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Abstract

Background: Neurocognitive deficits are common among youth with mental disorders and
patterns of aberrant brain function generally cross diagnostic boundaries. This study investigated
associations between functional neurocircuitry and broad transdiagnostic psychopathology
dimensions in the critical preadolescent period when psychopathology is emerging.

Methods: Participants were 9-10-year-olds from the Adolescent Brain Cognitive Development
Study®. Factor scores of general psychopathology, externalizing, internalizing, and thought
disorder dimensions were calculated from a higher-order model of psychopathology using
confirmatory factor analysis (n=11,721) and entered as explanatory variables into linear mixed
models to examine associations with resting state functional connectivity (n=9,074) and neural
activation during the Emotional N-back task (n=6,146), when covarying for sex, race/ethnicity,
parental education, and cognitive function.

Results: All dimensions of psychopathology were commonly characterized by: hypoconnectivity
within the dorsal attention and retrosplenial-temporal networks; hyperconnectivity between the
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frontoparietal and ventral attention networks and between the dorsal attention network and
amygdala; and hypoactivation of the caudal middle frontal gyrus. Externalizing pathology

was uniquely associated with hyperconnectivity between the salience and ventral attention
networks and hyperactivation of the cingulate and striatum. Internalizing pathology was uniquely
characterized by hypoconnectivity between the default mode and cingulo-opercular networks.
Connectivity between the cingulo-opercular network and putamen was uniquely higher for
internalizing pathology and lower for thought disorder pathology.

Conclusions: These findings provide novel evidence that broad psychopathology dimensions
are characterized by common and dissociable patterns, particularly for externalizing pathology,
of functional connectivity and task-evoked activation throughout neurocognitive networks in

Page 2

preadolescence.
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Introduction

Mental disorders often first manifest during childhood, adolescence, or young adulthood
(1-3). Diagnoses based on classification systems such as the Diagnostic and Statistical
Manual of Mental Disorders (DSM) tend to have heterogeneous clinical presentations
with high rates of comorbidity (4, 5). This clinical comorbidity is mirrored by functional
neurocircuit nonspecificity, where multiple disorders appear to have shared etiology (6—
10). In the triple network of psychopathology model, aberrant functional organization of
the salience, frontoparietal, and default mode neurocognitive networks and subnetworks
(i.e., cingulo-opercular, cingulo-parietal, dorsal and ventral attention, retrosplenial-temporal)
are theorized to underlie a wide range of psychopathologies (11). Clinical symptoms are
thought to be a function of enhanced or reduced salience detection, which have cascading
consequences in terms of attentional allocation of frontoparietal systems important for
higher-order cognition, and the ability to balance internal mental processes with external
stimulus—driven cognitive and affective processes (11).

Recent meta-analyses lend support to common underlying functional disorganization of
neurocognitive networks across mental disorders. For example, Sha et al (6) reported shared
alterations in functional connectivity across eight mental disorders within and between

the three large-scale neurocognitive networks. Likewise, McTeague et al (7) demonstrated

a common transdiagnostic pattern of disruption in the salience and *multi-demand’
frontoparietal network during cognitive control tasks among patients with various disorders
across the lifespan, including schizophrenia, bipolar or unipolar depression, anxiety, and
substance use disorders. Furthermore, Sprooten et al (9) has demonstrated common task-
evoked functional patterns throughout subcortical regions subserving higher-order cognitive
and emotional processes (i.e., striatum, amygdala, hippocampus) in individuals aged 18 to
65 years. These overlapping patterns of functional connectivity and task-evoked activation
resonate with prior reports of common neurostructural (e.g., 10) and genetic underpinnings
across mental disorders (e.g., 12, 13).
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Despite growing interest in identifying common biomarkers of mental disorders, current
limitations are notable. First, most studies contributing to these meta-analyses have

focused on adult populations, and the limited existing work in youth has often used
relatively small samples, resulting in underpowered meta-analyses to detect differences

in youth. Second, studies have usually adopted a categorical case-control design, and

while the incidence of psychiatric comorbidity is high, studies generally do not evaluate

its impact. These limitations of traditional approaches using diagnostic categories have
motivated a shift towards alternative research frameworks, such as the Research Domain
Criteria (RDoC; 14) and the Hierarchical Taxonomy of Psychopathology (HiTOP; 15,

