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Abstract

The default mode network (DMN) and dorsal attention network (DAN) demonstrate an intrinsic “anticorrelation” in healthy
adults, which is thought to represent the functional segregation between internally and externally directed thought.
Reduced segregation of these networks has been proposed as a mechanism for cognitive deficits that occurs in many
psychiatric disorders, but this association has rarely been tested in pre-adolescent children. The current analysis used data
from the Adolescent Brain Cognitive Development study to examine the relationship between the strength of DMN/DAN
anticorrelation and psychiatric symptoms in the largest sample to date of 9- to 10-year-old children (N =6543). The
relationship of DMN/DAN anticorrelation to a battery of neuropsychological tests was also assessed. DMN/DAN
anticorrelation was robustly linked to attention problems, as well as age, sex, and socioeconomic factors. Other psychiatric
correlates identified in prior reports were not robustly linked to DMN/DAN anticorrelation after controlling for demographic
covariates. Among neuropsychological measures, the clearest correlates of DMN/DAN anticorrelation were the Card Sort
task of executive function and cognitive flexibility and the NIH Toolbox Total Cognitive Score, although these did not
survive correction for socioeconomic factors. These findings indicate a complicated relationship between DMN/DAN
anticorrelation and demographics, neuropsychological function, and psychiatric problems.
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Introduction

Containing the medial prefrontal cortex, the posterior cingulate
cortex, the temporoparietal junction, and the lateral and medial
temporal lobes, the default mode network (DMN) was first iden-
tified through its deactivation during active functional magnetic
resonance imaging (fMRI) tasks but has become studied in its
own right through resting fMRI and task fMRI (Buckner and DiNi-
cola 2019). The DMN is activated during spontaneous cognition
(i-e., “rest”) and during many internally focused tasks (Buckner
et al. 2008; Andrews-Hanna, Reidler, Huang, et al. 2010; Buckner

and DiNicola 2019). It is also activated during externally focused
tasks that require recall of internally stored information such
as memories (Spreng et al. 2014; Crittenden et al. 2015; Konishi
et al. 2015; Murphy et al. 2018; Smith et al. 2018), externally
focused tasks requiring rule switching (Crittenden et al. 2015;
Smith et al. 2018), and during task transitions (Smith et al. 2018).
This has led to hypotheses that the DMN is critical in internally
directed cognitions such as recalling memories or imagining
future events (Andrews-Hanna, Reidler, Huang, et al. 2010) and
that it is critical to encoding environmental context (Smith et al.
2018).
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In contrast, the dorsal attention network (DAN), made up of
the frontal eye fields and inferior parietal sulcus, is thought
to be involved in top-down visual attention (Fox et al. 2006;
Vossel et al. 2014). The DAN is sometimes grouped together
with the frontoparietal network that includes the dorsolateral
prefrontal cortex, supplementary motor area, and insula (i.e.,
cognitive control network; Cole and Schneider 2007; Niendam
et al. 2012) to form what is sometimes called the task-positive
network (Fox et al. 2005). However, most network parcellation
schemes consider it to be a distinct neural network (Power et al.
2011; Yeo et al. 2015; Gordon et al. 2016). Additionally, the DAN
is distinguishable from the ventral attention network, made up
of the ventrolateral prefrontal cortex and temporoparietal junc-
tion, which engages stimulus-driven (or bottom-up) attention
(Vossel et al. 2014). It is also distinct from the cingulo-opercular
network and salience networks, which are made up of the caudal
anterior cingulate and anterior insula and are often combined
into a single network. However, some work has suggested that
these networks are separable and fulfill distinct roles (Power
et al. 2011).

The relationship between the DMN and DAN has become
an active area of study. The time series of these two networks
shows a negative correlation during resting fMRI, which has
been termed “anticorrelation” (Greicius et al. 2003; Fox et al.
2005). Additionally, the degree to which the DAN becomes more
active and the DMN becomes less active during an externally
oriented task represents another index of DMN/DAN anticorre-
lation. This anticorrelation between the DMN and DAN has been
identified in children as young as 1 year of age (Gao et al. 2013),
increases as children and adolescents mature (Anderson et al.
2011), and decreases into older adulthood (Spreng et al. 2016).
DMN/DAN anticorrelation has been proposed to represent the
functional segregation of these two networks (Fox et al. 2005),
and it has been suggested that it may be moderated by the
frontoparietal (Gao and Lin 2012) or salience/cingulo-opercular
networks (Goulden et al. 2014). Anticorrelation of the DMN and
DAN is considered to be a helpful property of the brain, as
appropriate segregation of these networks allows for more opti-
mal allocation of mental resources and, consequently, superior
neurocognitive performance (Kelly et al. 2008). In other words, in
most cases, it is ideal for just one of these networks to be active
at a time. Activation of the DMN during an externally oriented
task has been suggested to represent an indicator of attention
lapse (Weissman et al. 2006), which is consistent with reports
that less DMN deactivation is related to poorer performance
on demanding cognitive tasks (Kelly et al. 2008; Owens et al.
2018). One interpretation of these findings is that less DMN
deactivation may represent difficulty disengaging from internal,
self-generated thoughts impacting one’s ability to attend to the
physical environment, as the DMN has been previously linked
to mind wandering (Mason et al. 2007) and daydreaming (Kucyi
and Davis 2014). Notably, DMN activation can be helpful during
certain tasks that require functions subserved by the DMN. For
example, DMN activation has been seen during tasks requiring
recall of semantic memories (Spreng et al. 2014; Konishi et al.
2015) and rule switching (Crittenden et al. 2015; Smith et al.
2018), and activation in the DMN has been positively linked
to performance on a target detection task with unpredictable
experimental conditions (Hahn et al. 2007). However, these tasks
seem to reflect exceptions to the broader rule of DMN activation
(i.e., failure to deactivate) being negative for task performance.

Consistent with the assumption that DMN/DAN anticorrela-
tion represents a feature of healthy neural connectivity, reduced

DMN/DAN anticorrelation (i.e., reduced negative correlation
between these networks) has been linked to numerous
neurological and psychiatric disorders such as schizophrenia
(Hu et al. 2017; Whitfield-Gabrieli et al. 2018), attention-deficit
hyperactivity disorder (ADHD; Sun et al. 2012), conduct disorder
and psychopathic traits (Pu et al. 2017), major depression (Posner
et al. 2016), post-traumatic stress disorder (Patriat et al. 2016),
and Alzheimer’s disease (Wang et al. 2007). Disrupted DMN/DAN
anticorrelation has been induced in healthy adults by sleep
deprivation (De Havas et al. 2012), and it has been found in recent
cannabis users (Owens et al. 2019). Recent work has even found
that patients with schizophrenia can modulate their DMN/DAN
anticorrelation using real-time neurofeedback resulting in
reductions in auditory hallucinations (Whitfield-Gabrieli et al.
2017).

