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Abstract

The prefrontal cortex and the frontoparietal network are associated with a variety of regulatory behaviors. Functional con-
nections between these brain regions and the amygdala are implicated in risk for anxiety disorders. The prefrontal cortex
and frontoparietal network are also linked to executive functioning, or behaviors that help orient action towards higher order
goals. Where much research has been focused on deleterious effects of under-controlled behavior, a body of work suggests
that over-controlled behavior may also pose a risk for internalizing problems. Indeed, while work suggests that high levels
of attention shifting may still be protective against internalizing problems, there is evidence that high levels of inhibitory
control may be a risk factor for socioemotional difficulties. In the ABCD sample, which offers large sample sizes as well
as sociodemographic diversity, we test the interaction between frontoparietal network-amygdala resting state functional
connectivity and executive functioning behaviors on longitudinal changes in internalizing symptoms from approximately
10 to 12 years of age. We found that higher proficiency in attention shifting indeed predicts fewer internalizing behaviors
over time. In addition, higher proficiency in inhibitory control predicts fewer internalizing symptoms over time, but only for
children showing resting state connectivity moderately above the sample average between the frontoparietal network and
amygdala. This finding supports the idea that top-down control may not be adaptive for all children, and relations between
executive functioning and anxiety risk may vary as a function of trait-level regulation.

Keywords Executive functioning - Anxiety risk - Internalizing symptoms - Frontoparietal network - Frontoamygdala
connectivity

The prefrontal cortex (PFC) is a region within the frontal
lobe broadly associated with executive functioning and
cognitive control (Diamond, 2006; Miller & Cohen, 2001).
Functional connections between the PFC and amygdala
also implicate the PFC in processes such as emotion regula-
tion (Gaffrey et al., 2021). Transdiagnostic approaches to
understanding risk for psychopathology, such as the National
Institute of Mental Health’s Research Domain Criteria
(RDoC; Cuthbert & Insel, 2013), suggest that these forms
of regulatory control mediated by the PFC may be espe-
cially relevant when considering risk and protective factors
for maladaptive behaviors, such as the attentional biases and
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rumination often associated with anxiety (Cisler & Koster,
2009; McLaughlin & Nolen-Hoeksema, 2011; McTeague
et al., 2016).

Network approaches to understanding human cognition
emphasize investigating functional networks within the brain,
which are ensembles of brain regions whose activity is highly
correlated as measured by imaging methods such as func-
tional magnetic resonance imaging (fMRI). These patterns of
activity are apparent both during rest (i.e., during resting state
MRI; rsMRI) or during more active tasks (Sylvester et al.,
2012). The frontoparietal network has notable spatial as well
as conceptual overlap with the PFC, and is associated with
flexible control of other brain areas to help orient behaviors
towards higher-order goals (Zanto & Gazzaley, 2013). The
frontoparietal network includes regions of the brain such as
the dorsolateral PFC, the inferior parietal lobe, subregions of
the middle cingulate gyrus, and subregions of the precuneus,
non-exhaustively (Sylvester et al., 2012).
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Conventionally, top-down regulation is viewed as a mecha-
nism for adaptive development, understood as a linear positive
relation between levels of regulation and positive outcomes
where “more is better”. However, emerging work suggests
that it may be possible to have too much of a good thing, and
increased levels of inhibitory control, a sub-domain of execu-
tive functioning, may exacerbate risk for anxiety disorders
(Henderson & Wilson, 2017; Henderson et al., 2015; Thorell
et al., 2004; White et al., 2011). In this paper, we examine
interactions between two different markers of regulation, rest-
ing state functional connectivity between the frontoparietal
network and amygdala and behavioral facets of executive
functioning, and their relation to reported internalizing symp-
toms, both concurrently and longitudinally. We conduct this
analysis within the Adolescent Brain and Cognitive Develop-
ment (ABCD) data set (Casey et al., 2018), a large and diverse
multi-site longitudinal cohort study. Use of ABCD provides
the needed statistical power while also improving the gen-
eralizability of any findings to the general population. Fur-
thermore, examining these interrelations in middle childhood
rather than adulthood allows for the examination of risk factors
for anxiety, prior to the average age of clinical onset and the
acute presence of symptoms (Beesdo et al., 2009). Addition-
ally, examining both functional connections and behavioral
correlates of the frontoparietal network during a time of rapid
and critical development may help to better understand how
interactions between patterns of resting state connectivity and
inhibitory control with anxiety may relate to this period of
heightened plasticity (Casey et al., 2005; Gee et al., 2013;
Tottenham & Gabard-Durnam, 2017; Welsh et al., 1991).

The Frontoparietal Network and Emotion
Regulation

Neural circuitry between the frontoparietal network and the
amygdala is a key functional connection in adaptive soci-
oemotional processes (Etkin et al., 2009; He et al., 2016;
Li et al., 2021; Qin et al., 2014; Rodman et al., 2019).
The amygdala is often considered a “salience detector,”
responding to stimuli that are important for adaptive engage-
ment with one’s environment, including affective stimuli
(Adolphs, 2008).