16). Accordingly, an emerging body of literature has focused on identifying biomarkers
associated with an overarching general psychopathology factor (or ‘p factor’), as well as
shared and unique biomarkers of lower-order broad dimensional spectra that represent latent
liabilities towards externalizing (e.g., antisocial behavior, hyperactivity), internalizing (e.g.,
depression, anxiety), and thought disorder (e.g., disorganized thoughts, delusional beliefs,
hallucinations, obsessions, compulsions) pathology (17-19). Taking a dimensional approach
removes arbitrary boundaries between categorical disorders by grouping related disorders
together and assigning unrelated disorders to different dimensional spectra. This approach
outperforms traditional diagnostic categories in prediction of onset, chronicity, and severity
of mental illness, as well as individuals’ treatment response and functional impairment (4).

Working within this framework of latent dimensions, two studies have examined
neurocognitive functional correlates of psychopathology in youth. One study

examined patterns of functional connectivity associated with four dimensions of
psychopathology (mood, fear, externalizing, psychosis) in 999 youth from the Philadelphia
Neurodevelopmental Cohort, aged 8 to 22 years (20). They found that a loss of network
segregation between the default mode and executive networks (salience, frontoparietal)
emerged as a common feature across all dimensions. Capitalizing on data from the same
cohort, Shanmugan et al (21) identified that a transdiagnostic general psychopathology
factor was associated with failed activation of executive regions within the cingulo-opercular
network (linked to the salience network) during the N-back working memory task. They also
observed dissociable patterns of task-evoked activation for anxious-misery (internalizing),
behavioral (externalizing), and psychosis-spectrum (part of thought disorder) dimensions in
varying executive regions. Overall, these two studies provide early support for the notion
that common and dissociable alterations in functional patterns of neurocognitive networks
may underlie general and lower-order dimensions of psychopathology in youth.

These previous studies span a wide age range from childhood through to young adulthood
(8-22 years; mean age 15-16 years), a developmental period characterized by marked
changes in both neurobiology and psychopathology. Given psychopathology often first
manifests in preadolescence, it is critical to investigate the functional neurocircuitry
correlates of psychopathology in this important developmental period. Using data from

the Adolescent Brain Cognitive Development (ABCD) Study®, this preregistered analysis
(22) aimed to investigate how transdiagnostic dimensions of psychopathology (internalizing,
externalizing, thought, general psychopathology) relate to (a) alterations in intrinsic, large-
scale functional connectivity (resting state fMRI analysis), and (b) alterations in extrinsic,
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context-specific neural processes (task-evoked fMRI analysis) during a task of working
memory.

Methods and Materials

Participants

Cross-sectional baseline data were analyzed from the ABCD Study curated annual release
2.0.1, which contains postprocessed, precomputed data from 11,875 children, aged 9-10
years (Mage=9.9+0.6; male=52.1%), born between 2005 and 2008. A probability sample was
recruited through schools proximal to the 21 research sites across the United States (23).
Informed consent and assent were obtained from a parent or legal guardian and the child,
respectively. All procedures were approved by a central Institutional Review Board.

Indicators of psychopathology

Past and present mental disorder diagnoses were determined using parent-reported responses
to the self-administered computerized Kiddie Schedule for Affective Disorders and
Schizophrenia for DSM-5 (KSADS-5; 24). The computerized version of the KSADS-5

has been shown to have good psychometric properties (25). Past and present disorders

were combined to provide an index of lifetime disorder status (present/absent) for each of
the 14 disorders examined (see Table 1). In total, 5,831 (49.7%) youth had at least one
lifetime mental disorder diagnosis, marginally higher than previous US community samples
of 13-14-year-olds (~45%) (26). Comorbidity was common, with less youth meeting criteria
for a single category (n=2,856) than multiple categories (n=2,975). Among those meeting
criteria for more than one disorder, the mean number of mental disorders diagnosed was
3.11 (SD=1.39) (Supplement Figures 1-2).