However, despite this research, there remain questions
regarding the reliability of previous work on DMN/DAN
anticorrelation, the generalizability of prior findings to children,
and the specificity of DMN/DAN anticorrelation to individual
disorders. Most research linking DMN/DAN anticorrelation to
neurocognition and to psychiatric disorders has been conducted
in small studies (N <50). Given recent work showing that
small samples create major risk for type I error (Button et al.
2013), it is critical that findings such as these be replicated in
larger samples. Related to this, given the small sample sizes
of most existing work, it is difficult to determine the size
of these effects, as small samples are also known to inflate
effect sizes (Button et al. 2013). Additionally, most work on the
relationships of DMN/DAN anticorrelation to neurocognition
and psychiatric disorder has been conducted in adults. Given
noted differences in the DMN during childhood (Fair et al.
2008), more work is needed to determine if abnormal patterns
of anticorrelation are linked to cognitive ability and disease
states in children. Furthermore, while there have been many
cognitive and psychiatric variables that have been linked to
DMN/DAN anticorrelation, many of these variables are highly
associated with each other, as well as to demographic factors
such as socioeconomic status, gender, and age. Thus, further
disentanglement of the multicollinearity of these factors is
needed to determine if these factors relate to DMN/DAN
anticorrelation independently of each other. The current study
aims to fill these gaps by using data from children participating
in the Adolescent Brain Cognitive Development (ABCD) study to
test associations of DMN/DAN anticorrelation during resting-
state fMRI with numerous neurocognitive and psychiatric
variables, both directly and while controlling for other variables
likely to confound these associations.

Methods
Procedures

The ABCD is an ongoing multi-site, longitudinal neuroimaging
study following a cohort of 11880 youths for 10 years (www.A
BCDstudy.org). Each year, the child and their parent/guardian
complete a lab-based visit. Children answer questions about
friends, family, school, substance use, and life events; parents
complete electronic questionnaires about their children, their
family, and themselves (Barch et al. 2018). Children also com-
plete questionnaires and cognitive tasks (Luciana et al. 2018).
Every other year (e.g., baseline visit, Year-2, Year-4), the children
also complete an MRI scan, providing resting-state fMRI, task
fMRI, and structural MRI data. One or both parents/guardians
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provided informed consent and youth assented to study pro-
cedures. For the baseline data used in the current study, all
data (i.e., fMRI, questionnaire, neuropsychological tasks) were
collected at a single visit or across two visits that occurred within
30 days of each other.

Participants

In this article, we use data from the baseline visits at which
participants were 9 or 10 years old. Participants were excluded
if they could not successfully complete a T1 MRI scan at their
baseline visit (e.g., due to a physical condition, due to claustro-
phobia) or if they were not able to complete questionnaires or
perform cognitive tasks. Participants were excluded who were
missing one or more of the demographic, neuropsychological, or
psychiatric measures. Furthermore, because of a data processing
error identified in the ABCD version 2.0.1 release, all subjects
scanned on Phillips MRI scanners were excluded. In controlling
for resting-state fMRI scan quality, participants were included
if they had at least one resting-state fMRI run, which passed a
visual and automated quality control assessment (detailed in
Hagler et al. 2019). In this process, an automated assessment
checked for movement and poor signal-to-noise ratio while a
manual assessment included visual inspection of images by two
trained technicians for artifacts, poor image quality, or other
irregularities. Participants were also required to have atleast one
structural MRI scan, which passed Freesurfer visual quality con-
trol inspection. In this assessment, trained technicians reviewed
the severity of five categories of artifacts for cortical surface
reconstruction. Because motion was a significant concern given
its known associations with many of the psychiatric variables of
interest (e.g., attention problems, psychosis), participants were
excluded if they had fewer than 5 min of valid scan time (i.e.,
375 remaining volumes) after censoring for motion (>0.9 mm
per volume). The 5-min threshold was chosen based on research
showing that 5 min of scan time is sufficient to achieve stable
functional connectivity correlations among brain regions (Van
Dijk et al. 2010). This resulted in a total of 1192 participants
excluded for motion or poor scan quality; when compared to
those included in the study, these excluded participants per-
formed more poorly on average on all neuropsychological tests
(P <0.01) and showed more symptoms/higher likelihood of diag-
nosis for all psychiatric measures (P < 0.01) except for internal-
izing symptoms, depression symptoms, depression diagnosis,
adolescent conduct disorder diagnosis, and sleep disorder diag-
nosis. A total of 6543 participants were included in analyses, and
their demographics are reported in Table 1.

Measures

Neuropsychological Measures

NIH Toolbox. Assessments were selected from the National
Institutes of Health (NIH) Toolbox for evaluating neurological
and behavioral functions. The toolbox consists of several
different tasks including 1) Picture Vocabulary Test, 2) Flanker
Inhibitory Control and Attention Test (Flanker), 3) Dimensional
Change Card Sort Test (Card Sort), 4) List Sorting Working
Memory Test (List Sorting), 5) Pattern Comparison Processing
Speed Test (Pattern Comparison), and 6) Oral Reading Recog-
nition Test. These tests are designed, respectively, to assess 1)
executive function, 2) attention, 3) episodic memory, 4) language,
5) working memory, and 6) processing speed performance
(Gershon et al. 2013; Hodes et al. 2013; Luciana et al. 2018).
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The tasks were administered by trained research staff using
an iPad. In addition to specific task scores, the NIH Toolbox
produces Fluid and Crystallized Composite Scores, as well as
a Total Cognition Composite (akin to “g” or full-scale 1Q). In
Supplementary Material 1, we briefly describe each test used.

Psychiatric Measures

Child Behavior Checklist. The Child Behavior Checklist (CBCL)
is a checklist completed by parents about emotional and
behavioral symptoms experienced by their children aged 6-18
years (Achenbach and Rescorla 2001). This measure has been
shown to have good validity and reliability for its syndrome
scales (Dopfner et al. 1994). In the current study, the empirically
based syndrome scales used were the Attention Problems
Scale, Thought Problems Scale, Externalizing Composite,
and Internalizing Composite. Additionally, the DSM-oriented
Conduct Disorder Scale and Depression Scale were used.

The Kiddie Schedule for Affective Disorders and Schizophrenia. The
Kiddie Schedule for Affective Disorders and Schizophrenia (K-
SADS) is an interview for the diagnosis of psychiatric disorders
in children aged 6-18 years. It was administered to children
by trained ABCD research staff and was self-administered on
an iPad by parents. The K-SADS has shown to be both valid
and reliable for the diagnosis of psychiatric disorders, aligning
well with other established diagnostic protocols (Kaufman et al.
1997). In the current study, parent data were utilized for ADHD,
conduct disorder, major depressive disorder, and sleep disorder.
These diagnoses were based on parent report.

Prodromal Psychosis Scale. The Prodromal Psychosis Scale is a
21-item yes/no inventory completed by children for symptoms
indicating risk for psychosis and current evidence of subthresh-
old positive symptoms (Karcher et al. 2018). It is computed as
the total number of symptoms endorsed with possible scores
ranging from O to 21. This measure was used as the index of
psychotic-like symptoms in the current report.

