and behavioral re-
sponses were recorded and monitored online using a separate
computer. Correct hits and incorrect response errors were de-
fined as a button press occurring within 1,000 msec of an ‘X’
or ‘K’ trial, respectively.
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Behavioral Performance Data Analysis

The effects of sex and age by sex effects on the dependent
variables were analyzed using multivariate analysis of vari-
ance (MANOVA). Post hoc tests to assess linear effects of
age on behavioral performance variables were investigated
using two-tailed Pearson correlation analyses.

Imaging Parameters and Processing

MRI data were collected using a Siemens Allegra 3T system
located at the Olin Neuropsychiatry Research Center.
Localizer images were acquired for use in prescribing the
functional image volumes. The echo planar image (EPI)
gradient-echo pulse sequence (TR/TE 1,500/27ms, flip angle
60°, FOV 24 x 24 cm, 64 x 64 matrix, 3.4 x 3.4 mm in plane
resolution, 4-mm effective slice thickness, 30 slices) effective-
ly covered the entire brain (150 mm) in 1.5 seconds. Head
motion was restricted using a custom built cushion inside
the head coil. The two task runs each consisted of 294 time
points, including a 9-second rest session at the beginning that
was collected to allow for T1 effects to stabilize. These first
six images were not included in any subsequent analyses.
Brain structure images were prepared for analysis by first
correcting for the estimated MRI bias-field using SPM12 soft-
ware (http://www.fil.ion.ucl.ac.uk/spm/software/) followed
by noise reduction using FSL SUSAN filtering software
(http://www.fmrib.ox.ac.uk/). Functional images were
reconstructed offline and each run was separately realigned
using FSL MCFLIRT (Jenkinson, Bannister, Brady, &
Smith, 2002). To control for motion-related confounds, we
used a 0.5-mm cutoff threshold for Framewise Displacement
(FD) measurements (Power, 2012) to exclude “noisy” data
from analysis. This metric quantifies movements of any given
frame relative to the previous frame. Although different
methods of measuring FD may differ in the amplitude of mea-
surement and are influenced by TR (i.e., repetition time), FD >
0.5 mm has been considered to be a stringent threshold
(Power, 2012; Power et al., 2015). No subjects were excluded
due to this cutoff threshold in current study. Each fMRI time-
series was realigned to the mid-series volume (Jenkinson et al.
, 2002), corrected for slice-timing acquisition differences
(Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012)
and spatial distortions due to inhomogeneity removed using
field map-based unwarping (Jenkinson, 2003; Jezzard &
Balaban, 1995). Signal spikes were removed using AFNI
3dDespike (https://afni.nimh.nih.gov/afni/doc/help/
3dDespike.html) and volumes were automatically reoriented
to stereotactic space using 3-parameter rigid body realign-
ment. An example fMRI volume was co-registered to the
MPRAGE high-resolution brain structure scans using
SPM12 software (http://www.fil.ion.ucl.ac.uk/spm/software),
and then spatial normalization parameters mapping the T1 to
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MNI atlas space were applied to each fMRI volume. Each
image of the resulting time-series was spatially smoothed with
a 6 mm FWHM Gaussian kernel.

Independent Component Analysis (ICA) Estimation
of Functional Connectivity

Group independent component analysis (ICA) (Calhoun &
Adali, 2012; Calhoun, Adali, Pearlson, & Pekar, 2001) was
used to estimate and quantify each participant’s functional con-
nectivity. ICA is a data-driven multivariate analysis method that
identifies distinct group of brain regions showing the same
temporal pattern of hemodynamic signal change. This ICA ap-
proach enables to use a statistical framework optimized for the
analysis of large datasets. As presented in Figure 1, the ICA
approach uses a hierarchical approach using multivariate
models. With this statistical framework, we intended to inves-
tigate the effects of age and sex on different aspects of func-
tional connectivity throughout cortical and subcortical struc-
tures. ICA was implemented using Group ICA of FMRI
Toolbox (GIFT v.4.0b) in Matlab (http://mialab.mrn.org/
software/gift). In addition to typical preprocessing procedures

described above, the data were intensity-normalized to improve
the accuracy and test-retest reliability of ICA output (Allen et al.
,2011). Spatial ICA applied to fMRI data identifies temporarily
coherent networks by estimating maximally independent spatial
sources, referred to as spatial maps. High model order ICA
(number of components, C = 80) was used, because this dimen-
sionality yields components that closely correspond to both
anatomical and functional segregations compared to low model
order ICA (Allen et al., 2011). Practically, a high-order ICA
produces components that typically reflect a single region or
small groups of brain regions with very tightly intercorrelated
fMRI time courses. Subject-specific fMRI data were reduced
through two principal component analysis stages and
concatenated at each stage for further reduction. For dimension
reduction, we used minimum description length to estimate the
number of dimensions (Allen et al., 2011). The Infomax ICA
algorithm (Bell & Sejnowski, 1995) was repeated 20 times in
ICASSO (ICASSO Toolbox, 2003; http://www.cis.hut.fi/
projects/ica/icasso/), and best stable run estimates were used
for ICA estimation prior to component time courses and
spatial maps reconstruction for each participant (Ma et al.,
2011). The quality of component clusters was quantified using