Resting-State fMRI Connectivity

fMRI acquisition, scanning parameters, and the ABCD preprocessing pipeline are described
elsewhere (27, 28) and in the Supplement. Briefly, brain data were collected on 3T scanners,
including Siemens MAGNETOM Prisma, GE Discovery MR750, and Philips Achieva
scanners. Participants completed four, 5-minute resting-state blood oxygen level-dependent
(BOLD) scans, with their eyes open and fixated on a crosshair. Resting-state images

were acquired in the axial plane using an echo-planar imaging sequence. Mean framewise
displacement (mm) for participants with high quality resting-state data was 0.28 (SD=0.28).
Using a functional atlas, cortical-surface regions were grouped into 12 predefined large-
scaled networks (29), including 8 neurocognitive networks (cingulo-opercular, cingulo-
parietal, default mode, dorsal attention, frontoparietal, retrosplenial-temporal, salience,
ventral attention) and 4 sensory networks (auditory, sensorimotor-hand, sensorimotor-mouth,
visual). Gordon parcellation was chosen because it comprises major cortical functional
networks, covers the entire cortical surface, has been shown to exceed many other network
parcellations with respect to homogeneity of BOLD signal within each parcellation (29, 30),
and has been used previously in preadolescent populations (31). Resting-state functional
connectivity strength indices were then calculated using the Fisher r to z transformation of
the average correlation values between pairs of regions within each large-scale network
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(n=12), between these 12 networks (n=66), and between the networks and bilateral
subcortical regions (n=108). Post-processed data were utilized in the current analyses.

Task-Evoked fMRI Activation

Data from the Emotional N-back task was utilized (27). Depending on the condition,
children needed to indicate whether the stimulus was the same as 1) the one shown 2 trials
earlier (2 back), or 2) the target stimulus shown at the beginning (0 back). Stimuli included
houses, and emotional and neutral faces. Task-based changes in the BOLD signal were
computed at the individual subject level using a general linear model (GLM) implemented
in AFNI’s 3dDeconvolve (32). The GLM coefficients and t-statistics were cortically mapped
and projected 1mm into cortical gray matter using Freesurfer. Mean framewise displacement
(mm) for participants with high quality task data was 0.25 (SD=0.25). The present study
used post-processed functional task data mapped to 34 cortical parcellations (33) and 9
subcortical segmentations (34). The left and right hemisphere mean BOLD activity levels
for each region were averaged to create single bilateral values. As a measure of working
memory, the contrast between 2 back vs 0 back conditions, regardless of stimulus type, was
used in the current analyses.

Statistical analysis

Confirmatory factor analyses of the KSADS-5 data indicated that when compared with
both a one-factor and bifactor model, a higher-order model provided the best fit to

the data (root mean square error of approximation [RMSEA] = 0.014, Comparative Fit
Index [CFI] = 0.987, Tucker-Lewis Fit Index [TLI] = 0.984). See Supplement for further
details. In accord with the literature more broadly (e.g., 1, 15, 35, 36-39), the higher

order model consisted of three lower order dimensions representing externalizing (attention
deficit hyperactivity disorder, oppositional defiant disorder, conduct disorder), internalizing
(major depressive disorder, generalized anxiety disorder, post-traumatic stress disorder,
panic disorder, separation anxiety disorder, social anxiety disorder), and thought disorder
pathology (hallucinations, delusions, obsessive-compulsive disorder, bipolar disorder), as
well as a single higher-order dimension representing general psychopathology that accounts
for the correlations among lower-order factors (Figure 1). To produce stable and reliable
factor score estimates that were representative of the population-based sample, the factor
analysis was based on the whole sample that provided KSADS-5 data (n = 11,721).
Measurement invariance testing was conducted within a multigroup framework to ensure
that the factor structure represented in Figure 1 met criteria for scalar measurement
invariancel in the sub-samples that provided valid resting state (n = 9,074) and Emotional
N-back (n = 6,146) data, that passed ABCD’s extensive quality control procedure in every
fMRI run (see Supplement for details). Those included and excluded in these analyses
were comparable in terms of manifest clinical characteristics, although there were some
differences in demographic characteristics (Supplementary Tables S4-S5). Mean factor
score loadings for participants meeting criteria for each of the KSADS-5 mental disorder
diagnostic categories and for typically developing participants (i.e., those who did not
meet criteria for any lifetime mental disorder) were as expected (Figure 2). Increasing

LFactor structure, factor loadings and item thresholds were constrained to be equal across groups.
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factor scores adequately captured the increasing number of mental disorder diagnoses per
participant (Figure S2).