Sleep Disturbance Scale. The Sleep Disturbance Scale for
Children is an inventory completed by parents that uses a 5-
point Likert-type scale (Romeo et al. 2013). This assessment
is used for categorizing sleep disorders in children during
the previous 6 months and incorporates five subdomains:
disorders of initiating and maintaining sleep, sleep breathing
disorders, disorders of arousal/nightmares, sleep/wake transi-
tion disorders, disorders of excessive somnolence, and sleep
hyperhidrosis (Esbensen et al. 2018). In the current study, only
the total score across all domains was examined.

Demographic Covariate Measures

Demographic questionnaire. A demographics questionnaire was
also administered to children’s parents to determine demo-
graphic information including the child’s sex, age, race, and
parental education.

Resting-State fMRI Acquisition and Preprocessing

In most cases, four 5-min runs of resting-state fMRI were
obtained. However, some data collection sites collected just
three 5-min runs of resting-state fMRI data for subjects shown
to have at least 13 min of usable data based on real-time fMRI
analysis. Resting-state data were recorded while participants
lay with eyes open viewing a cross hair. Twenty six different
scanners from two vendors (Siemens and General Electric)
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Table 1 Descriptive statistics on the current sample

Mean Std Min 25% 50% 75% Max Kurtosis Skewness
Continuous variables
Child age (months) 119.42 7.53 108 113 120 126 131 -1.31 —-0.01
Thought problems 1.58 2.13 0 0 1 2 18 6.86 2.26
Attention Sx 2.76 3.36 0 0 2 4 20 2.34 1.55
Internalizing Sx 5.06 5.52 0 1 3 7 51 5.24 1.96
Externalizing Sx 4.17 5.56 0 0 2 6 47 7.74 2.40
Depression Sx 1.25 2.00 0 0 0 2 19 8.80 2.56
Conduct disorder Sx 1.15 2.18 0 0 0 1 22 15.64 3.35
Prodromal 5.60 9.89 0 0 1 7 96 13.32 3.14
schizophrenia
Sleep problems 36.41 8.04 26 31 34 40 126 6.58 1.87
Card sort 93.49 8.87 51 89 94 929 120 2.01 —-0.67
Crystalized 87.15 6.79 54 83 87 91 115 0.68 0.20
intelligence
Flanker 94.87 8.47 55 90 96 101 116 1.54 —0.96
Fluid intelligence 92.84 10.06 44 87 93 100 131 0.22 -0.27
List sort 97.83 11.42 36 90 97 105 136 0.79 —0.49
Pattern matching 88.79 14.34 30 80 90 99 140 0.00 -0.19
Picture matching 103.83 12.06 76 95 103 112 136 —0.43 0.22
Picture vocabulary 85.33 7.88 29 80 85 90 119 0.92 0.19
Reading 91.46 6.58 63 88 91 95 119 1.63 0.15
Total composite 87.46 8.57 46 82 88 93 117 0.31 -0.23
Count %
Categorical variables
Child sex (female) 3271 49.99%
Race (White) 4499 68.76%
Race (Black) 842 12.87%
Race (Asian) 134 2.05%
Race (other) 1068 16.32%
Income (<$50 K) 1731 26.46%
Income 2894 44.23%
($50 K-$100 K)
Income (>$100 K) 1918 29.31%
<HS diploma 189 2.89%
HS diploma/GED 461 7.05%
Some college 1671 25.54%
Bachelor 1816 27.75%
Postgraduate degree 2406 36.77%
ADHD Dx 524 8.01%
Childhood conduct 143 2.19%
Dx
Adolescent conduct 21 0.32%
Dx
Sleep disorder Dx 150 2.29%

Std, standard deviation; Sx, symptoms; HS, high school; GED, general education diploma; Dx, diagnosis.

were utilized, employing harmonized protocols (Casey et al.
2018; Hagler et al. 2019). Sixty slices were collected using a
2.4 mm x 2.4 mm x 2.4 mm voxel size, field of view of 216 x 216,
and flip angle of 52°. The time repetition was 800 ms and the
time echo was 30 ms, and data were acquired using MultiBand
Acceleration with a factor of 6.

Resting-state data were preprocessed by the Data Analysis
and Informatics Core of ABCD, which is detailed in the study
of Hagler et al. (2019). fMRI data were registered to the first
frame to account for head motion, corrected for spatial and
intensity distortions, and co-registered with structural MRI
scans. Subsequent preprocessing steps specific to resting-state
fMRI included removal of initial volumes, normalization and

demeaning, censoring of volumes with >0.2 mm motion, band-
pass filtering (between 0.009 and.08 Hz), and within-subject
(first level) regression to remove quadratic trends, motion, and
mean time courses of cerebral white matter, ventricles, and
whole brain (as well as their derivatives). Data were sampled
onto the cortical surfaces and divided into the 422 cortical
parcels that make up the 13 functionally defined networks
described in the study of Gordon et al. (2016) (see Fig. 1). Cor-
relations were calculated for the average timeseries of vertices
in each ROI pair, and these correlations were z-transformed.
For within-network connectivity (i.e., coherence of networks),
the average was taken of the z-transformed correlations of all
ROIs in that network. For between-network connectivity (i.e.,
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[l Default Mode Network
I Dorsal Attention Network

Figure 1. Map of the default mode network and dorsal attention network as defined in the Gordon Parcellation used in the current study.

connectivity or anticorrelation of networks), the average was
taken of z-transformed correlations between each ROI pair
across the networks. Anticorrelation of the DMN and the
DAN represents the between-network correlation of these two
networks. DMN coherence and DAN coherence represent the
within-network correlations of these two networks.

Analyses

Data Download and Analysis Software

Data were downloaded from the ABCD Data Repository on the
National Institute of Mental Health Data Archive, using data
from ABCD release 2.0.1. Analyses were conducted in R software
version 3.6.1 using the Rstudio integrated development environ-
ment version 1.1.456. The Rscript for the analyses conducted is
available on Github (https://github.com/owensmax/DMNDAN_
Correlates).

Modeling Approach

Relationships between DMN/DAN anticorrelation (the depen-
dent variable in all models) and neuropsychological and psychi-
atric variables of interest (as independent variables in separate
models) were assessed using linear mixed effects models. Mixed
effect models were used instead of simpler regression models
in order to control for the large numbers of siblings included
in the ABCD dataset and for the fact that data were collected
at 18 different sites on 26 unique scanners. To account for
these factors, sibling status was modeled as a random effect
nested inside of a random effect of scanner. In addition to
these random effects, primary analyses of DMN/DAN anticorre-
lation with psychiatric and neuropsychological variables were
conducted with six demographic covariates modeled as fixed
effects: age, sex, race, parental education, household income,

and in-scanner motion. Preliminary and supplementary anal-
yses use fixed effect covariates in some cases, as described
below.

Preliminary Analyses

Evidence of DMN/DAN anticorrelation. First, we examined if anti-
correlation between the DMN and DAN was present in the
current sample using a one sample t-test.

Relationship of DMN/DAN anticorrelation to within-network coher-
ence. We also examined the relationship of DMN network
coherence and DAN network coherence with DMN/DAN
anticorrelation in a mixed effect model without including
demographic covariates.