f- Realignment A
- Slice-time correction
- Spatial normalization
Step1. PREPROCESSING - Gaussian smoothing (6mm FWHM)
& Intensity normalization
(- Single subject PCA (T1 = 100)
- Group ICA (Infomax, C =80)
- ICASSO (20 repetitions)
Step2. GROUPICA - Back-reconstruction (GICA) )
(" ComponentSelectionfor Spatial Maps (SM) )
- Voxel selection (t > mean + 40)
- Index /q > 0.69, stability coefficient
Step3. FEATURE - fALFF greater than 2
IDENTIFICATION \_- 1 -tests on mean B-weights with FDR of p < 0.0003 )
( )
Functional Network Connectivity (FNC)
- TC detrending and despiking using 3dDespike, filtering
k- Pair-wise correlations between TC
J
f DEPENDENTVARIABLES: )
Step4. MULTIVARIATE | - SM, FNC
ANALYSIS s N
DESIGN MATRIX:
& Full model = [age, sex, age x sex, Q]
Step5. UNIVARIATE f )
ANALYSIS | FDR at p < 0.05 for SM and FNC

Note. FDR = False Discovery Rate

Fig. 1 Schematic diagram of the ICA approach used in current study.
Boxes on the left indicate general steps potentially applicable to a
variety of data and analysis types; boxes on the right indicate particular

choices made for our data and analysis used in current work. FDR = False
Discovery Rate
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the index /g > 0.90, stability coefficient, which ranges from 0 to
1 and reflects the difference between intra-cluster and extra-
cluster similarity (Himberg, Hyvarinen, & Esposito, 2004).
Among 80 components, /g of the majority of components
was greater than 0.90 except 7 components whose /g ranged
from 0.56 to 0.88. Two components having /g < 0.69 were
excluded. Ig stability coefficients greater than 0.90 are
typically considered to be valid in the field (Himberg
et al., 2004). Ig of almost all components except one
component (i.e., IC 73) that we chose was greater than
0.90, which fell into the acceptable range. The Ig value
for IC 73 was 0.77, which was on the low side. But the
bilateral anterior cingulate cortex (ACC) regions repre-
sented in IC 73 were too theoretically important to omit
from the main analysis. As such, we included this IC in
further analyses. Then, among those 78, only 55 compo-
nents whose fractional amplitude of low-frequency fluctu-
ation (fALFF) was greater than 2 were included in further
analyses. fALFF values >2 means that the low frequency
power was at least twice the high frequency power, which
is a reasonable rule-of-thumb when looking for ICA-
derived components that are driven by low frequency
fluctuations and have little signal noise (Allen et al.,
2011). fALFF quantifies the ratio between total power
within the low-frequency fluctuations (0.01-0.1 Hz) and
total power of the entire frequency range and has been
suggested to be sensitive to detecting regional spontane-
ous brain activity (Zou et al., 2008). Aggregate spatial
maps were estimated as the centrotypes of component
clusters to reduce sensitivity to initial algorithm parame-
ters. The resulting single-subject time course and compo-
nent image were then scaled using raw data units.

To identify which components were engaged by re-
sponse inhibition demands during task performance, we
parameterized the component time courses using a multiple
regression. This analysis quantifies the association between
a component time course and either correct rejects or false
alarm conditions of the fMRI task, as represented using the
canonical hemodynamic response model in SPM12. These
analyses yielded R’ values that represented overall associa-
tion of each task condition in current design to each com-
ponent time courses. The mean (-weights showing the re-
lation of each component to experimental condition were
examined using one-sample #-tests against zero with rigor-
ous FDR of p < 0.0003 (=0.05/160 (80 x 2 task regressors,
that is, correct rejects and false alarm). Component loadings
that differed significantly from zero indicated an association
with that condition. Among 55 components, 19 components
were determined to be of interest, because they were both
associated with either response inhibition or error process-
ing. Visual inspection confirmed that they depicted BOLD
signal change within the brain. These 19 components were
included in study hypothesis-testing analyses.
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Age and Sex Effect fMRI Connectivity Analysis