Once the preferred confirmatory factor analysis model of psychopathology was determined,
a series of linear mixed models were performed in R version 3.6.1 using Ime4 (40), with
family unit and MRI scanner site modelled as crossed random intercepts, and sex (female,
male) and race/ethnicity (White, Black, Hispanic, Asian, Other) included as covariates.

All analyses were False Discovery Rate (FDR) corrected for multiple comparisons (41).
Preregistered analyses examined associations between factor scores of each dimension
(entered in separate models without adjusting for the presence of the other, correlated
dimensions) and 1) within-network connectivity for each of the 12 Gordon networks

(12 FDR-corrected comparisons), 2) between-network connectivity (11 FDR-corrected
comparisons per network), 3) subcortical connectivity (cerebellum, thalamus, caudate,
putamen, pallidum, hippocampus, amygdala, nucleus accumbens, ventral diencephalon) to
the Gordon networks (9 FDR-corrected comparisons per network), and 4) task-evoked
fMRI activation (34 FDR-corrected comparisons for cortical parcellations, 9 FDR-corrected
comparisons for subcortical segmentations). Post-hoc analyses were conducted where lower-
order dimensions (i.e., externalizing, internalizing, thought disorder) were entered into
models simultaneously to explicate unique associations in a multiple regression framework.
Collinearity diagnostics indicated absence of troubling collinearity at the variable-set level
(i.e, overall multicollinearity between dimensions), while two of the four variable pairing
indices indicated possible collinearity between the internalizing and thought disorder
dimensions (see Supplement). A series of preregistered sensitivity analyses were conducted
to test whether results were robust to the inclusion of additional covariates, including
cognitive function (as determined by the fully corrected total cognition composite t-score
from the NIH toolbox®) and parental education (a proxy for socio-economic status). Similar
to previous studies (20, 21, 42), results are expressed as Z-scores and effect sizes are
expressed as A2 (both full and partial model with just the psychopathology dimension of
interest).

Functional connectivity patterns in large-scale networks

Common patterns of altered network-level connectivity across higher- and lower-order
dimensions of psychopathology included lower connectivity within the neurocognitive
dorsal attention (full-model /2s=.14, partial £2s>.001) and retrosplenial-temporal networks
(full-model R2s=.14, partial £2s>.002), and greater connectivity between the neurocognitive
frontoparietal and ventral attention networks (full-model /%s=.15, partial £2s=.001), after
adjusting for sex and race/ethnicity (Figure 3 a-d). When examining associations between
network and subcortical connectivity, all dimensions of psychopathology were associated
with heightened connectivity between the dorsal attention network and the amygdala (full-
model R2s>.05, partial £2s=.001) (Figure 3 e-h), after adjusting for sex and race/ethnicity.

When accounting for overlap among dimensions in these analyses (i.e., lower-order
dimensions entered simultaneously into models), externalizing pathology was uniquely
characterized by heightened connectivity between the neurocognitive salience and ventral
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attention networks (full-model R2=.12, partial £2=.001), and lower connectivity between
the sensorimotor mouth and auditory networks (full-model /2=.12, partial ~2=.001),
sensorimotor hand and visual networks (full-model /2=.21, partial £2=.001), and cingulo-
opercular and visual networks (full-model /2=.07, partial /2=.00002), after adjusting for
sex and race/ethnicity (Figure 4 a). Internalizing pathology was uniquely associated with
lower connectivity between the neurocognitive default mode and cingulo-opercular networks
(full-model R2=.18, partial /2=.0002) (Figure 4 b). No statistically significant differences
in within- or between-network connectivity were found for the thought disorder dimension,
after adjusting for sex and race/ethnicity and in the context of the other dimensions. When
examining associations between network and subcortical connectivity, the externalizing
dimension was uniquely associated with heightened connectivity between the cingulo-
parietal network and caudate (full-model /2=.10, partial A2=.0001), the sensorimotor hand
network and caudate (full-model /2=.18, partial /2=.001), the sensorimotor hand network
and pallidum (full-model A2=.04, partial £2=.001), and the ventral attention network and
putamen (full-model A2=.03, partial £2=.001) (Figure 4 c). The internalizing and thought
disorder dimensions exhibited unique divergent patterns between the cingulo-opercular
network and putamen, where the internalizing dimension was associated with higher
connectivity (full-model R2=.12, partial /2=.001), and the thought disorder dimension was
associated with lower connectivity (full-model R2=.12, partial /2=.0003) (Figure 4 d-e).