Relationship of DMN/DAN anticorrelation to demographics. Next,
each of the demographic covariates was tested individually
for its relationship to DMN/DAN anticorrelation using a linear
mixed effects model that included only the demographic vari-
able (i.e., covariate) as an independent variable and DMN/DAN
anticorrelation as the dependent variable with scanner and
family as random effects.

Relationship of DMN/DAN anticorrelation to scanner type. Addi-
tionally, to determine the degree to which scanner differences
reflected differences in anticorrelation, scanner (i.e., individual
MRI device serial number) was examined as an independent
variable with DMN/DAN anticorrelation as the dependent vari-
able (and only family ID as a random effect). To further under-
stand scanner effects, several other related variables were tested
as independent variables in separate mixed effect models for
their relationship to DMN/DAN anticorrelation: scanner manu-
facturer (i.e., SIEMENS or GE), scanner model (i.e., GE Discovery
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MR750, SIEMENS Prisma, or SIEMENS Prisma Fit), and data collec-
tion site (i.e., the city in which data collection occurred). To help
disentangle the degree to which the scanner’s manufacturer was
driving these effects, scanner, scanner model, and site were all
examined in three separate models for participants whose data
were collected on SIEMENS scanners (n=4899) and in three more
separate models for participants whose data were collected
on GE scanners (n=1644). Each of these preliminary analyses
was not considered as additional tests in the primary multiple
comparison correction. However, multiple comparison correc-
tion was used within these analyses, with each preliminary
analysis considered as a separate family of tests (6 tests for the
demographic covariate analyses and 1 test for site analysis).

Primary Analyses

To best assess the robustness and replicability of results
both split-half and full-sample approaches were used. In
both approaches, mixed effects models were used with each
psychiatric and neuropsychological variable as an independent
variable in its own model, also including covariates as indepen-
dent variables; DMN/DAN anticorrelation was the dependent
variable.

Relationship of DMN/DAN anticorrelation to psychiatric and neuropsy-
chological variables, full sample. In the full-sample analyses, false
discovery rate (FDR) correction was used as the primary correc-
tion to minimize type I error. This was done correcting for the
number of psychiatric and neuropsychological variables tested
for association with DMN/DAN anticorrelation using alpha set to
0.05 (M/23x%0.05 =0.0022 for first test, 0.0044 for second test, etc.).

Relationship of DMN/DAN anticorrelation to psychiatric and neu-
ropsychological variables, split-half. In addition to the full-sample
analyses, to assess the replicability of the results, we conducted
500 split-half replications (i.e.,, random samplings without
replacement) in which we repeated the primary analyses in
two approximately equal split-halves of the data. In each
iteration, the full sample of 6543 participants was randomly
split into two approximately equal halves, with the constraint
that members of each family be categorized exclusively into
one of the two halves (i.e., no sibling pairs were split between
halves). To identify relationships that were replicable across
independent samples, an alpha of <0.05 in both halves was
considered significant, and the percent of samplings in which
this occurred was recorded, as well as the average regression
coefficient, P-value, and Ry A. In primary analyses, a finding was
considered robust if it was significant beyond FDR in the full-
sample analyses and was significant in both halves in at least
95% of the split-half replication tests.

Follow-Up Analyses

Relationship of DMN/DAN anticorrelation to psychiatric and neuropsy-
chological variables without accounting for demographic covariates.
Additional analyses were undertaken to understand the covari-
ates’ effects on the relationship of DMN/DAN anticorrelation and
the psychiatric and cognitive variables of interest. To examine
if the inclusion of demographic covariates was reducing the
number of robust associations identified, mixed effect analy-
ses were conducted in the full sample 1) without fixed effect
(demographic) covariates and 2) using only age, sex, and scanner
motion as covariates. The analyses using only age, sex, and
motion were conducted as an attempt to isolate the effect of
socioeconomic status as a covariate. The question addressed
by these analyses was “Are the use of demographic covariates

causing fewer psychiatric or neuropsychological correlates of
DMN/DAN anticorrelation to be identified?”

Relationship of DMN/DAN anticorrelation to attention problems
accounting for all other psychiatric and neuropsychological variables.
Furthermore, to see if significant associations were being driven
by multicollinearity among psychiatric and neuropsychological
variables, we examined all independent variables in one
mixed effect model, along with demographic covariates. The
question addressed by these analyses was “Are associations
of independent variables with DMN/DAN anticorrelation
significant beyond their association with other independent
variables?”

Relationship of DMN/DAN anticorrelation to interactions between
demographic variables and variables of interest. Furthermore,
to determine if there were relevant interactions between
demographic covariates and variables of interest (i.e., neuropsy-
chological and psychiatric variables), interaction terms were
created of each covariate and independent variable pair; these
were tested in a separate model for each independent variable
with DMN/DAN anticorrelation as the dependent variable and
with covariates, the independent variable, and the interaction
terms of that independent variable and each covariate as
independent variables.

Relationship of attention problems and connectivity of other networks.
Finally, to ensure that results did not reflect generalized effects
of heightened connectivity across the entire brain, we examined
the relationship of each robust psychiatric or neuropsychologi-
cal correlate of DMN/DAN anticorrelation to the connectivity of
the DMN with each of the other 11 brain networks in the Gor-
don Parcellation Atlas: frontoparietal, ventral attention, cingulo-
opercular, salience, sensory motor hand, sensory motor mouth,
auditory, visual, retrosplenial, cingulo-parietal, and “None” (i.e.,
a network of all regions not falling in an established network).
We also examined the connectivity of the DAN with each other
brain network, plus the internal coherence of the DMN and
the internal coherence of the DAN (in total, 24 functional con-
nectivity pairs). The question addressed by these analyses was
“Are the psychiatric and neuropsychological correlates of DMN/-
DAN anticorrelation also related to the connectivity within and
between other networks?”

Each of these supplementary analyses was not considered
additional tests in the primary multiple comparison correction
given their post hoc, descriptive nature. However,multiple com-
parison correction was used within supplementary analyses,
with each analysis considered as a separate family of tests
(23 tests for the psychiatric and neuropsychological variables
without covariates, 23 tests for the psychiatric and neuropsy-
chological variables covarying for age, sex, and scanner motion
only, 1 test for the single mixed model with all independent
variables and covariates, 115 tests for the interaction analyses,
and 24 tests for the analyses of other network connections).