Functional connections between the PFC, broadly con-
strued, and the amygdala evolve over the course of develop-
ment up to and through young adulthood (Taber-Thomas &
Pérez-Edgar, 2015). The amygdala reaches maturity well
before the PFC, and during development exerts signifi-
cant influence over the nature of functional connections
between the PFC and amygdala (Tottenham & Gabard-
Durnam, 2017; Ulfig et al., 2003). Gee et al. (2013) found
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that functional connectivity between the PFC and the
amygdala in response to fearful faces flips from positive to
negative around 10 years of age in a healthy cross-sectional
sample. Corresponding with this developmental change is a
decrease in amygdala activity in response to fearful faces.
These findings suggest that this developmental change in
frontoamygdala connectivity may reflect the downregu-
lation of the amygdala in response to fearful stimuli by
dampening amygdala reactivity (Gee et al., 2013).

Looking to the frontoparietal network more specifically,
the network is often characterized as a flexible system pro-
jecting to other brain areas as a mechanism of top down con-
trol, including to the amygdala (Cole et al., 2014; Zanto &
Gazzaley, 2013). Prior work in adults has found average neg-
ative resting state functional connectivity between the fron-
toparietal network and the PFC reflecting this downregula-
tory relation, although no work to date has directly examined
age-related changes in frontoparietal-amygdala connectivity
through childhood and adolescence (Xiao et al., 2018).

Activation within the frontoparietal network has also been
associated with emotion regulation. Li et al. (2021) found
in a sample of adults that when participants were prompted
to implement various emotion regulation strategies, they
showed greater activation in the frontoparietal network.
Similarly, Rodman et al. (2019) found in children ages 8—17
that emotion regulation, specifically implementing cogni-
tive reappraisal, was associated with increased activation
within the frontoparietal network and decreased activation
in the amygdala.

Despite these replicated findings linking the frontopari-
etal network and emotion regulation, associations between
the frontoparietal network and anxiety remain less consist-
ent. Amongst adults, work has found negative associations
between trait anxiety and resting state functional connec-
tivity between the frontoparietal network and the right
amygdala (He et al., 2016). However, other work found that
individuals with generalized anxiety disorder had increased
connectivity between the frontoparietal network and the
amygdala at rest (Etkin et al., 2009). Similarly, in children
ranging from 7-9 years, researchers have reported that anxi-
ety symptoms were associated with stronger/more positive
connectivity between brain regions included in the fron-
toparietal network and the left basolateral amygdala, also at
rest (Qin et al., 2014). Thus, research is mixed on whether
hypo- or hyper-connectivity between the frontoparietal net-
work and the amygdala is implicated in anxiety risk (Etkin
et al., 2009; He et al., 2016; Qin et al., 2014). However, these
findings suggest that the left amygdala may be more relevant
in considering patterns of connectivity that confer risk for
anxiety (He et al., 2016; Qin et al., 2014).
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Executive Functioning

Both the PFC and the frontoparietal network offer a mech-
anism of regulation for brain structures, such as the amyg-
dala, and associated behaviors, such as emotion regulation.
The processes and behaviors associated with executive
functioning are another marker of regulation that allow
an individual to flexibly respond to stimuli in the face
of competing prepotent responses (Diamond, 2006). Such
regulation supports goal attainment, thus proficiency in
executive functioning is associated with a host of adap-
tive behaviors in childhood, including increased school
readiness (Fitzpatrick et al., 2014) and more sophisticated
theory of mind (Carlson & Moses, 2001). Similar to devel-
opmental trajectories of connectivity between regions of
the cortex and the amygdala, adult-like proficiency in
executive functioning also comes online later in develop-
ment (Welsh et al., 1991). For the purposes of this paper,
we consider executive functioning through the lens of
a three-factor model, dividing the broad umbrella term
into the dissociable components of set shifting, working
memory/updating, and inhibitory control (Miyake et al.,
2000). We also note that these subdomains of EF are not
necessarily a unitary construct that work in tandem. For
example, high levels of proficiency in one domain (i.e., set
shifting) may not correlate with high levels of proficiency
in another (i.e., inhibitory control; Blackwell et al., 2014).

Prior work has found that increased proficiency in
attention shifting operates as a protective mechanism
against internalizing problems (Henderson & Wilson,
2017; Henderson et al., 2015; White et al., 2011). A pro-
posed mechanism by which attention shifting may relate
to fewer symptoms is that general proficiency may help an
individual return to a baseline attentional state after the
capture of their attention by a stimulus or event they may
deem threatening. The ability to rapidly return to this base-
line attentional state may minimize periods of negative
affect elicited by the initial threatening stimulus and with
repetition, as an individual is able to efficiently navigate
between different attentional states, mitigate anxiety risk
(Henderson & Wilson, 2017).