Whole brain functional connectivity across task-engaged
components was examined using the MANCOVAN toolbox
in GIFT v.4.0b (Allen et al., 2011). Although a popular feature
of this toolbox is backwards selection of predictors to opti-
mize the statistical power of final multivariate assessment of
the component data, we were interested a priori in a full mod-
el assessing effects of age, sex, and their interaction. We relied
on univariate models and rigorous corrections for multiple
comparisons using False Discovery Rate (FDR) (Genovese,
Lazar, & Nichols, 2002 at p < 0.05. Two types of analyses
were employed, each providing complementary information
about connectivity. First, we examined the spatial maps that
represented the strength of connectivity within the most prom-
inent regions of a component. Second, we examined the cross-
correlation of component time courses (i.e., between network
connectivity or functional network connectivity; FNC) to
identify pairs of components that were more or less
“connected” with each other during task performances.
Component spatial maps were thresholded to focus our anal-
ysis on the subset of strong and consistently engaged voxels
most representative of each network (masked by ¢ > mean + 4
standard deviations across positive voxel values within each
spatial map). For FNC (Jafti, Pearlson, Stevens, & Calhoun,
2008), subject-specific time courses were detrended and
despiked using 3dDespike (Ances et al., 2009), then filtered
using a fifth-order Butterworth low-pass filter with a high-
frequency cutoff of 0.15 Hz, and the mean, linear trend, and
two sine/cosine cycles were detrended from the data to control
for signal drift. Pairwise correlations were computed between
component time courses associated with Go/No-Go task per-
formances. These correlations were transformed to z-scores
using Fisher’s transformation.

Our MANCOVAN model included sex (coded as a dummy
variable), age, and the corresponding interaction term for
these factors. Variance inflation factors for these were less
than 2.1. The Wechsler Abbreviated Scale of Intelligence
(WASI; Wechsler, 1999) standardized 1Q estimates were
regressed from all raw data before model estimation to ensure
findings could not be better explained by variations in intel-
lectual ability. For spatial map analyses, our univariate analy-
ses isolated the regional peak of the functional connectivity
effect for each component. Finally, to graph each significant
sex-related effect identified, we extracted participant connec-
tivity values from a 3-mm spherical region of interest centered
at each peak effect using MarsBaR (http://marsbar.
sourceforge.net/). Averaging of voxels proximal to the peak
sex effect generally results in depiction of more stable,
generalized effects that were not unduly influenced by any
single voxel. For each significant univariate effects of age
and sex, we reported Cohen’s d effect size (Cohen, 1988)
calculated by using #-test values.
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Results

Comparison of Motion Parameters between Boys
and Girls

We wanted to ensure that non-task related artifacts such as
head movements during the scanning did not influence any
results of sex comparisons. Mean FD values for boys (mean:
0.16 = 0.07) and girls (mean: 0.16 + 0.05) did not differ
(#(128) = 0.14, p = 0.88). Furthermore, we conducted post
hoc correlation analysis using mean FD values across two
runs to confirm that motion during the scanning was not re-
lated to age. Post hoc Pearson correlation revealed a modest,
“trend” level association between FD and age for all partici-
pants (» = —0.16, p = 0.06), consistent with prior published
observations (see Supplemental Figure 1 for scatterplot of this
association).

Behavioral Performance

Table 1 shows participants’ characteristics and indices of Go/
No-Go task performance. General intelligence scores, as mea-
sured by WASI (Wechsler, 1999) between boys (108.55 +
11.64) and girls (107.50 + 12.52) did not differ (#(128) =
0.49, p = 0.62). Behavioral performance on the Go/No-Go
task did not significantly differ between boys and girls.
There were no sex differences in the number of correct hits
or false alarms. Pearson correlation analyses between age and
behavioral performance showed that across all subjects, num-
ber of correct rejects and false alarm, and mean reaction times
for hit and false alarm were associated with age. Both sexes
had similar reaction times to all stimuli, as well as nonsignif-
icant results from the age x sex interaction term test.

Regional Functional Connectivity Effects

Table 2 lists the component names as localized using maxi-
mum correlation with regions in the Desikan-Killiany-
Tourville brain structure atlas (Klein & Tourville, 2012) and
the strength of association with Go/No-Go task conditions

(beta-weights and p values) for all 19 task-engaged compo-
nents included in the univariate connectivity analysis (see for
visual depiction of each component).