Results
Preliminary Analyses

Evidence of DMN/DAN Anticorrelation

DMN/DAN anticorrelation was identified in the current sample,
with the mean connectivity (z-scored correlation) between the
DMN and the DAN being —0.13 (one-sample t-test: t=160.99,
P=2E-16).
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Table 2 Associations of demographic covariates with anticorrelation of DMN and DAN
Phenotype (IV) B SE t P RoA
Child age —0.0006 0.0001 —-5.25 1.55E-07 0.004
Child sex (male) 0.0151 0.0016 9.50 <2e-16 0.014
Scanner motion 0.0990 0.0050 19.84 <2e-16 0.057
Parent’s highest education (high school) 0.0033 0.0056 0.59 0.5560 0.005
Parent’s highest education (some college) 0.0065 0.0050 1.30 0.1940
Parent’s highest education (bachelor’s) —0.0015 0.0051 —0.30 0.7650
Parent’s highest education (graduate) —0.0053 0.0050 —1.06 0.2910
Child race (Black) 0.0178 0.0026 6.96 3.83E-12 0.008
Child race (Asian) —0.0041 0.0058 -0.71 0.4767
Child Race (Other) 0.0056 0.0023 2.48 0.0131
Parent’s income ($50 000-$100 000) —0.0126 0.0021 —6.03 1.79E-09 0.006
Parent’s income (>$100000) —0.0063 0.0022 —2.86 0.0042

B, unstandardized regression coefficient; SE, standard error of regression coefficient; t, t—statistic of regression coefficient; P, alpha value of regression coefficient;
R2, variance explained by that variable. For multi-category variables (i.e., race and income), R? represents the variance explained by all dummy variables for a given
category. For race, “White” was used as the reference category; for income, “<$50000” was used as the reference category, for parent’s highest education, “Less than a

high school degree” was used as the reference category.

Relationship of DMN/DAN Anticorrelation to Within-Network
Coherence

DMN/DAN anticorrelation was negatively associated with the
coherence of the DMN (B=-0.48, standard error [SE]=0.009,
t=54.50, P=2E-16, R?A=31.2%) and coherence of the DAN
(B=-0.48, SE=0.008, t=60.91, P=2E-16, R?A =36%).

Relationship of DMN/DAN Anticorrelation to Demographics
DMN/DAN anticorrelation was associated with all covariates
tested (P <0.01) except for parental education (P> 0.19). See
Table 2 for full statistics of associations with covariates.

Relationship of DMN/DAN Anticorrelation to Scanner Type
Additionally, in separate mixed effect models, DMN/DAN
anticorrelation was linked to scanner (i.e., individual MRI
device serial number, R?A=7.37%), scanner manufacturer
(R?2A =4.33%), scanner model (R?A =4.66%), and data collection
site (R2A=7.13%). Within Siemens scanners only, DMN/DAN
anticorrelation was still linked to scanner (R?A =3.62%), scanner
model (R?A=0.56%), and data collection site (R2A=3.71%),
though with a smaller effect size. Within GE scanners only,
DMN/DAN anticorrelation was still linked to scanner (R? A =2.09%)
and site (R?A=1.35%); scanner model was not examined as
there was only one model of GE scanner included. Scanner
(individual MRI device serial number) was accounted for in all
other analyses as a random effect.

Primary Analyses

Relationship of DMN/DAN Anticorrelation to Psychiatric and
Neuropsychological Variables, Full Sample

Attention problems, ADHD diagnosis, thought problems, depres-
sion symptoms, internalizing symptoms, and externalizing
problems were associated with DMN/DAN anticorrelation
beyond FDR correction after accounting for demographic
covariates (i.e., age, sex, race, parents’ income, parents’
education, and in-scanner motion). Effect sizes were small, with
the largest effect size being attention problems (AR?=0.4%).
No other psychiatric symptoms were related to the DMN/-
DAN anticorrelation. Additionally, no neuropsychological
variables were related to DMN/DAN anticorrelation beyond
FDR after accounting for demographic covariates. See Table 3
for full statistics of primary analysis associations between

psychiatric and neuropsychological variables with DMN/DAN
anticorrelation.

Relationship of DMN/DAN Anticorrelation to Psychiatric

and Neuropsychological Variables, Split-Half

In the split-half analyses, attention problems were found to be
significantly linked to DMN/DAN anticorrelation in 95% of the
500 split-half replication tests and ADHD diagnosis was linked
in 77%. Thought problems were linked to DMN/DAN anticorre-
lation in 44% of the split-half replications. Depression symp-
toms were linked in 13% of the replications and internalizing
symptoms were linked in 9%. No other independent variables
were linked to DMN/DAN anticorrelation in at least 1% of the
replication tests. Full statistics for the split-half analysis are
in Supplementary Table 1. In summary, these analyses identify
attention problems as the only robust psychiatric association
with DMN/DAN anticorrelation across full-sample and split-half
analyses.

Follow-Up Analyses

Relationship of DMN/DAN Anticorrelation to Psychiatric

and Neuropsychological Variables without Accounting

for Demographic Covariates

When only age, sex, and in-scanner motion were accounted for,
conduct disorder symptoms, card sort task performance, sleep
problems, prodromal schizophrenia symptoms, and total cogni-
tive score were also associated with DMN/DAN anticorrelation,
in addition to all variables identified in the primary analyses
(Supplementary Table 2). When no demographic covariates were
accounted for, all neuropsychological and psychiatric measures
tested were associated with DMN/DAN anticorrelation except
for adolescent conduct disorder and depression diagnosis (Sup-
plementary Table 3). Effect sizes were small, although larger
than in analyses with covariates accounted for; the largest R?
was 0.9% for attention problems. See Table 4 for comparison of
effects with each covariate scheme. See Figure 2 for a visualiza-
tion of the relationship between DMN/DAN anticorrelation and
attention problems with and without covariates accounted for.

Relationship of DMN/DAN Anticorrelation to All Psychiatric,
Neuropsychological, and Demographic Variables in a Single Model
When all independent variables (i.e., psychiatric and neuropsy-
chological) were considered in a single model along with all
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Table 3 Associations of neuropsychological and psychiatric variables with functional connectivity of the DMN and DAN

Phenotype (IV) B SE t P R?A

Attention problems 0.0011 0.0002 4.79 1.69E-06 0.004
ADHD diagnosis 0.0111 0.0028 3.91 9.27E-05 0.002
Thought problems 0.0012 0.0004 3.39 0.0007 0.002
Depression symptoms 0.0011 0.0004 2.94 0.0033 0.001
Internalizing symptoms 0.0004 0.0001 2.91 0.0036 0.001
Externalizing symptoms 0.0004 0.0001 2.70 0.0069 0.001
Sleep problems 0.0002 0.0001 2.39 0.0167 0.001
Conduct disorder symptoms 0.0008 0.0004 2.28 0.0224 0.001
Card sort —0.0002 0.0001 —-2.11 0.0348 0.001
Prodromal schizophrenia 0.0001 0.0001 1.74 0.0812 0.000
Picture matching 0.0001 0.0001 1.58 0.1147 0.000
Adolescent conduct disorder 0.0201 0.0136 1.48 0.1387 0.000
Sleep disorder 0.0074 0.0051 1.45 0.1477 0.000
Pattern matching —0.0001 0.0001 -1.34 0.1806 0.000
Childhood conduct disorder 0.0056 0.0053 1.07 0.2849 0.000
Depression diagnosis 0.0174 0.0186 0.94 0.3485 0.000
Reading 0.0001 0.0001 0.77 0.4435 0.000
Flanker —0.0001 0.0001 —0.67 0.5041 0.000
Fluid intelligence 0.0000 0.0001 —-0.56 0.5760 0.000
List sort 0.0000 0.0001 0.51 0.6093 0.000
Crystalized intelligence 0.0001 0.0001 0.39 0.6995 0.000
Total composite 0.0000 0.0001 —-0.25 0.8068 0.000
Picture vocabulary 0.0000 0.0001 —0.08 0.9342 0.000

Model includes covariates age, sex, race, parental income, parental education, and in-scanner motion. Bold associations indicate significant beyond multiple
comparison correction (FDR). B =unstandardized regression coefficient; SE =standard error of regression coefficient; t = t-statistic of regression coefficient; P =alpha
value of regression coefficient; R? = variance explained by that variable.