However, research is mixed on whether inhibitory control,
although also a domain of executive functioning, specifically
acts in the same protective fashion. A body of work has
found that levels of inhibitory control are inversely related
with internalizing symptomatology (Ansari & Derakshan
et al., 2011; Basten et al., 2011; Kooijmans et al., 2000;
Lengua, 2003; Wolfe & Bell, 2014), consistent with find-
ings for both set shifting and working memory (Basten et al.,
2012; Henderson & Wilson, 2017; Henderson et al., 2015;
Moran, 2016; White et al., 2011). However, other research
has documented that increased inhibitory control may

actually act as a risk factor for higher levels of internalizing
behaviors (Henderson & Wilson, 2017; Henderson et al.,
2015; Thorell et al., 2004; White et al., 2011). This work
suggests that high levels of inhibitory control contribute to
behavioral rigidity, which acts as the mechanism for these
observed relations. Overcontrolled behavior may potentiate
any existent maladaptive social behaviors, which may in turn
promote negative affect and increase risk for psychopathol-
ogy (Gunther & Pérez-Edgar, 2021; Henderson & Wilson,
2017; Henderson et al., 2015). Thus, examining interactions
between these different markers of behavioral and cognitive
control may shed light on the mechanisms by which risk
factors for anxiety operate.

Current Study

In the present study we examine resting state connectiv-
ity between the frontoparietal network and the amygdala,
executive functions (i.e., attention shifting and inhibitory
control), and their interaction on longitudinal changes in
internalizing symptoms in a multi-site sample of typically-
developing children, starting at approximately 10 years of
age. Prior work suggests that this may be approximately the
age range of a developmental shift from positive to negative
connectivity between the PFC and the amygdala (Gee et al.,
2013). Although there is currently a paucity of work examin-
ing developmental trajectories of connectivity between the
frontoparietal network and the amygdala, the available data
suggest that this age is a critical time point in which to exam-
ine individual differences in connectivity relative to internal-
izing symptoms due to heightened individual variation in the
rate and direction of change (Pérez-Edgar et al., 2020). Thus,
this 10-year time point provides the needed variability for
the model, setting the foundation for more complex analyses
examining potential change over time. We then predict inter-
nalizing symptomology through adolescence, when more
children may reach symptoms approaching or exceeding
clinical threshold (Beesdo et al., 2009).

For these analyses we chose to focus on only attention
shifting and inhibitory control. While working memory is
also a behavior encompassed by the broader category of
executive functions, prior literature does not implicate work-
ing memory proficiency in the rigidity or flexibility of affec-
tive states as it does attention shifting and inhibitory control
(Henderson & Wilson, 2017; Henderson et al., 2015).

There are inconsistent findings regarding resting state
connectivity between the frontoparietal network and amyg-
dala within the scope of internalizing symptoms, as well as
the associations between executive functions and internal-
izing symptoms, which may be due to differences in sample
age, methodology, or sample sizes, among other possible
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sources of variability. However, we predict that children
showing above average correlations between the frontopa-
rietal network and the amygdala at baseline (roughly age
10), suggesting a lack of downregulation of the amygdala
by cortical structures, will show increases in internalizing
symptoms longitudinally (from ages 10 through 12) when
they also show high inhibitory control, as measured by the
Flanker task. Conversely, we hypothesize that high attention
shifting, measured in a Dimensional Change Card Sort task,
will predict decreases in internalizing symptoms over time,
regardless of connectivity, as attention shifting promotes
flexibility that may assist an individual in toggling between
affective states and thus mitigate risk (Henderson & Wilson,
2017). Finally, we hypothesize that any significant effects
of connectivity will be specific to the left amygdala. Prior
work suggests that connectivity between the left amygdala
and frontoparietal network may be more implicated in anxi-
ety risk as compared to the right amygdala (He et al., 2016;
Qin et al., 2014).

Methods
Participants

Participants were drawn from the ABCD study, selecting
children with usable resting state fMRI data, Flanker data,
and Dimensional Change Card Sort data from the NIH tool-
box during baseline data collection, in addition to at least
one timepoint of usable Child Behavioral Checklist (CBCL,;
Achenbach & Edelbrock, 1983) responses from either the
baseline data point, wave 1, or wave 2. A breakdown of the
sample’s demographics can be seen in Table 1.

Baseline data collection occurred when participants were
an average of 119.52 months old (SD =7.49, approximately
9.96 years), data collection for wave 1 occurred approxi-
mately 1 year later (Mage= 131.68 months, SD=7.71,
approximately 10.97 years) and data collection for wave
2 occurred approximately 1 year after wave 1 data col-
lection (M, =143.95 months, SD=7.71, approximately
12.00 years).