The MANCOVAN univariate tests on spatial maps
depicting strength of regional connectivity found signifi-
cant main effects of age and sex, as well as age X sex
interaction effects. Regional connectivity strength differed
in boys and girls for both cortical and subcortical compo-
nents where girls had greater functional connectivity com-
pared with boys in several cortical components during both
correct rejects (CR) and false alarms (FA) [isthmus cingu-
late cortex (IC13, xyz = 53,14,30) («(126) = —2.26 , p =
0.02, d = 0.40), and right inferior frontal gyrus (IC53,
BA44, xyz = 52,14,30) (#(126) = 2.19, p = 0.03, d = 0.39)
] and two subcortical components [thalamus (IC22, xyz =
10, —6,16) (#(126) = 2.48 , p = 0.01, d = 0.44 during both
CR and FA, and amygdala (IC 18, 7 (126) = 2.19, p = 0.02,
d = 0.39) during FA only] (Figure 2).

Univariate age effect was observed in bilateral superior
parietal lobule component (IC65) and rostral middle frontal
gyrus component (IC76) both during CR only. As presented in
Figure 3, in the right middle frontal gyrus (IC76), increasing
age was associated with greater strength of functional connec-
tivity (1(126) = 2.30, p = 0.02, d = 0.40), whereas in the right
superior parietal lobule (IC 65, BA39), age was negatively
associated with strength of functional connectivity (2(126) =
—2.67 p =0.008, d = 0.47).

Furthermore, univariate age x sex interaction was observed
in left pars triangularis (IC 62, BA44, xyz = —44,4,26) during
both CR and FA and bilateral superior parietal (IC 65, BA31)
during CR only (FDR, p < 0.05). Girls showed weaker func-
tional connectivity with increasing age in both IC 62 (r =
—0.29, p =0.01, d = 0.16) and IC 65 (» = —0.44, p < 0.0003,
n =64, d = 0.38), whereas boys exhibited no significant asso-
ciations in all components (all p values = ns). When graphing
this interaction effect, we noticed there was one potential out-
lier that might have drawn such interaction effect in IC65 but
not in IC 62. Even after removing the outlier, the association
between age and the strength of functional connectivity in
IC65 was the same (r = —0.45, p < 0.0002, n = 63, d = 0.40;

Table 1  Behavioral task performance

Healthy adolescents (n =130)

Boys (n=66) Mean (SD) Girls (n = 64) Mean (SD) Sex differences F' (p) df=1,130 Sex by age F' (p) df=13,130 Age correlation
Number of Hit 202.39 (£9.82) 202.13 (+6.73) 0.18 (0.66) 0.92 (0.06) 0.15 (0.08)
Number of CR 21.23 (£7.21) 20.68 (£7.21) 0.87 (0.35) 0.16 (0.15) 0.28 (0.001)
Number for FA 17.76 (£7.21) 18.32 (£7.63) 0.87 (0.35) 0.16 (0.15) —0.28 (0.001)
Mean of Hit RT 0.37 (£0.03) 0.37 (£0.03) 0.09 (0.75) 0.45 (0.11) —0.26 (0.002)
Mean of FA RT 0.34 (£0.03) 0.35 (£0.04) 0.24 (0.62) 0.45 (0.11) —0.31(<0.0001)

Note. CR =Correct Reject, FA = False Alarm, RT = Reaction Times, Bold numbers indicate Bonferroni-corrected values (0.05/5)

@ Springer



Cogn Affect Behav Neurosci (2020) 20:1-18

Table 2

Cortical and subcortical independent components associated with response inhibition

Independent Component (IC) Beta-weights Mean (SD)

One-sample #-test p

CR FA CR FA
Both Correct Rejects (CR) and False Alarm (FA)
13. Bilateral Isthmus Cingulate Gyrus -1.72 2.15)  -1.15(2.71)  p <0.000000000000002 p <.000004
22 .Bilateral Thalamus Proper 1.05(1.79)  0.85(2.24)  p < 0.0000000007 p <.00004
30. Bilateral Precuneus -1.17.(1.49)  -1.00(1.78)  p < 0.000000000000004 p <.000000003
37. Right Rostral Middle Frontal gyrus 147 (1.89)  0.59 (1.41)  p < 0.0000000000000008 p <.000005
51 Bilateral Posterior Cingulate 0.96 (1.53)  1.29(2.00)  p < 0.00000000005 p <.00000000002
53. Right Inferior Frontal Gyrus 1.01 (0.86)  0.57(1.01)  p < 0.00000000000000000000000006  p <.000000003
62. Left Pars Triangularis -0.59 (1.10)  -0.96 (1.45)  p < 0.00000002 p <.000000000007
71.Bilateral Insula 0.96 (1.20)  2.00 (1.96)  p < 0.000000000000001 p<.0000000000000000000007
73. Bilateral Anterior Cingulate Cortex -1.11 (1.76)  -1.06 (1.81)  p < 0.00000000004 p <.0000000006
False-alarm only
18.Bilateral Amygdala 0.14 (1.65)  0.67 2.07) 030 p <.0004
35.Left Inferior Parietal Lobule 0.02(1.28) 0.58 (1.84)  0.80 p <.0004
56.Left Inferior Parietal Lobule 0.32 (2.08) 1.18 (2.62)  0.08 p <.0000008
60.Bilateral Rostral Anterior Cingulate -0.01 (0.84) 0.86 (1.18)  0.79 p <.00000000000009
Correct reject only
33. Bilateral Putamen 0.63(0.89)  0.02(0.93)  p <0.0000000000003 74
42. Bilateral Superior Parietal Lobule 0.95 (1.67) 0.13 (1.87)  p <0.000000002 41
46. Bilateral Superior Parietal Lobule -1.17 (2.10)  -0.17 (2.57)  p < 0.000000003 42
49. Bilateral Superior Frontal Lobule -0.55(1.22) 0.50 (1.76)  p < .000001 .001
65. Bilateral Superior Parietal Lobule -0.49 (1.09) -0.38 (1.25) p < 0.0000009 p <.0006
76. Bilateral Rostral Middle Frontal Gyrus  0.49 (0.96)  0.42 (1.75)  p < 0.00000004 p <.007