Table 4 Associations of neuropsychological and psychiatric variables with functional connectivity of the DMN and DAN

No Cov Stats Some Cov Stats All Cov Stats
Phenotype (IV) B P B P B P
Sig All Covs Attention problems 0.002 1.58E-14 0.001 7.56E-08 0.001 1.69E-06
ADHD diagnosis 0.016 1.67E-08 0.012 3.84E-05 0.011 9.27E-05
Thought problems 0.002 4.48E-07 0.001 0.0003 0.001 0.0007
Externalizing problems 0.001 3.55E-07 0.001 0.0006 0.000 0.0069
Depression symptoms 0.002 0.0001 0.001 0.0012 0.001 0.0033
Internalizing symptoms 0.000 0.0018 0.000 0.0016 0.000 0.0036
Sig Some Covs Conduct symptoms 0.002 1.15E-06 0.001 0.0016 0.001 0.0224
Card sort —0.001 4.05E-10 0.000 0.0016 0.000 0.0348
Sleep problems 0.000 0.0004 0.000 0.0022 0.000 0.0167
Prodromal schizophrenia 0.000 4.18E-05 0.000 0.0073 0.000 0.0812
Total composite —0.001 1.42E-11 0.000 0.0167 0.000 0.8068
Sig No Covs Fluid intelligence 0.000 1.96E-09 0.000 0.0358 0.000 0.576
Picture vocabulary —0.001 9.80E-08 0.000 0.031 0.000 0.9342
Crystalized intelligence —0.001 1.07E-07 0.000 0.0678 0.000 0.6995
Pattern matching 0.000 4.19E-07 0.000 0.0704 0.000 0.1806
Reading 0.000 0.0001 0.000 0.3574 0.000 0.4435
Flanker 0.000 0.0035 0.000 0.1312 0.000 0.5041
List sort 0.000 0.0092 0.000 0.3888 0.000 0.6093
Picture matching 0.000 0.011 0.000 0.7643 0.000 0.1147
Child conduct Dx 0.013 0.0187 0.008 0.1515 0.006 0.2849
Sleep disorder Dx 0.011 0.0393 0.008 0.1069 0.007 0.1477
Non-Sig Adolescent conduct Dx 0.023 0.109 0.023 0.0871 0.020 0.1387
Depression diagnosis 0.023 0.24 0.021 0.2672 0.017 0.3485

First section from top (“Sig All Covs”) indicates significant beyond FDR when controlling for age, sex, race, income, education, and in-scanner motion. Second section
from top (“Sig Some Covs”) indicates significant beyond FDR when controlling for age, sex, and in-scanner motion. Third section from top (“Sig No Covs”) indicates
significant beyond FDR with no fixed effect covariates included. Fourth section (“Non-sig”) indicates not significant under any covariate scheme. B =unstandardized
regression coefficient; P = alpha value of regression coefficient; Dx = diagnosis.
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Figure 2. Scatterplots illustrating robust results: the association of attention problems with DMN and DAN anticorrelation. Scatter plot is shown for association with

covariates not accounted for (left) and with covariates accounted for (right).

Table 5 Associations of attention problems with connectivity between default mode and other networks and with connectivity between dorsal

attention and other networks

Network connection B SE t P AR?
Default Mode and Cingulo-opercular Conn 0.0010 0.0002 4.26 2.09E- 0.003
05

Dorsal Attention and Cingulo-opercular Conn —0.0008 0.0002 —-3.65 0.0003 0.002
Dorsal Attention Coherence —0.0010 0.0003 -3.56 0.0004 0.002
Default Mode Coherence —0.0008 0.0003 -2.88 0.0039 0.001
Default Mode and Sensory Motor Hand Conn 0.0005 0.0002 2.52 0.0117 0.001
Dorsal Attention and Ventral Attention Conn 0.0005 0.0002 2.33 0.0197 0.001
Default Mode and Frontoparietal Conn 0.0004 0.0002 2.12 0.0337 0.001
Default Mode and Ventral Attention Conn —0.0005 0.0002 —2.04 0.0413 0.001
Dorsal Attention and Frontoparietal Conn —0.0004 0.0002 -1.94 0.0529 0.001
Dorsal Attention and None Conn 0.0002 0.0001 1.66 0.0977 0.000
Default Mode and Auditory Conn 0.0003 0.0002 1.48 0.1403 0.000
Default Mode and Retrosplenial Conn —0.0004 0.0003 -1.20 0.2297 0.000
Default Mode and None Conn —0.0002 0.0001 -1.14 0.2555 0.000
Default Mode and Sensory Motor Mouth Conn 0.0003 0.0003 1.10 0.2730 0.000
Dorsal Attention and Cingulo-parietal Conn 0.0004 0.0003 1.06 0.2891 0.000
Dorsal Attention and Sensory Motor Mouth 0.0003 0.0003 1.05 0.2952 0.000
Conn

Dorsal Attention and Sensory Motor Hand —0.0002 0.0002 —0.98 0.3274 0.000
Conn

Dorsal Attention and Retrosplenial Conn 0.0003 0.0003 0.88 0.3775 0.000
Dorsal Attention and Auditory Conn —0.0002 0.0002 -0.74 0.4587 0.000
Dorsal Attention and Salience Conn —0.0002 0.0003 —0.59 0.5580 0.000
Dorsal Attention and Visual Conn 0.0001 0.0003 0.57 0.5658 0.000
Default Mode and Cingulo-parietal Conn 0.0001 0.0004 0.21 0.8324 0.000
Default Mode and Visual Conn 0.0000 0.0003 0.17 0.8621 0.000
Default Mode and Salience Conn 0.0000 0.0003 -0.13 0.8945 0.000

Model includes covariates age, sex, race, parental income, parental education, and in-scanner motion. Bold associations indicate significant beyond FDR correction (24
tests). The “None” network in the Gordon Parcellation represents the brain regions not included in any other established network. Conn, connectivity; B, unstandardized
regression coefficient; SE, standard error of regression coefficient; t, t-statistic of regression coefficient; P, alpha value of regression coefficient; R?, variance explained

by that variable.

demographic covariates, attention problems was the only psy-
chiatric or neuropsychological variable significantly related to
DMN/DAN anticorrelation (Supplementary Table 4). Additionally,
scanner motion, sex, race, and age were each associated with
DMN/DAN anticorrelation.