Resting State Connectivity

Data in this study were collected across 21 sites with 29 3 T
scanners, including Siemens Prisma, General Electric 750,
and Phillips (Casey et al., 2018). Participants completed 3—4
resting state scans at 5 min each to maximize data qual-
ity and minimize loss due to motion artifacts (Casey et al.,
2018). Full details for scanning protocols and parameters can
be found in Casey et al. (2018). The average motion during
the resting state scans for the study sample was 0.22 mm
(SD=0.20 mm; Casey et al., 2018).
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Table 1 Demographic breakdown of final sample

n %
Sex at birth
Male 5034 57.2%
Female 3765 42.8%
Race/Ethnicity
Asian 179 2.0%
Hispanic 1726 19.6%
White 4735 53.8%
Black 1262 14.3%
Other 896 10.2%
Household income
<50K 2266 25.7%
>=50Kand< =100 K 2295 26.1%
>100 K 3509 39.9%
Household Highest Education
<High School 393 4.5%
High School Diploma/GED 774 8.8%
Some College 2271 25.8%
Bachelor’s Degree 2254 25.6%
Post-graduate Degree 3096 35.2%

Our variables of interest were the resting state correlation
between the frontoparietal network and the left amygdala,
and the resting state correlation between the frontoparietal
network and the right amygdala, both at baseline. Functional
networks and subcortical structures were both defined by the
Gordon atlas (Gordon et al., 2016). ABCD provides correla-
tions as z-scores for analysis (Hagler et al., 2019).

Inhibitory Control

Our metric of inhibitory control was the Flanker task from
the NIH toolbox, administered at baseline data collection
(Zelazo et al., 2013). In the Flanker task, participants are
asked to indicate the directionality (left/right) of a centrally
presented stimulus, in the presence of surrounding “flanker”
stimuli that are pointing in either the same or opposite
direction. In this task, the child must inhibit the prepotent
response to respond with the directionality of the major-
ity of the stimuli, instead focusing on the center stimulus
which may be in a conflicting direction (Luciana et al., 2018;
Weintraub et al., 2013; Zelazo et al., 2013).

The score derived by NIH toolbox incorporates both reac-
tion time and accuracy, each on a scale of 0-5, for a total
maximum score of 10, when the participant was at least 80%
accurate in their responses. For those below this threshold,
only accuracy was used in the score (Weintraub et al., 2013;
Zelazo et al., 2013). Further details on this scoring calcula-
tion can be found in Zelazo et al. (2013). The age corrected
score as computed by NIH toolbox was used in analyses,
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meaning that the score generated is based on a comparison
to the scores of other children of the same age. For example,
an age-corrected score of 100 indexes that a child performed
at the mean level for their age. An age-corrected score of 115
indexes that a child preformed 1SD above the mean level
for their age, and an age-corrected score of 85 indexes that
a child performed 1SD below the mean level for their age
(NIH Toolbox, n.d.).

Attention Shifting

Our metric of attention shifting was the Dimensional Change
Card Sort (DCCS) task from the NIH toolbox, also adminis-
tered at baseline data collection (Zelazo et al., 2013). In this
task, participants are given two target cards, for example a
blue rabbit and a red boat. They are then given additional
cards, for example cards with red rabbits and blue boats.
They are first asked to sort these cards by one dimension, for
example by color. They then switch and are asked to sort by
the other dimension, for example by shape. The iteration of
this task used in the NIH toolbox includes a practice block, a
pre-switch block (one rule set), a post-switch box (switching
to the second rule set) and finally a mixed block. Only indi-
viduals who got at least 4 correct trials on the post-switch
block moved onto the mixed block (Dick et al., 2019). In the
mixed block, the dimension on which the individual is asked
to sort (shape or color) changes on a pseudorandom basis
(Luciana et al., 2018).

The scoring incorporates both reaction time and accuracy,
each on a scale of 0-5, for a total maximum score of 10, when
the participant was at least 80% accurate in their responses.
For those below this threshold, only accuracy was used in
the score (Dick et al., 2019). As above, further details on this
scoring calculation can be found in Zelazo et al. (2013). Like
the Flanker task, the age-corrected score was used, where
the individual’s score was standarized (M =100, SD=15) to
performance among individuals their own age.

Internalizing Symptoms

Our analysis focused upon internalizing symptoms as
reported by the child’s parent on the CBCL (Achenbach &
Edelbrock, 1983) at baseline, wave 1, and wave 2. While
prior research has focused heavily on symptoms of anxiety,
and anxiety disorders are indeed seen in children as young
as preschool-age (Franz et al., 2013), onset can also be as
late as adolescence or adulthood depending on the type of
anxiety disorder (Beesdo et al., 2009). The community sam-
pling of the ABCD study provides a cohort that is gener-
ally healthy. In addition, these data were collected when the
children were fairly young. Thus, there was little likelihood
that many children in this sample, albeit at some level of risk
for anxiety, would display symptoms at or near a clinical

threshold. Measuring internalizing behaviors, a broader clas-
sification that includes symptoms of anxiety, offers greater
analytic variability and a better developmental match with
the sample (Beesdo et al., 2009). While internalizing symp-
toms also encompass behaviors associated with depression,
and there are high degrees of comorbidity, anxiety emerges
earlier in development than depression. It is more likely that
the behaviors captured in this sample by the internalizing
subscale are more likely to reflect emerging anxiety-linked
processes (Beesdo et al., 2007).

