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1. Introduction

Psychopathology has been traditionally conceptualized and studied as a series of
discrete categories. These categories are typically operationalized as diagnoses, which are
often derived from the Diagnostic and Statistical Manual of Mental Health Disorders (DSM
5). Accordingly, the majority of research surrounding psychopathology and its mechanisms
has employed case-control designs in which healthy controls are compared to persons who
meet criteria for a categorically-defined disorder. Investigations of psychopathology through
this lens are widespread, but highly problematic. A categorical approach to the classification
of symptoms, such as the one presented in the DSM-5, poses substantial constraints on our
ability to understand the full spectrum of psychopathology as it manifests in reality.
Specifically, measuring psychopathology with a categorical approach introduces biases in
comparisons and needs to be complemented by population-based studies (Lee et al., 2007),
and does not adequately capture the continuous variation in symptoms (Krueger et al., 2018).

An additional important limitation of the categorical, case-control approach to
studying psychopathology is that it often does not allow for naturally occurring comorbidity.
Mental health disorders are characterized by a substantial degree of comorbidity and there are
many psychopathology symptoms that are transdiagnostic (Grisanzio et al., 2018; Kessler et
al., 2005). However, case-control study designs often exclude participants that meet criteria
or have symptoms of additional disorders beyond the particular disorder or diagnosis of focus
for that study. Studies only including individuals that either 1. meet criteria for one
categorically-defined diagnosis or 2. are deemed to be healthy or normal due to a reported
absence of any diagnoses discount the many individuals that do not perfectly fit into these
arbitrarily defined categories. In other words, such an approach does not capture the full

continuum of psychopathology and its common comorbidities.



An alternative approach to conceptualizing psychopathology that helps to address the
limitations of a categorical approach is one that attends to and accounts for the dimensional
and continuous nature of psychopathology. An early study from Krueger (1999) used factor
analysis to provide evidence that certain psychopathology symptoms group together, and,
more specifically, that internalizing symptoms and externalizing symptoms cluster together
into two separate factors or dimensions (Krueger, 1999). Since then, research has continued
to show that psychopathology is characterized by symptoms that are continuous (Kotov et al.,
2017), highly correlated (Conway et al., 2019), and hierarchically organized (Caspi &
Moffitt, 2018; Conway et al., 2019; Kotov et al., 2017; Lahey et al., 2017; Zald & Lahey,
2017). Additionally, psychopathology dimensions have been found to be more reliable and
valid than psychopathology categories (Markon et al., 2011). Thus, studying
psychopathology through a dimensional perspective, rather than with a categorical design,
can be an effective way to capture the true nature of psychopathology and its naturally
occurring comorbidity.

Researchers have suggested a variety of ways to statistically model this dimensional
nature of psychopathology. More specifically, some have demonstrated a conceptualization
of psychopathology that consists of a hierarchy of correlated symptom domains (Caspi et al.,
2014; Kotov et al., 2017; Lahey et al., 2011, 2017). With the use of a variety of methods
(Lahey et al., 2020), this type of conceptualization illustrates a structural hierarchy consisting
of one general psychopathology factor representing the shared variance across all measured
symptoms and disorders, in addition to multiple specific factors representing the variance in
specific symptom domains (i.e. internalizing, externalizing). Furthermore, prior studies have
shown that a bifactor model, in which all measured psychopathology symptoms load onto
both a general psychopathology factor and one orthogonal specific factor, can be a useful

model for investigating the distinct and shared features associated with dimensions of



psychopathology because it identifies multiple phenotypes that are uncorrelated (Lahey et al.,
2017; Moore et al., 2020). Bifactor models have been utilized and replicated in both youth
(Hankin et al., 2017; Laceulle et al., 2015; Moore et al., 2020) and adult samples (Caspi et al.,
2014; Lahey et al., 2012, 2018).