The table lists each component. The second two columns list the means and standard deviations of regression coefficients indicating the strength of
association between each component’s ICA time course and Go/No-go task conditions. The last two columns list the significance levels of the one-
sample ¢ tests used to determine whether these loadings are statistically different from zero. Among all 80 ICs, 19 components below that surpassed
rigorous FDR-corrected cut-off p value of .0003 were included in main analyses.

Figure 4, bottom panel). Figure 4 shows the patterns of age x
sex interaction in two components.

Functional Network Connectivity (FNC)

The FNC analysis revealed only an effect of sex but no age
or age by sex interaction effects. We found medium-to-
large sex effects in FNC among several default mode net-
work of regions, including posterior cingulate cortex and
anterior cingulate cortex (ACC) engaged during successful
response inhibition and/or when error responses were
made (Figure 5). Girls showed greater functional connec-
tivity in most pairwise of correlations among components
compared with boys. Correlations between posterior cin-
gulate cortex (IC46, xyz = —12, =78, 30) and superior pa-
rietal lobule (IC65) during CR only and correlations be-
tween superior parietal lobule (IC65) during CR only and
inferior parietal lobule (IC56, xyz = 18, —44, 46) during FA
only revealed strong sex effects with girls showing stron-
ger associations among these time courses than boys (R’ =

@ Springer

0.10, p = 0.0002, d = 0.7; R> = 0.14, p < 0.000007, d =
0.81, respectively). Also, correlations between ACC
(IC73, xyz = 54,18, —4) during both CR and FA and infe-
rior parietal lobule (IC56, xyz =18, —44, 46) during FA
only showed medium effect size of sex differences, with
girls having greater functional connectivity compared with
boys (R =0.08, p = 0.0009, d = 0.6). The opposite pattern
was observed only in the correlation between precentral
gyrus (IC51, xyz =12, =26, 72) during both CR and FA
and inferior parietal lobule (IC56) during FA only, with
boys showing greater association strength among compo-
nent time courses than girls (R2 = 0.10, p < 0.0002, d =
0.70).

Discussion

The goal of this study was to study adolescent sex differences
in task-related functional connectivity for the brain regions
engaged during performance of a typical response inhibition
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Fig. 2 Sex effects in functional connectivity associated with Go/No-Go Task Performance

task. As expected and consistent with previous meta-analytic
studies in adulthood (Criaud & Boulinguez, 2013; Zhang
etal., 2017), we found that task demands to inhibit a prepotent
motor response engaged a large number of cortical and sub-
cortical regions commonly engaged during response inhibi-
tion (Zhang et al., 2017) or error processing (Neta et al.,
2015). As hypothesized, we found that the strength of

functional connectivity among brain regions within this func-
tionally engaged system was greater for girls than boys in
several subcortical and cortical regions. Also as predicted,
adolescent boys and girls exhibited different patterns of age-
related changes in the strength of regional functional connec-
tivity in the right middle frontal gyrus and superior parietal
lobule. More importantly, in support of our primary study
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Fig. 3 Age effects in functional connectivity associated with Go/No-Go Task Performance. CR = Correct Rejects