Task-evoked activation during working memory

All psychopathology dimensions, when entered into separate models, were associated with
lower activation in the caudal middle frontal gyrus during the Emotional N-Back task, when
accounting for the effects of sex and race/ethnicity (full-model /2s>.004, partial A2s=.001)
(Figure 5). When accounting for overlap among dimensions in multiple regression analyses,
externalizing pathology was uniquely characterized by greater activation in the rostral (full-
model A2=.02, partial /2=.0004) and caudal anterior cingulate (full-model /%=.01, partial
R%=.0001), insula (full-model /2=.02, partial #2=.0001), nucleus accumbens (full-model
R%=.004, partial £2=.0001), putamen (full-model /2=.05, partial ”2=.00005), and pallidum
(full-model /2=.004, partial £2=.00004) after adjusting for sex and race/ethnicity (Figure
6). No unique associations for internalizing or thought disorder dimensions passed FDR
correction.

Sensitivity Analyses

All observed associations remained after adjusting for parental education, excluding
connectivity between the sensorimotor hand and visual networks, and sensorimotor hand
network and pallidum for externalizing pathology (Figure 4). Several associations no longer
passed FDR correction after adjusting for cognitive function, indicated by an asterisk (*) in
Figures 3-6. Table 2 summarizes the common and dissociable connectivity and task-evoked
activation patterns across dimensions of psychopathology, with and without adjustment for
these additional covariates.
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Discussion

In a large sample of preadolescents, the current study examined associations between
diverse psychopathology, resting state functional connectivity, and neural activation during
a task of working memory. All dimensions of psychopathology were characterized by
common patterns of aberrant functional connectivity and task-evoked activation throughout
neurocognitive networks. While unique associations were observed for all lower-order
dimensions, a dissociable neurocircuitry pattern was most evident for externalizing
pathology.

Common alterations across dimensions included hypoconnectivity within the dorsal
attention and retrosplenial-temporal networks, hyperconnectivity between the frontoparietal
and ventral attention networks and between the dorsal attention network and amygdala,
and hypoactivation in the caudal middle frontal gyrus during the Emotional N-back

task. Externalizing pathology was uniquely characterized by hyperconnectivity between
the salience and ventral attention networks, hypoconnectivity between sensory networks,
heightened network-subcortical connectivity, and hyperactivation of the cingulate, striatum,
and insula during working memory, although alterations involving the sensory network

and insula were no longer significant when accounting for variance in cognitive function.
In contrast, internalizing pathology was characterized by hypoconnectivity between the
default mode and cingulo-parietal networks and hyperconnectivity between the cingulo-
opercular network and putamen, where the reverse pattern was observed for thought
disorder pathology. Taken together, the results suggest that psychopathology is associated
with aberrant functional patterns throughout neurocognitive networks and regions during
preadolescence.

Common functional connectivity alterations associated with psychopathology

Findings across studies converge to suggest that altered connectivity within and between
neurocognitive networks may be a common biomarker underlying vulnerability to a wide
range of mental disorders (6, 20). Prior studies have identified more widespread alterations
across neurocognitive networks than observed in the current study, including a previous
study of adolescents (20) and a meta-analysis of adults (6). These inconsistencies may

be due to the relatively early developmental period under study (preadolescence), perhaps
indicating that neurobiological underpinnings of psychopathology become more pervasive
throughout the life course.