Multivariate analytical approaches are also useful methods for studying
psychopathology and its dimensionality (Kaczkurkin et al., 2020). Much of the existing
literature on psychopathology and associated mechanisms or outcomes relies on univariate
analytical approaches in which each variable of interest (i.e. symptom, disorder, underlying
mechanism) is tested independently. However, this approach does not allow for the
simultaneous examination of multiple dimensional, correlated variables. Multivariate
approaches, such as partial least squares (PLS) analysis or canonical correlation analysis
(CCA), help to address that limitation (Kaczkurkin et al., 2020). These are data-driven
approaches which allow for the mutual examination of associations among multiple variable
sets, and which are capable of characterizing statistical variation among multiple modalities
in the same subjects (Kaczkurkin et al., 2020; McIntosh & Misi¢, 2013; Xia et al., 2018;
Zhuang et al., 2020). Thus, such methods can facilitate the delineation of complex
relationships between two different dimensional datasets. A growing body of literature has
employed these multivariate techniques to the study of psychopathology and neural
mechanisms (Berman et al., 2014; Drysdale et al., 2017; Kaczkurkin et al., 2020; Kebets et
al., 2019; Lin et al., 2018; Mihalik et al., 2019; Moser et al., 2018; Rodrigue et al., 2018;
Stout et al., 2018; Sui et al., 2013; Supekar et al., 2019). However, much of this work focuses
on particular disorders or symptoms groups (i.e. schizophrenia or psychosis), rather than on
more broadly defined psychopathology dimensions.

Importantly, there is research to suggest that the dimensional, comorbid nature of

psychopathology is also manifested in the patterns of neural mechanisms underlying



psychopathology as well. In particular, it has been found that multiple mental health disorders
share similar neural mechanisms (Kaczkurkin et al., 2020). For example, a meta-analysis
demonstrated common variations in gray matter volume (GMV) in the bilateral insula and the
dorsal anterior cingulate across six disorders: depression, anxiety, bipolar disorder, addiction,
schizophrenia, and obsessive-compulsive disorder (Goodkind et al., 2015). Additionally,
from a more dimensional perspective, prior studies have demonstrated inverse associations
between GMV and dimensions of psychopathology (i.e., greater loadings on
psychopathology dimensions being associated with smaller GMVs) (Kaczkurkin, Park, et al.,
2019; Moore et al., 2019; Romer et al., 2017; Snyder et al., 2017).

There are several limitations of the prior research in this area that are important to
note. First, many prior studies on relationships between brain volume and psychopathology
have focused on adults, rather than children, which is a limitation for several reasons. For
one, it is important to build a more accurate understanding of the associations between
dimensional psychopathology and neurostructural variation during development, as
childhood is a time during which many forms of psychopathology first manifest (Roza et al.,
2003). Further, the emergence of psychopathology symptoms during development has been
found to be a substantial risk factor for psychopathology during adulthood (Reef et al., 2010).
Additionally, there are substantial levels of brain development (Giedd et al., 1999) and neural
plasticity (Sale et al., 2014) during childhood. As a result of this enhanced neural plasticity,
childhood is a time of heightened susceptibility to environmental influences that are likely to
influence the development of psychopathology (Sale et al., 2014). Therefore, the
identification of neural mechanisms underlying childhood psychopathology is a vital step
towards the advancement of early risk-identification, prevention, and intervention.

A second important limitation of much of the prior work surrounding dimensional

psychopathology and brain volume is a reliance on univariate analyses, in which each



psychopathology dimension or brain region is tested separately. While this is a useful
method, it does not allow for identifying which regions cluster together with which
symptoms. A third limitation is a focus on samples with age ranges that are quite broad.
Given that psychopathology dimensions may change considerably over the course of
development, a large sample of children with a narrowly defined age range may be useful.
Finally, previous findings surrounding associations between dimensional psychopathology
and brain volume during development are in need of replication in order to further assess
their validity and robustness (loannidis, 2005).

The aim of the current project was to address these limitations and build upon prior
work in order to further delineate the neurostructural substrates of psychopathology during
development. To accomplish this, associations between regional GMV and dimensions of
psychopathology, as defined by a bifactor model, were investigated through two different
statistical approaches and with a large sample of children with a narrowly defined age range
(children 9 to 10 years old from the Adolescent Brain and Cognitive Development (ABCD)
Study). More specifically, we examined associations between regional GMVs and four
dimensions of psychopathology representing general psychopathology, internalizing
symptoms, ADHD symptoms, and conduct problems through both a structural equation
modeling (SEM) approach (Study 1) and a partial least squares (PLS) approach (Study 2).
Study 1 aimed to test the relationships between the GMV of each particular brain region and
the four psychopathology dimensions using SEM. Study 2 aimed to identify which regional
GMVs cluster with which psychopathology dimensions using PLS analysis. We controlled
for demographic factors such as age, sex, and race/ethnicity in all analyses.