objective, we found medium-to-large sex effects in different
types of regional functional connectivity relationships that im-
plicated both subcortical regions and cortical brain regions.
There is mounting evidence for sex differences within
resting-state functional connectivity data from adolescence
to early adulthood (Alaerts, Swinnen, & Wenderoth, 2016;
Rubin et al., 2017; Weis, Hodgetts, & Hausmann, 2017) and
some evidence even in old age (Monroe et al., 2017) but no
clear evidence for sex differences between childhood and ad-
olescence (Etchell et al., 2018; Sole-Padulles et al., 2016). To
our knowledge, this is the first study to observe adolescent sex
differences in functionally integrated cortico-subcortical re-
gional functional connectivity evoked during a Go/No-Go
task. Finally, also as predicted and commensurate in size with
the medium effect of sex observed for within-region function-
al connectivity (Cohen’s d: 0.39-0.47), our functional network
of regional functional connectivity analyses revealed large sex
effects (Cohen’s d: 0.66-0.85) among different brain regions
and between DMN and ACC. In general, girls showed greater
cross-network integration during error processing and/or suc-
cessful response inhibition, whereas boys showed greater
functional network connectivity between two specific DMN
regions during the same task conditions.

Although we found the associations among these spe-
cific network connectivity sex differences engaged during
response inhibition and/or error processing, the

@ Springer

experimental design prevents us from more directly deter-
mining their functional significance. The involvement of
ACC suggests that these sex differences have implications
for effective top-down control of the ACC to cortical and
subcortical regions during error commission, possibly in-
volving either awareness of errors and mobilization of
cortically mediated processing resources. This interpreta-
tion reflects an extensive literature that notes the connec-
tivity of ACC puts it a key position for a top-down mod-
ulation of self-regulation (Devinsky, Morrell, & Vogt,
1995), as well as a synthesis of intersecting theoretical
ideas about what local neuronal processing in different
ACC divisions contribute to cognitive control (Bush,
Luu, & Posner, 2000; Etkin, Egner, & Kalisch, 2011;
Mohanty et al., 2007). The most comprehensive theories
of ACC function (Botvinick, 2007; Shackman et al., 2011)
converge on its key role in conflict detection, performance
monitoring, and response-selection (Alexander & Brown,
2010; Botvinick, Braver, Barch, Carter, & Cohen, 2001;
Braem et al., 2017; Carter et al., 1998; Ridderinkhof,
Ullsperger, Crone, & Nieuwenhuis, 2004). In response to
inhibition-related functional network, the ACC is thought
to contribute to not just detecting and monitoring errors but
also evaluating the degree of the error to form an appropri-
ate form of action to be implemented by the motor system
(Weston, 2012).
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Fig. 4 Sex-specific age effect in functional connectivity associated with Go/No-Go task performance. CR = Correct Rejects, FA = False Alarm

However, it should be noted that these sex differences in
brain functional connectivity pattern appeared in the absence
of’behavioral performances between sexes. This is not without
precedent; sex differences in brain activity despite no behav-
ioral differences are observed in several previous fMRI studies
in healthy young adults (Chen et al., 2007; Clements et al.,
2006; Smith et al., 2014) and middle age (Baxter et al., 2003)
across different task domains. Such absence of performance
differences often is attributed to the use of different
neurocognitive strategies between the sexes, e.g., males and
females relying on relatively different types of cognitive pro-
cesses to achieve the same result on a task. This is consistent
with several theories about sex differences in the brain, em-
phasizing compensational mechanisms underlying sex differ-
ences in adults and developing brain and behavior (Cabhill,
2006; De Vries, 2004; de Vries & Sodersten, 2009;
Grabowska, 2017; Gur & Gur, 2017; McCarthy, 2016). In this
framework, one can speculate that girls may have used top-
down control supported by the ACC in cooperation with pa-
rietal lobe regions, whereas boys may have relied relatively
more upon bottom-up attentional processing supported by
several DMN regions including posterior cingulate cortex
and inferior parietal cortex. Alternatively, several studies have

focused on task-positive and default mode anti-correlation
(Bluhm et al., 2011; Fox et al., 2005; Raichle, 2015). As such,
these results could imply that girls had less anticorrelation
between DMN and the ACC compared with boys during error
processing and/or successful response inhibition, possibly in-
dicative of girls’ reallocating attentional resources to more
task-relevant information toward successful response inhibi-
tion, because the DMN is typically associated with inwards
direction of attention, such as engagement in self-referential
thoughts (Andrews-Hanna, Reidler, Huang, & Buckner, 2010;
Greicius, Krasnow, Reiss, & Menon, 2003; Long et al., 2008).
Whereas further experimentation will be needed that manipu-
lates these cognitive processes directly to test these possibili-
ties, the current results lay a foundation of network connectiv-
ity sex differences among ACC and DMN regions during
response inhibition and error processing conditions.