This study was the first to examine associations between psychopathology and network-
subcortical connectivity. Hyperconnectivity between the dorsal attention network and

the amygdala received the highest loadings for all dimensions of psychopathology. The
amygdala has long been the focus of disordered emotional processing (43, 44), and is a
prominent subcortical structure of the neurocognitive salience network (11). In accord with
the present findings, a recent meta-analysis identified a common pattern of aberrant neural
activation during emotional processing in the amygdala and regions of the executive network
(inclusive of the dorsal attention network) across psychiatric disorders (8).
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Interestingly, these transdiagnostic functional impairments in neurocognitive networks
parallel behavioral and structural evidence of common disruptions in neurocircuitry
underlying cognitive control capacity and emotional processing (10, 45, 46). Overall, this
study adds to a convergent body of literature that shows highly coordinated networks

and subcortical regions that are sensitive to demands on cognitive control and emotional
processing underlie complex and wide-ranging psychiatric symptoms across different age
groups.

Dissociable patterns of connectivity associated with lower-order dimensions of
psychopathology

Lower-order dimensions of psychopathology were characterized by some unique functional
connectivity patterns in networks or subcortical regions that subserve cognitive control. The
direction of effects between neurocognitive networks observed in the current study for the
externalizing (i.e., hyperconnectivity) and internalizing (i.e., hypoconnectivity) dimensions
are consistent with a previous study of youth from the Philadelphia Neurodevelopmental
Cohort, aged 8 to 22 years (20). In contrast, that study also observed differentiated patterns
of connectivity for the thought disorder dimension in the default mode and executive
networks. Likewise, prior studies of patients with schizophrenia have identified altered
connectivity within the default mode network (47-49). There is evidence to suggest that
patterns of dysconnectivity linked to lower-order dimensions of psychopathology parallel
clinical trajectories of these disorders. This may explain why associations for the thought
disorder dimension did not pass FDR correction in the current study of preadolescents
compared to prior studies in older populations (e.g., 20, 47, 48, 49). Externalizing
aggression-focused syndromes, as captured in the present study, typically present earlier

in childhood and have a more stable trajectory (50). Internalizing syndromes often manifest
next, followed by thought disorder syndromes later in adolescence, often escalating in
severity throughout adolescence and adulthood (51, 52). Likewise, preliminary evidence
suggests that patterns of dysconnectivity associated with the externalizing dimension
manifest earlier and have a more stable time-course, while patterns associated with the
internalizing and thought disorder dimensions strengthen throughout adolescence and into
young adulthood (20). Considering the current sample are preadolescents, it is expected
that functional connectivity alterations associated with the internalizing and thought disorder
dimensions will continue to diverge throughout adolescence and into young adulthood in
parallel with symptom escalation.

Common and dissociable patterns of task-evoked activation across psychopathology

dimensions

In addition to the robust finding that altered functional connectivity in neurocognitive
networks (i.e., dorsal and ventral attention, retrosplenial-temporal, frontoparietal) is a
transdiagnostic biomarker for psychopathology, the current study also identified that
hypoactivation within the salience network (i.e., caudal middle frontal gyrus) during a
working memory task is common across dimensions of psychopathology, in line with
previous research (7, 21). This network is thought to be essential for adaptive switching
between other neurocognitive networks (11). In contrast, externalizing pathology was
uniquely associated with hyperactivation in the anterior cingulate cortex and subcortical
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regions. The anterior regions of the cingulate cortex are key nodes of the default mode
network (53). Recent neuroanatomical modelling has also revealed that the thalamus

and basal forebrain (including the nucleus accumbens, pallidum, putamen) are of central
importance for the functioning of the default mode network (54). These findings dovetail the
dissociable effects observed for functional connectivity, where the externalizing dimension
was characterized by hyperconnectivity between the neurocognitive salience and ventral
attention networks. As noted above, dissociable patterns of neural activation for the
internalizing and thought disorder dimensions may become more pronounced with age.