Furthermore, in these analyses we use count of reported
behaviors rather than T scores to reflect the subclinical
nature of the sample, maximize analytic variability, and
mitigate skew. Within our sample, the distribution of inter-
nalizing behaviors was characteristic of a non-clinical, com-
munity sample (Fig. 1).

Puberty

There are documented relations between pubertal status
and both structural and functional brain development (Dai
& Scherf, 2019). Because our sample was at an age where
puberty is a relevant consideration, yet not central to our
research question, both assigned sex and puberty were
entered into all models as covariates.

Pubertal status was measured via using child report on the
Pubertal Development Scale (Petersen et al., 1988). From
these responses, a category score was derived (Cheng et al.,
2021). This metric produced a category for male-assigned
and female-assigned participants, separately. To consider
these metrics as a single variable, categories were Z-scored
within male and female participants and collapsed. A histo-
gram of Z-scored puberty can be seen in Fig. 2.

Data Analysis

All statistical analyses were conducted in R version 3.6.2.
First, we examined correlations between our variables of
interest to characterize their interrelations.

Multilevel modeling (Snijders & Bosker, 2011) was used
to assess trajectories of internalizing symptoms across ages
10, 11, and 12 years as a function of frontoparietal network-
amygdala connectivity, executive functioning, and their
interaction at age 10 years. All multilevel models were fit
using the nlme package in R (Pinheiro et al., 2022). We ran
two separate multilevel models, one using the Flanker score
as our metric of inhibitory control and the other using DCCS
score as our metric of attention shifting. In the model for
inhibitory control, attention shifting was entered as a covari-
ate, and vice versa. For all models, internalizing symptoms,
Flanker/DCCS score, and network to ROI correlations were
Z-scored. Additionally, puberty and sex assigned at birth
were entered as covariates in all models. To account for the
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Fig. 1 Histograms showing the
distribution of internalizing
symptoms at each time point
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sampling and testing scheme of the ABCD study, data were
nested by scanner ID, family, and participant as nested ran-
dom intercepts. Age was entered as a random slope. Par-
ticipants included in the model all had complete executive
functioning, resting state, puberty, and assigned sex data.
Any missing repeated measures in internalizing behaviors
were accounted for via Restricted Maximum Likelihood
(REML; Pinheiro et al., 2022).

Results

Pearson correlations revealed significant associations
between many variables of interest. Of note, resting state
connectivity between the frontoparietal network and the left
or right amygdala was not significantly associated with our
core measures of internalizing symptoms, attention shifting,
and inhibitory control (Table 2).

Table 2 Correlations between study variables

Z-scored puberty

The multilevel model examining the interaction of resting
state frontoparietal-amygdala, inhibitory control, and age on
repeated measures of internalizing symptoms found a sig-
nificant two-way interaction between inhibitory control and
resting state connectivity between the frontoparietal network
and the left amygdala, b=-0.74, p= 0.049 (Table 3). The
Johnson-Neyman technique was used to probe the interac-
tion and identify the range of values of frontoparetal and
amygdala connectivity at which the association between
inhibitory control and internalizing symptoms was signifi-
cant. This analysis found that when the z-scored correlation
between the frontoparietal network and left amygdala was
inside the interval [0.07, 0.44] for the observed data, the
slope between inhibitory control and internalizing symptoms
was significant and negative (Fig. 3). To characterize this
region of significance, 4077 individuals or approximately
46% of the sample fell within this range.

2. 3. 4. 5. 6. 7. 8. 9.
1. Assigned sex 0.00  0.01 -0.01 -0.06%** -0.05%** 0.03* 0.00 -0.01
2. Puberty 0.04%** 0.03%* 0.04%* -0.06%** -0.02 -0.01 -0.01
3. Internalizing symptoms — baseline 0.69%** 0.64 %% -0.04%%* -0.03%%* 0.00 0.01
4. Internalizing symptoms — 0.70%** -0.02 -0.03%* 0.01 0.00
wave |
5. Internalizing symptoms — -0.01 -0.03* 0.00 0.02
wave 2
6. DCCS 0.43%%% 0.01 -0.01
7. Flanker -0.01 -0.02
8. Frontoparietal-L amygdala RS correlation 0.02
9. Frontoparietal-R amygdala RS correlation

Sex: Female=1, Male=2
“p < 0.05; *%p < 0.01; *¥p < 0.001
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Table 3 Results from multilevel models testing the interaction between
Flanker performance, frontoparietal-amygdala resting state connectiv-
ity, and age on repeated measures of internalizing symptoms. Sex at

birth, puberty, and DCCS performance were entered as covariates. Data
were nested by scanner, family, and ID, and age was entered as a ran-
dom effect