The current findings also shed some light on contentious
theories about the overarching organization and impact of
brain system sex differences, if only in that they fail to support
clearly the two recently popularized theories. Theories have
contrasted a strictly dimorphic view that the human brain
takes one of two forms: a female or male brain versus an
intersex view that human the brain is a mosaic of
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Note. BOTH= both correct rejects and false alarms, IC= Independent Components, IC 46 = Superior
parietal lobule , IC 51= Posterior cingulate cortex, IC 56 = Inferior parietal cortex, IC 65 = Superior
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Fig. 5 Functional network connectivity of sex effect. Colorful lines
represent significance and direction of each pairwise correlation among
five components as displayed by -sign(#)log10(p). Hot color lines
represent greater functional network connectivity for girls than boys
while cool color lines indicate greater functional network connectivity

predominantly sex-specific features (Joel & Fausto-Sterling,
2016; McCarthy, 2016). We found little evidence for whole-
sale differences in different, well-characterized neural systems
between sexes. Moreover, the differences we did observe were
in no way patchwork in nature as would support theories of a
mosaic brain. In contrast, the current study results favor an
alternative viewpoint that is more functional in orientation.
According to the dual function hypothesis (De Vries, 2004;
de Vries & Sodersten, 2009), neurobiological sex differences
might serve as at least two functions. First, they might generate
sex differences in overt function and behavior. Alternatively,
they might reduce potential sex differences to ultimately equal-
ize behavioral sex differences via compensating neural mecha-
nisms. The effect of ongoing maturation might be best concep-
tualized as compensatory in nature. That is, any biologically
programmed sex differences at the molecular and cellular level
caused by factors, such as sex chromosomal expression or go-
nadal hormone levels and a wide range of experiential influ-
ences that shape brain structure and function that converge to
lessen overt behavioral sex differences in response to increasing
developmental demands for mature behavioral control (De
Vries, 2004; de Vries & Sodersten, 2009). In this study, signif-
icant sex differences in the cortical-subcortical regional func-
tional networks engaged during response inhibition task be-
tween adolescence and early adulthood are consistent with
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for boys than girls. BOTH = both correct rejects and false alarms, IC =
Independent Components, IC 46 = Superior parietal lobule , IC 51 =
Posterior cingulate cortex, IC 56 = Inferior parietal cortex, IC 65 =
Superior parietal lobule, IC 73 = Anterior Cingulate Cortex

theories that have proposed compensatory sex-dependent pro-
cesses that act to reduce rather than create differences between
females and males in adulthood.

Another interesting finding to emerge from this study in-
volved sex-specific changes in regional functional connectivity
across adolescence and early adulthood. As expected, patterns
of age-related brain maturation differed in boys and girls in
cortico-subcortical regional functional connectivity, with girls
having weaker regional functional connectivity with increasing
age. That is, adolescent boys and girls showed different devel-
opmental trajectories of cortico-subcortical functional connec-
tivity associated with response inhibition and/or error process-
ing. Although this study cannot directly speak to the exact
neural changes that underlie such sex-specific developmental
trajectories, we can speculate about potential mechanisms that
might influence them using ideas from prevailing theories of
adolescent brain development. One potential mechanism might
be the reorganization of cortico-subcortical networks over the
course of adolescent brain maturation through synaptic pruning
and increasing myelination, allowing for more efficient distal
neural communication in ways believed to enhance cognitive
control (Luna, Marek, Larsen, Tervo-Clemmens, & Chahal,
2015; Luna, Padmanabhan, & O'Hearn, 2010; Luna &
Sweeney, 2004). Specifically, according to an integrative model
of cognitive control development (Luna et al., 2015), successful
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development of cognitive control is supported by effective
large-scale integration of segregated component processes. By
the onset of adolescence, the organization, number, and con-
nectivity of the hub architecture of neural connections among
regions that support cognitive control are generally adult-like
(Hwang, Hallquist, & Luna, 2013). But a process of increased
integration, arguably a key factor leading to efficient cognitive
control, such as inhibitory control, may be reflected in increases
in the strength of connectivity between prefrontal hub and non-
hub regions from childhood to adolescence (Hwang et al.,
2013). Such increased integration also may be reflected in a
shift in the predominance of local to distributed but stronger
strengths of circuit engagement from children to young adults
with adolescents having intermediate changes (Cao et al., 2014;
Fair et al., 2009; Fair et al., 2007; Supekar, Musen, & Menon,
2009). In line with these arguments, it is possible to speculate
that decreased regional functional connectivity with age in gitls
may reflect reduced local processing demands that could lower
the BOLD responses due to greater synchronization of other
brain systems supporting response inhibition over age in early
adulthood (Ghuman, Bar, Dobbins, & Schnyer, 2008). This
speculation awaits further testing in future studies.