In line with prior findings (Kaczkurkin, Park, et al., 2019), we hypothesized that
Study 1 would demonstrate general psychopathology associated with smaller regional GMV's

throughout many regions of the brain. We hypothesized that results of Study 2 would be



consistent with those of Study 1 in demonstrating a global relationship between general
psychopathology and GMV even when accounting for multivariate, simultaneous
associations and variance. More specifically, in considering that a substantial portion of
genetic variance in psychopathology is shared across disorders and that genetics show non-
specific associations with the brain (Zald & Lahey, 2017), we predicted a global pattern for
GMV and psychopathology, rather than a focal one. These findings together would provide
compelling evidence that the relationship between psychopathology and smaller GMV is both
global and evident early on in the course of development. Additionally, this study provides a
baseline measure for longitudinal analyses of the ABCD dataset in the future. Given that
adolescence is a time of exponential increase in mental disorders (Roza et al., 2003),
longitudinal follow-up analyses will allow for a better understanding of how these brain-
behavior relationships change throughout development, as well as for delineation of their

clinical implications.

2. Methods

2.1 Participants

The current study used data from Wave 1 (release 2.0.1) of the Adolescent Brain and
Cognitive Development (ABCD) Study (Volkow et al., 2018). The Vanderbilt University
institutional review board approved the use of the dataset. The ABCD study Wave 1 includes
data from 11,875 children between 9 and 10 years old. Recruitment strategies for the ABCD
Study is detailed elsewhere (Casey et al., 2018; Garavan et al., 2018). To summarize, data for

the ABCD Study were collected at 21 sites across the United States. Researchers engaged in



probability sampling of schools within catchment areas for each study site, and then children
eligible for the study within each of the sample schools were recruited to participate. Age,
gender, race/ethnicity, socio-economic status, and urbanicity were the primary
sociodemographic factors considered during sample recruitment. Target numbers for these
factors were based on the American Community Survey (ACS), which is conducted annually
by the U.S. Census Bureau, and on the National Center for Education Statistics student
enroliment data. The study sites themselves are not exactly representative of the general U.S.
population. However, each site implemented the same unbiased recruitment strategy.
Additionally, the researchers of the ABCD Study provide post-stratification weights, which
can be used to adjust the sample and make it more representative of the general U.S.

population for the purpose of analysis.

2.1.1 Final sample for Study 1

Participants were excluded for missing data or for failing to pass quality assurance
measures (see Supplementary Figure 1). After such exclusions, the final sample size included
in Study 1 was N = 9,607. Details of the exact methods for imaging data exclusions can be
found elsewhere (Hagler et al., 2019). In comparing those excluded (N = 2,268) to the final
included sample, the final sample was older in age, had a lower proportion of racial/ethnic
minority status individuals, had higher income, had a higher proportion of females, and had
more parental education (p-values <.001). The demographic characteristics of the analyzed

sample are summarized in Table 1.



Table 1. Summary of demographic characteristics of the final Study 1 sample (N = 9,607)

Mean SD
Age (months) 119.16 7.47
N %
Gender
Female 4,686 48.78
Male 4,921 51.22
Race-Ethnicity
White 5,127 53.37
Hispanic 1,961 20.41
African American 1,365 14.21
Other 1,154 12.01
Household Annual Income
< $5,000 320 3.33
$5,000-$11,999 323 3.36
$12,000-$15,999 220 2.29
$16,000-$24,999 411 4.28
$25,000-$34,999 520 541
$35,000-$49,999 735 7.65
$50,000-$74,999 1,219 12.69
$75,000-$99,999 1,301 13.54
$100,000-$199,999 2,753 28.66
> $200,000 1,003 10.44
Missing 802 8.35
Parental Education
No degree 468 4.87
Highschool degree/GED 1,147 11.94
Some college 1,572 16.36
Associate's degree 1,228 12.78
Bachelor's degree 2,721 28.32
Master's degree 1,867 19.43
zégl;gzsmnaI/Doctoral 591 6.15
Missing 13 0.14

Note. The “Other” Race-Ethnicity category includes those who were identified by their parent
as American Indian/Native American, Alaska Native, Native Hawaiian, Guamanian, Samoan,
Other Pacific Islander, Asian Indian, Chinese, Filipino, Japanese, Korean, Vietnamese, Other
Asian, or Other Race.