Fixed Effects Est. SE t
Intercept -0.08 0.10 -0.83
Sex at birth -0.03 0.02 -1.42
Puberty 0.03%** 0.01 3.68
Card sort -0.01 0.01 -1.08
Frontoparietal network — right amygdala correlation 0.01 0.26 0.03
Frontoparietal network — left amygdala correlation -0.33 0.39 -0.86
Flanker -0.02 0.06 -0.32
Age <0.001 <0.001 0.93
Flanker x Frontoparietal network-right amygdala correlation 0.14 0.26 0.56
Flanker x Frontoparietal network-left amygdala correlation -0.74* 0.37 -1.97
Age x Frontoparietal network-right amygdala correlation <0.001 <0.01 0.07
Age x Frontoparietal network-left amygdala correlation <0.01 <0.01 0.87
Flanker x Age <0.001 <0.001 0.13
Age x Flanker x Frontoparietal network-right amygdala correlation <-0.01 <0.01 -0.64
Age x Flanker x Frontoparietal network-left amygdala correlation 0.01* <0.01 1.74

Random Effects Est.

Intercept (AgelDevice) 0.35
Intercept (AgelDevice:Family) 1.85
Intercept (AgelDevice:Family:Subject) 0.46
AgelDevice <0.01
AgelDevice:Family 0.01
AgelDevice:Family:Subject <0.001
Correlation, intercept (AgelDevice) and Age slope -0.95
Correlation, intercept (AgelDevice:Family) and Age slope -0.93
Correlation, intercept (AgelDevice:Family:Subject) and Age slope <-0.01
Residual 0.53

Model based on 22,362 repeated measures of self-reported internalizing symptoms, nested within 8799 persons, 7692 families, and 29 MRI

devices as nested random intercepts. Age was entered as a random slope

Flanker score and card sort score age-corrected by NIH Toolbox and mean-centered

Puberty, Flanker, network to ROI correlations, and count of internalizing symptoms were all Z-scored

%p < 0.05; ¥*p < 0.01; **%p < 0.001
ip<.10

The multilevel model examining the interaction of resting
state frontoparietal-amygdala, attention shifting, and age on
repeated measures of internalizing symptoms found a sig-
nificant negative main effect of attention shifting on number
of internalizing symptoms, b=-0.13, p= 0.04 (Table 4).

Discussion

In this study, we examined the interaction of resting state
frontoparietal-amygdala connectivity, executive function-
ing performance (inhibitory control and attention shifting),
and age on repeated measures of internalizing symptoms.
We were motivated by work suggesting that high levels of
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attention shifting may be protective against the develop-
ment of anxiety disorders, but inhibitory control may be a
risk factor for anxiety disorders, particularly for children at
temperamental or familial risk (Henderson & Wilson, 2017;
Henderson et al., 2015; White et al., 2011). We hypothesized
that high inhibitory control, along with above average fron-
toparietal-amygdala resting state connectivity, would relate
to increases in internalizing behaviors over time, reflecting
overcontrol as a mechanism for exacerbated symptoms. We
also hypothesized that high attention shifting would relate
to decreases in internalizing behaviors over time, regardless
of frontoparietal-amygdala connectivity. Finally, we hypoth-
esized that any significant effects of connectivity would be
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Fig. 3 Johnson-Neyman plot probing the significant interaction between frontoparietal-left amygdala connectivity and Flanker score on internal-

izing symptoms

specific to connectivity with the left amygdala, given prior
data on anxiety risk (He et al., 2016; Qin et al., 2014).

Our findings did not fully align with our hypotheses. For
our model with inhibitory control, we found that children
with correlations between the frontoparietal network and left
amygdala that were between 0.07 standard deviations above
the mean and 0.44 standard deviations above the mean had a
significant negative relation between inhibitory control and
internalizing symptoms. That is, children with connectiv-
ity between these brain areas that were moderately above
the average had lower internalizing symptoms if they had
higher inhibitory control, but this relation did not vary as
a function of child age. Children with either connectivity
over 0.44 standard deviations above the mean or below aver-
age connectivity between the frontoparietal network and the
left amygdala showed no significant associations between
inhibitory control and internalizing symptoms. While these
findings do not support our hypothesis of high levels of
inhibitory control as a potential risk factor for psychopa-
thology, it does support the idea that high inhibitory control
may only be protective for some children. These data sug-
gest that children who display trait-level regulation that is
slightly above average, but are not overregulated, can ben-
efit from a buffering effect. Once the level of regulation