One thing to consider in a future study is the inclusion of
pubertal status information for boys and girls. Puberty is a
central event in the reorganization of the cortex, especially
the prefrontal cortex based on both animal and human studies
(see Juraska & Willing (2017) for recent review). Many sex
differences require hormonal activation during adolescence to
manifest (Schulz, Molenda-Figueira, & Sisk, 2009; Schulz &
Sisk, 2016). More directly, sex steroid hormone surges (i.c.,
estradiol for girls and testosterone for boys) that occur with the
onset of puberty modulate cortico-subcortical functional con-
nectivity (Peper, van den Heuvel, Mandl, Hulshoff Pol, & van
Honk, 2011). There also is empirical evidence that more ad-
vanced puberty stage is associated with enhanced functional
connectivity of the dorsolateral prefrontal cortex and anterior
temporal cortex independent of age in adolescent girls
(Klapwijk, 2013). It will be important to learn whether the
task-elicited sex differences and changing developmental tra-
jectories by sex described here are causally linked to pubertal
onset and hormone-based surges. As such, it is possible that
sex differences in brain function are specific to certain puber-
tal stages that are not necessarily revealed by group average
across broad age ranges.

Furthermore, age effects were found only in two compo-
nents in superior parietal lobule and rostral middle frontal
gyrus but no age effect in functional network analysis in cur-
rent study. This might mean that network-to-network connec-
tivity differences in response inhibition/error-processing con-
text do not mature throughout adolescence. Alternatively, be-
cause we only examined participants up to age 25 years, age-
related functional network changes might be detectable if we
had studied a broader range of ages and/or later developmental

stages of young- or middle-adulthood. We cannot rule out this
possibility as prior studies using comparable methodology
(Allen et al., 2011) found age-related reductions functional
network connectivity when studying participants in a broad
range of adulthood (N = 603, mean age: 23.4 £ 9.2). However,
because that study was of “resting state,” definitive conclu-
sions about response inhibition-related network connectivity
could not be assumed. In contrast to the dozens of studies of
resting state functional connectivity, far fewer studies have
examined adolescent age differences in functional connectiv-
ity during response inhibition, error processing, or other rele-
vant types of cognitive control tasks (Stevens, 2016).
Although the majority of previous studies about response in-
hibition typically found linear age-related developments from
childhood/adolescence to adulthood (Paulsen, Hallquist,
Geier, & Luna, 2015; Rubia, Smith, Taylor, & Brammer,
2007), it also is possible that a linear model of age effects in
current study may not have detected potential age effects in
further other components. A longitudinal study design would
be ideal to delineate sex-specific developmental trajectories of
functional connectivity as a function of pubertal status. Also,
to confirm that differences in functional network connectivity
are not due to differences in intrinsic network architecture, it is
necessary to direct compare resting-state functional connec-
tivity with task-related functional network connectivity using
several executive tasks in future study. Finally, this initial re-
port of adolescent sex differences in cortico-subcortical func-
tional connectivity engaged during response inhibition task
needs to be replicated in future studies with different cognitive
task paradigms to determine if they are context specific or are
conserved across different types of cognitively demanding
tasks. It is necessary to confirm further whether sex differ-
ences exist at a network level when a large-scale of cortico-
subcortical network of brain regions is called upon during
different cognitive task demands.

Conclusions

The current moderate-sample study of healthy adolescents and
young adults revealed strong effects of sex differences in
cortico-subcortical functional network connectivity associated
with error processing and successful response inhibition. Such
findings add to arguments for why we should care about sex
differences in adolescent brain. Despite evidence for large sex
differences in behavioral dysregulation—arguably due to an
inefficient or failure of inhibitory control such as impulsive-
ness (Cross, Copping, & Campbell, 2011)—the majority of
neuroimaging studies have averaged behavioral and/or neural
responses in females and males and boys and girls, with the
rationale that sex difference outside of reproductive physiolo-
gy is small (see Stevens (2016) for recent adolescent function-
al connectivity review). We argue that both two sexes need to

@ Springer



14

Cogn Affect Behav Neurosci (2020) 20:1-18

be compared directly rather than including either one sex or
averaging two sexes’ responses. Theories about sex differ-
ences in the brain have been of great interest in the past two
decades, not simply to characterize neurocognitive differences
between sexes, but because those differences could provide a
crucial clues that help us understand the sex-linked mecha-
nisms that underlie psychopathology (Rutter, Caspi, &
Moffitt, 2003). In particular, investigations of sex differences
in developmental context is required to understand sex-biased
several risk factors emerging in adolescence (e.g., sex differ-
ences in alcohol use and associated problems) (Schulte,
Ramo, & Brown, 2009).
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