2.1.2 Final Sample for Study 2

The same exclusions for missing data or failing to pass quality assurance measures
(see Supplementary Figure 1) were completed in Study 2. An additional 1,389 same-family
participants were excluded from the PLS analysis in order to include only one participant per
family in the analyses. One participant from each family was randomly selected to be
included in the analyses and other family member participants were excluded. This was
necessary to control for non-independence between twins and siblings. See the statistical
analysis section of this manuscript for more details. The final sample size used for the PLS
analysis was N = 8,218. This sample was split into a training sample (N = 4,138) and a
replication sample (N = 4,080) that had similar demographics (i.e. age, education level,
income, and race/ethnicity breakdown). There were also no significant differences in
psychopathology scores for the four psychopathology dimensions (general, internalizing,
conduct problems, and ADHD) between the two groups. These two groups were created in
order to have a subsample to use to test whether the PLS analysis results would replicate. A
summary of the demographic characteristics of the sample included in the PLS analysis can

be found in Table 2.



Table 2. Summary of demographic characteristics of the final Study 2 sample

Overall Training Replication Training
(N =8,218) (N =4,138) (N =4,080) VS.
Replication
Mean SD Mean SD Mean SD p
Age (months) 119.01 7.42 119.05 7.42 11896 7.39 .588
N % N % N % p

Gender 344
Female 3,985 4849 2,028 49.01 1957 47.97
Male 4,233 5151 2,110 50.99 2,123 52.03

Race-Ethnicity .987
White 4,289 5219 2,160 5220 2,129 52.18
Hispanic 1,754 21.34 897 2168 857 2101
African American 1,182 1438 583 14.09 599 14.68
Other 993 12.08 498 12.04 495 12.13

Household Annual Income .793
< $5,000 282 343 146 353 136 3.34
$5,000-$11,999 288 351 144 348 144 353
$12,000-$15,999 197 240 103 249 94 2.30
$16,000-$24,999 360 438 180 435 180 441
$25,000-$34,999 465 566 223 539 242 5093
$35,000-$49,999 631 768 312 754 319 7.82
$50,000-$74,999 1026 1249 519 1254 507 1243
$75,000-$99,999 1121 1364 589 1423 532 13.04
$100,000-$199,999 2303 28.01 1,137 27.48 1,165 28.55
> $200,000 839 1021 420 10.15 419 10.27
Missing 707 860 365 882 342 8.38

Parental Education 486
No degree 412 501 215 520 197 4.83
Highschool degree/GED 1000 12.17 501 1211 499 12.23
Some college 1358 16.53 655 1583 703 17.23
Associate's degree 1050 12.78 513 1240 537 13.16
Bachelor's degree 2279 27.73 1,182 2856 1,097 26.89
Master's degree 1587 1931 794 19.19 793 19.44
Professional/Doctoral degree 521 6.34 270 652 251 @ 6.15
Missing 11 0.13 8 0.19 3 0.07

Note. The “Other” Race-Ethnicity category includes those who were identified by their parent
as American Indian/Native American, Alaska Native, Native Hawaiian, Guamanian, Samoan,

10



Other Pacific Islander, Asian Indian, Chinese, Filipino, Japanese, Korean, Vietnamese, Other
Asian, or Other Race.

2.2 Measures of Psychopathology

Psychopathology symptoms were measured with parent reports on the Child
Behavior Checklist (CBCL) for school-aged children (Achenbach, 2009). The CBCL
contains 119 items that describe emotions and behaviors in children that may be concerning,
and items were rated on a 3-point scale (0 = not true (as far as you know), 1 = somewhat or
sometimes true, and 2 = very true or often true). Only one of the child’s parents or guardians
responded to the CBCL items. Internal consistency for the CBCL items included in the

present analyses was excellent in the current sample (o = .94).

2.3 Image Acquisition, Processing, and Quality Assurance

The imaging protocol for the ABCD Study was developed by the ABCD Data
Analysis and Informatics Center (DAIC) and the ABCD Imaging Acquisition Workgroup,
and the protocol was harmonized for all scanner platforms. The scanning took place in either
one or two sessions and included 3D T1- and 3D T2-weighted images of brain structure. As
previously detailed elsewhere (Casey et al., 2018), the collection of imaging data occurred at
21 different sites using several models of 3 tesla (3T) scanners from three vendors: Siemens,
Phillips, and General Electric. The specific scanner models used are General Electric
Discovery MR750, Siemens Prisma, Siemens Prisma Fit, Phillips Achieva dStream, and
Phillips Ingenia. Additional details about the parameters for imaging are as follows: TR
(repetition time) 2400 to 2500 ms; TE (echo time) 2 to 2.9 ms; FOV (field of view) 256 x

240 to 256; FOV phase of 93.75% to 100%; matrix 256 x 256; 176 to 225 slices; Tl
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(inversion delay) 1060 ms; flip angle of 8°; voxel resolution of 1x1x1xmm; total acquisition
time from 5 minutes 38 seconds to 7 minutes 12 seconds.