becomes extreme, inhibitory control is no longer a potent
buffer against internalizing symptoms. Our hypothesis per-
taining to attention shifting was mostly supported, in that we
found that greater levels of attention shifting was associated
with fewer internalizing symptoms, regardless of connectiv-
ity. However, there were no significant effects of age.
These findings also in part mirror the literature looking
at the broader attentional mechanisms of proactive and reac-
tive control. Proactive control, also referred to as planful
control, refers to goal-driven behaviors that maintain action
towards a higher-order outcome and encompasses behaviors
such as attention shifting (Fox et al., 2020). Reactive control,
on the other hand, refers to “just in time” cognitive control
strategies (Filippi et al., 2021) and encompasses behaviors
such as inhibitory control during a Go/No-go task or flanker
task (Fox et al., 2020; Xie et al., 2017). Mirroring research
on associations from inhibitory control and set shifting to
internalizing behaviors and/or anxiety symptoms, work with
proactive and reactive control similarly finds that high levels
of reactive control may relate to greater anxiety risk/more
anxiety symptoms, while high levels of proactive control
may relate to fewer anxiety symptoms and thus confer some
protection against anxiety disorders (i.e. Filippi et al., 2021;
Fox et al., 2020; Schmid et al., 2015; Valadez et al., 2022).
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Table 4 Results from multilevel models testing the interaction between
DCCS performance, frontoparietal-amygdala resting state connectivity,
and age on repeated measures of internalizing symptoms. Sex at birth,

puberty, and Flanker performance were entered as covariates. Data
were nested by scanner, family, and ID, and age was entered as a ran-
dom effect

Fixed Effects Est SE t
Intercept -0.07 0.09 -0.74
Sex at birth -0.03 0.02 -1.44
Puberty 0.03*#* 0.01 3.66
Flanker -0.02¢ 0.01 -1.90
Frontoparietal network-right amygdala correlation <0.01 0.26 -0.01
Frontoparietal network-left amygdala correlation -0.35 0.39 -0.89
Card sort -0.13% 0.06 -2.02
Age <0.001 <0.001 0.83
Card sort x Frontoparietal network-right amygdala correlation -0.20 0.26 -0.75
Card sort x Frontoparietal network-left amygdala correlation -0.47 0.39 -1.20
Age x Frontoparietal network-right amygdala correlation <0.001 <0.01 0.10
Age x Frontoparietal network-left amygdala correlation <0.01 <0.01 0.91
Card sort x Age <0.001? <0.001 1.94
Age x Card sort x Frontoparietal network-right amygdala correlation <0.01 <0.01 0.60
Age x Card sort x Frontoparietal network-right amygdala correlation <0.01 <0.01 1.12

Random Effects Est
Intercept (AgelDevice) 0.35
Intercept (AgelDevice:Family) 1.85
Intercept (AgelDevice:Family:Subject) 0.46
AgelDevice <0.01
AgelDevice:Family 0.01
AgelDevice:Family:Subject <0.001
Correlation, intercept (AgelDevice) and Age slope -0.95
Correlation, intercept (AgelDevice:Family) and Age slope -0.93
Correlation, intercept (AgelDevice:Family:Subject) and Age slope -0.02
Residual 0.53

Model based on 22,362 repeated measures of self-reported internalizing symptoms, nested within 8799 persons, 7692 families, and 29 MRI

devices

Flanker score and card sort score age-corrected by NIH Toolbox and mean-centered

Puberty, Flanker, network to ROI correlations, and count of internalizing symptoms were all Z-scored

#p < 0.05; *¥p < 0.01; *+¥p < 0.001
4 <0.10

While our findings did not immediately support the idea of
inhibitory/reactive control as a risk factor, we did see that
greater performance on a task traditionally considered an
assessment of proactive control was associated with fewer
internalizing symptoms.

We highlight that the ABCD study features a community
sample, displaying relatively normative levels of attention
shifting and inhibitory control, as well as internalizing symp-
toms. Thus, due to the natural undersampling at the extremes
of these behaviors, analyses may not have been able to detect
any effects specifically associated with extreme levels of
attention shifting or inhibitory control. Future research may
seek to strategically sample children at the extreme profile of
putative over- or under-control to better understand capture

@ Springer

any non-linear relations with executive functioning (Northoff
& Tumati, 2019).

A large range of sociodemographic and psychosocial
diversity is included in the ABCD sample. Prior work has
suggested that structural components of the developmen-
tal environment may relate to the development of executive
functions (e.g. Aran-Filippetti & Richaud De Minzi, 2012;
Fields et al., 2021; Raver et al., 2013), where children expe-
riencing forms of early life stress may have impairments
in inhibitory control and working memory, and may show
either impairments or enhancements in attention shifting.
Stressful or uncertain developmental environments may also
contribute to increased risk for psychopathology (Cohodes
et al., 2020 for review). Future research should examine
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interactions with these contextual factors to better under-
stand how markers of potential environmental risk and buff-
ering may relate to the associations noted here.