Relationship of DMN/DAN Anticorrelation to Interactions between
Demographic Variables and Variables of Interest

No interactions were found between demographic covariates
and independent variables in their relationship to DMN/DAN
anticorrelation.

Relationship of Attention Problems and Connectivity

of Other Networks

When the relationship of attention problems with the connec-
tivity of other networks with the DMN and DAN was explored,
the only network identified was the cingulo-opercular network
(Table 5). Activation in the DAN and cingulo-opercular network
was positively correlated across the resting-state fMRI time-
series (r, =0.08,P < 0.001) and activation in the DMN and cingulo-
opercular network was negatively correlated across the time-
series (r;=-.1, P<0.001). The functional connectivity of the
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cingulo-opercular network and the DAN was inversely associ-
ated with attention problems beyond FDR correction, accounting
for all demographic covariates. Likewise, the anticorrelation of
the cingulo-opercular network and the DMN was positively asso-
ciated with attention problems beyond FDR correction, account-
ing for all demographic covariates. Additionally, the coherence
of the DAN and the coherence of the DMN were inversely linked
to attention problems. No other network connections of the DAN
or DMN were linked to attention problems.

Discussion

The current study tested several prior findings relating to the
anticorrelation of the DMN and DAN, which has been theorized
to be an index of functional segregation of these two networks
that relates to numerous cognitive and psychiatric variables.
Consistent with the literature, significant anticorrelation was
found between these two networks in children aged 9-10 years,
and this anticorrelation was significantly, inversely correlated to
the coherence of the DMN and DAN. The anticorrelation of the
DMN and DAN was tested for association with six demographic
covariates, the individual and composite scales of the NIH tool-
box, and symptoms and diagnoses of ADHD, schizophrenia, con-
duct disorder/externalizing problems, depression/internalizing
problems, and sleep problems. Interestingly, DMN/DAN anticor-
relation was linked to all demographic covariates tested except
education; this set the stage for analyses of the NIH toolbox
neuropsychological tests, which were all related to DMN/DAN
anticorrelation when considered without covariates but were
all unrelated after covarying for these demographic variables.
The only NIH toolbox measures to be linked to DMN/DAN anti-
correlation beyond FDR correction using only age, sex, and in-
scanner motion as covariates were the dimensional card sort
task, which is a measure of executive function and cognitive
flexibility, and the total cognitive composite. In terms of psy-
chiatric associations, beyond FDR correction with all covariates
included, DMN/DAN anticorrelation was inversely associated
with attention problems, ADHD diagnosis, thought problems,
depression symptoms, internalizing symptoms, and externaliz-
ing symptoms. In split-half analyses, only the attention problem
scale was identified in both split halves at least 95% of the
time; the only other variable linked to DMN/DAN anticorrelation
more than half the time was ADHD diagnosis. This suggests
that several variables identified in full-sample analyses were not
replicable across smaller samples.

The only findings to meet the criteria established as robust
or come close were for ADHD, as attention problems (R2A =0.4%)
and ADHD diagnosis (R*?A=0.2%) were negatively linked to
DMN/DAN anticorrelation after controlling for demographic
factors in the full sample and were found to be linked in both
split-halves in the majority of replication tests. In fact, attention
problems were linked to DMN/DAN anticorrelation even after
controlling for all other independent variables and covariates,
providing very strong support for the hypothesis of reduced
DMN/DAN segregation being a feature of attention problems
and ADHD; likewise ADHD diagnosis was linked to DMN/DAN
anticorrelation after controlling for all other independent
variables and covariates if attention problems were not included
in the model [analyses not reported]. These findings are
consistent with existing theoretical accounts of DMN/DAN
anticorrelation, which has been proposed as an index of the
ability to maintain functional segregation between these two
networks, reflecting superior ability to maintain separate modes
of thought for externally and internally directed cognition

(Whitfield-Gabrieli and Ford 2012). Furthermore, findings are
consistent with existing hypotheses that attentional lapses in
ADHD are in part a result of DMN interference during attempts
to engage attention (Sonuga-Barke and Castellanos 2007;
Cortese et al. 2012), which is buttressed by work showing that
individuals with ADHD demonstrate lower levels of deactivation
of the DMN during attentional tasks (Fassbender et al. 2009;
Liddle et al. 2011; Metin et al. 2015) and that DMN deactivation
during attentional tasks is associated with better performance
(e.g., McKiernan et al. 2003; Singh and Fawcett 2008; Owens
et al. 2018). Also of interest, supplementary analyses found
that the relationship of the DMN and DAN did not represent
a global relationship of functional connectivity to attention
problems. Instead, the only other functional connections related
to attention problems were the coherence of the DMN and DAN
and each of these networks’ connectivity with the cingulo-
opercular network, which has been suggested to be the network
that oversees and modulates the anticorrelation between the
two networks (Sridharan et al. 2008).

There were also several psychiatric phenomena that have
been identified in the literature as being linked with reduced
DMN/DAN anticorrelation, which were found in the full sample
but that showed poor replicability in the split-half procedure.
These included thought problems, depression symptoms, inter-
nalizing symptoms, and externalizing symptoms. Additionally,
conduct disorder symptoms, prodromal psychosis symptoms,
and sleep problems were linked to DMN/DAN anticorrelation
when socioeconomic status was not accounted for. The effect
sizes of these relationships were all small (<0.2% for R?A). These
findings suggest mixed support for prior findings linking these
psychiatric phenomena to DMN/DAN anticorrelation (De Havas
et al. 2012; Posner et al. 2016; Pu et al. 2017) or reduced anticor-
relation in adolescents with conduct disorder (Pu et al. 2017).

Furthermore, in the current study, the strongest neuropsy-
chological correlate of DMN/DAN anticorrelation was the dimen-
sional card sort task (R?A =0.19%), which was linked to DMN/-
DAN anticorrelation beyond FDR correction after controlling
for age, sex, and in-scanner motion. This task is a measure
of executive functioning, specifically set shifting and cognitive
flexibility, and has been shown to distinguish individuals with
ADHD previously (Lawrence et al. 2004; Zelazo 2006). The only
other neuropsychological measure to be linked to DMN/DAN
anticorrelation beyond age, sex, and in-scanner motion was the
total cognitive composite, derived by aggregating scores on all
measures. This suggests that impaired DMN/DAN anticorrela-
tion may have a global effect on cognition rather than a specific
effect on one skill. These neurocognitive findings may repre-
sent a linkage between ADHD and DMN/DAN anticorrelation,
potentially serving either as a consequence or mechanism of
this linkage. However, their lack of association beyond income,
education, and race suggests that they are intimately tied up in
socioeconomic status.