Towards a neurocognitive network perspective of psychopathology

The current findings align with the triple network of psychopathology model (11) which
posits that aberrant functional organization of the salience (including cingulo-opercular),
frontoparietal (including dorsal and ventral attention), and default mode (including
retrosplenial-temporal) networks and subnetworks, and their network interactions, underlie
a wide range of psychopathologies, as does the amygdala which is crucial for the detection
of biologically salient affective cues. While aberrant patterns were not observed throughout
all neurocognitive networks, as noted above, it is anticipated that patterns will continue to
diverge with age and severity of psychopathology symptoms. Longitudinal data spanning
early development and adolescence are needed to establish the causal relationship between
neurobiology and psychopathology. To date, evidence suggests that compromised brain
health is an antecedent for psychopathology, whether that be through genetic susceptibilities
(13, 55, 56), prenatal exposures (57), early life stressors (58), or some other mechanism.
Interestingly, there is some evidence to suggest that psychopathology in children aged 8 has
downstream effects on brain development at age 10 (59). A cascading interaction between
psychopathology and the brain may exist during this critical developmental period, and
future work utilizing this cohort when longitudinal data is available will help delineate these
associations.

Strengths and Limitations

The current study has several strengths. The ABCD study is a multisite, demographically
diverse, population-based study that is the largest of its kind to investigate child brain
development. Here, lifetime mental disorders were highly prevalent, perhaps reflecting the
use of parent- rather than clinician-report (60) and the relative sensitivity of the KSADS-5

to lower-level symptomatology (61). This sensitivity allowed for linkage of psychopathology
with functional neurocircuitry in a manner not necessarily tied to strict clinician-rated
disorder thresholds. The high incidence of psychiatric comorbidity was accounted for

by utilizing factor analysis to examine general psychopathology and lower-order broad
dimensional spectra representing latent liabilities towards externalizing, internalizing, and
thought disorder pathology. Independent of the imaging analyses, this work demonstrates
the coherence of symptoms across disorders in the preadolescent period, which are

typically considered disparate. The large sample size allowed for inclusion of low base

rate disorders that are rare in the preadolescent period. The narrow age range included in
this study allowed for exploration of developmentally specific relationships between detailed
neurobiological indices and psychopathology during a critical developmental period when
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the trajectories of the lower-order dimensions begin to shift, but prior to many mental
disorders emerging.

These findings also need to be interpreted within the context of some limitations. ABCD
data are cross-sectional at present and cannot determine causality between psychopathology
and functional neurocircuitry aberrations. There were large amounts of excluded data for
the functional MRI analyses (n = 2,647 to 5,575). Although the clinical characteristics

and structure of psychopathology were similar for those included and excluded from the
analyses, this excluded data may have affected the representativeness of the sample and
thus the generalizability of the results. There was evidence of possible collinearity between
the internalizing and thought disorder dimensions, and some caution should be taken when
interpreting the dissociable effects for these dimensions. Furthermore, the current study
analysed cortical parcellations and subcortical segmentations, however, future studies could
explore voxelwise analytical approaches. Finally, replicating these findings in other large
independent samples will be important to determine the robustness of the functional patterns
underlying psychopathology found here, and at different stages throughout the lifespan.

Conclusions

The current study revealed that broad dimensions of psychopathology are characterized

by common and dissociable patterns, particularly for externalizing pathology, of

functional connectivity and task-evoked activation throughout neurocognitive networks in
preadolescence, when adjusting for sex, race/ethnicity, cognitive function, and parental
education. In the context of other studies, it appears that neural disruptions associated

with psychopathology may become more pervasive across the life course, in parallel with
clinical trajectories of each disorder. The broad dimensions examined in this study span
multiple traditional disorder categories and provide further support for the consideration of
mental diagnoses from a dimensional perspective, as suggested by RDoC and HiTOP. Future
evaluations should examine the practical utility of identified functional biomarkers to predict
clinical trajectories as well prevention and intervention responses.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Higher order model of the structure of psychopathology in preadolescents. N=11,721.