We also note that much theory pertaining to connectivity
between the PFC/frontoparietal network and amygdala is
predicated on the notion of a developmental “shift” from
positive to negative connectivity between these brain regions
during childhood, especially in response to emotional tasks
(Gee et al., 2013). However, the majority of human work in
this sub-domain of study has been conducted cross section-
ally. Bloom et al. (2021) recently found in an accelerated
longitudinal design, using multiverse analyses that test the
robustness of a finding as a function of different analytic
decisions, that this developmental trajectory may be less
robust than previously understood. The ABCD data set will
enable follow-up studies to examine trajectories of frontopa-
rietal network-amygdala connectivity from 10 years of age
and onward through adolescence, and how these trajectories
may relate to interactions with executive functioning in rela-
tion to psychopathology. Trajectory analyses (i.e., growth-
curve models) will be necessary to characterize fronto-
amygdala connectivity within a true longitudinal sample to
understand if, and how, these patterns of connectivity may
change over time as well as how these trajectories may relate
to socioemotional adaptation/maladaptation.

Future work in ABCD will continue to follow these trajec-
tories of internalizing symptoms. While the literature is mixed
regarding the average age of onset for anxiety disorders, prior
work generally finds that children older than the range of this
sample, and likely closer to late teens/early twenties, will show
potentiated internalizing symptoms and clinical anxiety (de
Lijster et al., 2017; Regier et al., 1998; Rhebergen et al., 2017).
A strength of this study is that the current sample allowed us
to capture changes in internalizing symptoms prior to clini-
cal onset for most children, however further insight could
be gleaned by examining how symptoms may increase later
in development. Additionally, both models had trend-level
interactions when including the child’s age (Age x Flanker x
Frontoparietal-right amygdala correlation b < 0.01, p= 0.08;
Age x DCCS x Frontoparietal-right amygdala correlation b <
0.001, p=0.05) so continued sampling may reveal that execu-
tive functioning, frontoparietal-amygdala connectivity, and/or
their interaction relate to changes in the number of internal-
izing symptoms over time. Thus, it will be critical to continue
studying these trajectories to better understand how these
potential mechanisms may contribute to clinical levels of risk,
and whether the associations between measures change over
time. Furthermore, where a notable body of work has studied
changes in task-based PFC-amygdala connectivity and how
these patterns may change with age (e.g., Bloom et al., 2021;
Gee et al., 2013), very little work has examined age-related
changes in resting state frontoparietal-amygdala connectivity

longitudinally, which provide needed information regarding
within-person patterns of risk for psychopathology.

These findings should be interpreted within the context of
current methodological limitations. Work suggests that there
may be age-related differences in cognitive state while an
individual is instructed to “rest” during a scan. Indeed, for
a younger child, a resting state scan is a task within itself to
suppress movement or conversation, thus eliciting greater
levels of cognitive control. In turn, resting state network
analyses may reflect this heightened state of cognitive con-
trol. Inconsistencies in prior work may in part stem from this
unstructured task, and findings should be interpreted in the
context that the actual “task” of laying still in a scanner may
vary systematically with child age, or other individual dif-
ferences (Camacho et al., 2020). Additionally, we note that
parcellation is an important methodological decision (Bryce
et al., 2021) and these results are specific to brain regions
as functionally defined by the Gordon atlas (Gordon et al.,
2016). However, had a different parcellation been used to
define ROIs, there would be the potential for results different
from what is reported in this manuscript. It is also possible
that other networks or network edges may similarly moder-
ate the relation between executive functioning and anxiety,
such as the executive control network (Geiger et al., 2015).
Future work should take network-based approaches with the
aim of exploring other networks and how they may relate
to anxiety risk. Future work in other large data sets should
also explore the specificity of these reported findings, to test
whether these associations are specific to executive func-
tioning or may apply to more broad cognitive processes.

Finally, we present these findings within the context
of a recent publication by Marek et al. (2022) that high-
lights replicability issues in MRI work that seeks to link
brain function to behavioral phenotypes, even in “large”
samples like ABCD. However, the use of resting state func-
tional connectivity as well as behavioral data from the NIH
toolbox may help with replicability (Marek et al., 2022).
Future work should seek to replicate these analyses in other
larger data sets to bolster the validity of findings. Further-
more, our analysis was based upon correlations between the
frontoparietal network and the amygdala. Because of this
approach, we are not able to disentangle what component
brain areas/nodes of the frontoparietal network may be driv-
ing the strength or directionality of correlations with each
hemisphere of the amygdala.

Taken together, these data suggest that both inhibitory
control and attention shifting may be important moderators
for anxiety risk over time. While inhibitory control may oper-
ate differently across children as a function of neural mark-
ers of regulation, as captured by resting state frontoparietal-
amygdala connectivity, attention shifting may be more widely
protective against internalizing symptoms. Understanding
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these differential relations between forms of executive func-
tioning and internalizing symptoms, especially in the context
of brain connectivity, may help inform interventions and pro-
vide greater specificity in who may benefit.
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