That DMN/DAN anticorrelation was strongly linked to age,
sex, and socio-economic status was among the clearest findings
of the current study. Age and sex are common covariates (or
as factors in group matching) in studies of resting-state anti-
correlation in clinical populations (e.g., Sun et al. 2012; Posner
et al. 2016; Pu et al. 2017; Whitfield-Gabrieli et al. 2018), though
they are not universally used (e.g., De Havas et al. 2012); this is
consistent with the broader neuroimaging literature in which
age and sex are common covariates but socioeconomic factors
are not (Hyatt et al. 2019). However, socioeconomic status was
examined in a recent work for its link to DMN connectivity,
which found that, in adults, income and education are linked



to DMN, DAN, and cingulo-opercular network connectivity and
that these factors may serve as a mediator of the link between
anticorrelation of the networks and neuropsychological func-
tion (Shen et al. 2018). This mediational result is echoed in the
current study by the finding that when socioeconomic factors
were not covaried, total cognitive ability and card sort task
performance were related to DMN/DAN anticorrelation beyond
FDR correction, but when these factors were included as covari-
ates this effect dissipated. Thus, to best compare with prior
work on the DMN/DAN anticorrelation and neuropsychological
function, it may be more appropriate to consider our supple-
mentary results, which do not covary for income, education, and
race, lest true associations mediated by socioeconomic status
be overlooked. In short, this means that DMN/DAN anticorre-
lation may be linked to overall cognitive ability and, in spe-
cific, to set shifting, cognitive flexibility, and executive function.
Likewise, conduct disorder symptoms, prodromal symptoms of
schizophrenia, and sleep problems were all linked to DMN/DAN
anticorrelation when socioeconomic status was not accounted
for, suggesting a similar mediating effect may be at play. Fully
exploring these potential mediation models goes beyond the
scope of this paper, but it is an area that should be explored in
future work. Thus, a key takeaway of the current study is that
the covariate strategy used is critically important to whether
effects from prior research will replicate for investigations in
the role of DMN/DAN anticorrelation in clinical phenomena.
As has been shown, the use of covariates in the neuroimaging
literature is sporadic but can have major impacts on results
(Hyatt et al. 2019). The current results highlight that it should be
considered as a critical decision for studies testing associations
of resting-state fMRI with cognitive or psychiatric variables.

Considerations and Future Directions

While many associations of DMN/DAN anticorrelation with neu-
ropsychological performance and psychiatric problems were at
least partially replicated from the literature, the effect sizes for
all were small; even the most robust relationships explained
only a quarter of 1% of the variance. One factor that may have
contributed to small effect sizes is that by excluding subjects
with excess motion, we also likely excluded some of the worst
cases of psychiatric disorder, as subjects excluded for motion
or scanner problems did show more severe psychopathology on
almost all psychiatric measures. That noted, a major strength of
this study was its sample size; this is the largest sample to date
to be used to investigate any of the associations tested between
DMN/DAN and a psychiatric or neuropsychological phenotype
(the majority of existing work has sample sizes of fewer than
100). Because of its large sample size, the current study was
able to adjust for demographic confounds, correct rigorously
for multiple comparisons, and detect small effects. However,
the use of a community sample rather than a clinical one is
a limitation to the analyses of psychiatric symptoms/diagno-
sis in the current study. This means that most participants
did not have clinical levels of psychiatric symptoms and those
that did likely represent a less severe subset of individuals.
These less severe psychiatric symptoms likely play a role in the
small effect sizes seen. Furthermore, since schizophrenia diag-
nosis was an exclusion from the ABCD study, the current anal-
ysis used self-reported psychotic-like experiences and parent-
reported thought problems as proxies for the effect shown in
the literature that individuals with schizophrenia show reduced
DMN/DAN anticorrelation.
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Another consideration is in the processing and analysis
of resting-state fMRI analyses. Processing was done using
the standard ABCD preprocessing pipeline and the resting-
state summary variables calculated by the Data Analysis and
Informatics Core of ABCD (Hagler et al. 2019), which was
specifically designed to be optimized for the sample of the
current manuscript given what is known about movement and
artifact during fMRI for children. For example, the current study
used global signal regression as well as regression of BOLD signal
in white matter and cerebrospinal fluid from resting-state fMRI
timeseries. The current literature highlights the importance
of removing systematic artifacts in the data; importantly,
these global artifacts likely reflect not just movement but
respiratory and other physiologic noise (Power et al. 2014).
Without global signal regression (GSR), spurious artifacts ensue,
particularly in studies of development, and GSR was recently
shown to have the best success at reducing artifacts in youths
of similar age to the current sample (Lydon-Staley et al. 2019).
In considering this decision for the current analysis, DMN/DAN
anticorrelation has been shown to be independent of any one
strategy for accounting for global signal and has been found
in studies in which global signal was not accounted for (Fox
et al. 2009; Chai et al. 2012; Power et al. 2014), indicating that
the anticorrelation is not itself an artifact of GSR. Furthermore,
anticorrelations identified using GSR have been confirmed
by concurrent electrophysiological signal, and GSR has been
shown to improve correspondence between neuronal and
hemodynamic signals (Keller et al. 2013). Work examining the
effects of GSR on distinguishing clinical groups that show
high levels of motion found that using GSR tends to reduce
differences between groups that are driven by motion (Burgess
et al. 2016). Furthermore, while no one strategy for accounting
for global signal has been used exclusively in the literature,
most work linking DMN/DAN anticorrelation to psychiatric and
cognitive phenomena has used some correction for global signal
in its analysis, making the current approach the closest possible
analogue of prior studies that examined the relationship of
anticorrelation and psychiatric and cognitive phenomena.

Another example of the multiple possible approaches to the
analysis of DMN/DAN anticorrelation is the definition of the
DMN. The current study examined the anticorrelation between
the timeseries of the entire DMN and the entire DAN as defined
by the Gordon network parcellation. While there are slight dif-
ferences between the most popular parcellations, there is clear
agreement among them regarding the hubs of the DMN and DAN
(Power et al. 2011; Yeo et al. 2015; Gordon et al. 2016). Therefore,
there is little reason to think that the parcellation scheme cho-
sen was a relevant factor in the current results. However, in this
domain, there are interesting avenues for future research. For
example, there is evidence that the DMN is made up of several
subsystems (Andrews-Hanna, Reidler, Sepulcre, et al. 2010) and
may even represent two distinct functional networks (Buckner
and DiNicola 2019). Future research might consider how these
DMN subsystems may relate differentially to the DAN and if
fine-grained fractionation of the DMN can help improve the
understanding of the relationship of DMN/DAN anticorrelation
to cognition and psychiatric disorders.

Conclusion

In summary, this study tested several associations found pre-
viously in the literature between the anticorrelation of the DMN
and DAN with psychiatric problems in 9- to 10-year-old children.
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It did so in the largest sample to date for any of these questions,
which allowed for the use of a split-half design, extensive con-
sideration of covariates, and appropriate multiple comparison
correction. The results indicated robust associations of attention
problems with anticorrelation of the DMN and DAN. Future work
should proceed with confidence that these represent reliable
relationships, albeit with small effect sizes. The results suggest a
more complicated relationship with prior findings linking anti-
correlation of the DMN and DAN to psychosis, conduct disorder,
depression, and sleep, which are likely intimately connected to
demographic factors.
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Supplementary material can be found at CERCOR online.
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