ADHD-=attention deficit hyperactivity disorder, ODD=oppositional defiant disorder,
CD=conduct disorder, DEP=major depressive disorder, GAD=generalized anxiety
disorder, PAN=panic disorder, SEP=separation anxiety disorder, SOC=social anxiety
disorder, PTSD=post-traumatic stress disorder, PHO=specific phobia, HAL=hallucinations,
DEL=delusions, BIP=bipolar disorder, OCD=o0bsessive-compulsive disorder.
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Figure 2.
Mean factor scores of each psychopathology dimension for each case-control diagnostic
category.

ADHD-=attention deficit hyperactivity disorder, ODD=oppositional defiant disorder,
CD=conduct disorder, DEP=major depressive disorder, GAD=generalized anxiety
disorder, PAN=panic disorder, SEP=separation anxiety disorder, SOC=social anxiety
disorder, PTSD=post-traumatic stress disorder, PHO=specific phobia, HAL=hallucinations,
DEL=delusions, BIP=bipolar disorder, OCD=0bsessive-compulsive disorder, PD=any
psychiatric disorder, TD=typically developing (i.e., those who did not meet criteria for any
lifetime mental disorder).
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A-D illustrate alterations in connectivity patterns within and between large-scale networks,
and E-H illustrate alterations in connectivity between networks and bilateral subcortical
regions, when adjusting for sex and race/ethnicity. Associations marked with an asterisk
(*) or hash (#) were no longer significant when adjusting for cognitive function or parental
education, respectively. Line thickness reflects relative strength of associations within each
dimension. N=9,074.
AUD = auditory, COP = cingulo-opercular, CPA = cingulo-parietal, DMN = default mode,
DAT = dorsal attention, FPT = frontoparietal, RST = retrosplenial-temporal, SMH =
sensorimotor-hand, SMM = sensorimotor-mouth, SAL = salience, VAT = ventral attention,

VIS = visual.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2022 April 01.

DAT



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leesetal.

AUD
VIS x N
\COP
*
DM
# ¥
VAT SMH

C. Externalizing

VAT

SMH

CPA

cop

A. Externalizing

\ 4M
SAL

Caudate
Pallidum

Figure 4.

Putamen

VAT

SMH

CPA

cop

D. Internalizing

Caudate

Pallidum

N

Putamen

Page 19

B. Internalizing

cop

E. Thought Disorder

VAT

SMH

CPA

cop

Caudate

wn

Pallidum

o

A-B illustrate alterations in connectivity patterns within and between large-scale networks,
and C-E alterations in connectivity between networks and bilateral subcortical regions, when
adjusting for sex and race/ethnicity. Associations marked with an asterisk (*) or hash (#)
were no longer significant when adjusting for cognitive function or parental education,
respectively. Line thickness reflects relative strength of associations within each dimension.

N=9,074.
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AUD = auditory, COP = cingulo-opercular, CPA = cingulo-parietal, DMN = default mode,
DAT = dorsal attention, FPT = frontoparietal, RST = retrosplenial-temporal, SMH =
sensorimotor-hand, SMM = sensorimotor-mouth, SAL = salience, VAT = ventral attention,
VIS = visual.
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Figure 5.

Lower task-evoked activation during the Emotional N-back task (2 vs 0 contrast) was
observed for dimensions of psychopathology in the middle frontal gyrus (A,C,D), posterior
cingulate (C), and thalamus (A,C,D). Associations in A-D marked with an asterisk (*)

or hash (#) were no longer significant when adjusting for cognitive function or parental
education, respectively. E illustrates the Z-scores for all parcellations and segmentations
examined when entered as predictors into mixed models separately. N=6,146.

The nodes on the brain figures represent the location where activation differed for youth
with higher psychopathology factor scores and the size corresponds to the z-score.
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Figure 6.
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A illustrates the regions exhibiting heightened connectivity which is uniquely associated
with externalizing pathology during the Emotional N-back task (2 vs 0 contrast).
Associations marked with an asterisk (*) or hash (#) were no longer significant when
adjusting for cognitive function or parental education, respectively. B illustrates the Z-scores
for all parcellations and segmentations when examined in multiple regression framework.

N=6,146.

The nodes on the brain figures represent the location where activation differed for youth
with higher externalizing pathology factor scores and the size corresponds to the z-score.
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