Full descriptions of the procedures for processing and analyzing the ABCD Study
brain data can be found elsewhere (Hagler et al., 2019). In summary, DAIC conducted
centralized processing and analysis of the neurostructural data using a series of processing
steps within the Multi-Modal Processing Stream (MMPS). MMPS is a software package
developed and maintained at the Center for Multimodal Imaging and Genetic (CMIG) at the
University of California, San Diego (UCSD). Briefly, the pipeline consisted of: 1)
preprocessing (correction for gradient nonlinearity distortions, intensity scaling and
inhomogeneity correction, registration to an averaged reference brain in standard space, and
manual quality control (QC)); 2) brain segmentation (cortical surface reconstruction and
subcortical segmentation performed based on automated, atlas-based, segmentation
procedures in FreeSurfer v5.3); 3) derivation of morphometric measures (calculation of
average volume in each cortical parcel of the standard FreeSurfer Desikan parcellation
scheme (Desikan et al., 2006) and in each subcortical region (Fischl et al., 2002)); and finally,
4) post-processing QC (manual review by trained technicians for motion, intensity
inhomogeneity, white matter underestimation, pial overestimation, and magnetic
susceptibility artifact). See Supplementary Figure 1 for additional details about QC exclusion

thresholds.

2.4 Bifactor Modeling of Psychopathology Dimensions

Psychopathology factors were modeled using Mplus version 8.4 (Muthén & Muthén,
2017). Exploratory factor analyses of the CBCL data from a random half of the ABCD Study

sample (N = 5,932) was conducted by Moore et al. (2020) and yielded 3 correlated
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dimensions of psychopathology (internalizing, ADHD, and conduct problems). This
exploratory analysis also helped to reduce the number of CBCL items to reflect those most
associated with psychopathology at the age of this sample. The final analyses included 66
items. The following are the primary reasons for item elimination: some items do not reflect
psychopathology symptoms (i.e. constipation and finger nail biting), some items are not age-
appropriate for this sample (i.e. substance use questions), some items had little endorsement
(rating above 0) within this sample, and some items were very similar to another item
(composites were created in these cases). Each item that was included in the final model has a
factor loading on both the general psychopathology factor and a single specific factor
(conduct, internalizing, or ADHD). For example, the item, “cruel to animals”, loads onto the
general factor and the specific conduct factor. The item, “feels has to be perfect”, loads onto
the general factor and the internalizing factor. The item, “can’t sit still, restless, or
hyperactive” loads onto the general factor and the specific ADHD factor.

Moore et al. (2020) then performed a confirmatory bifactor analysis with the second
half (N = 5,934) of the ABCD Study data, which defined a general psychopathology factor,
which is reflective of the shared symptoms across all participants, as well as specific factors
for internalizing, ADHD, and conduct problems (see Figure 1). These four factors are
orthogonal to each other and their psychometric properties met the standards for construct
reliability and factor determinacy that are recommended for bifactor models (Bornovalova et
al., 2020). Additionally, Moore et al. (2020) used additional variables from the ABCD Study
data, that held theoretical and clinical relevance, as external criterion measures to investigate
the bifactor model’s criterion validity. The factors all showed adequate criterion validity, as
they had significant associations with the external criterion measures. For additional details

about the particular calculation procedures and results of this bifactor modeling process, as
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well as the validity and reliability of the psychopathology dimensions, see Moore et al.

(2020).

General
Psychopathology
(66 items)

A J

CBCL j CBCL § CBCL jj CBCL | CBCL j cBCL §l cBCL @ cBCL § CBCL
item item item item item item item item

r

Conduct
Problems

Internalizing L)
(19 items) (15 items) (32 items)

Figure 1. Bifactor analyses delineate general and specific factors. A confirmatory bifactor
model of the CBCL data defined four orthogonal psychopathology factors: general
psychopathology, which represents symptoms across all domains, in addition to specific
factors for internalizing symptoms, ADHD symptoms, and conduct problems.

2.5 Statistical Analyses

2.5.1 Study 1: Structural Equation Modeling

Associations between psychopathology and GMV were examined using the four

latent psychopathology factors identified by Moore et al. (2020). We conducted analyses with
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68 cortical brain regions derived from the surface-based atlas procedure developed by
Desikan et al. (2006), in addition to 19 subcortical regions derived by the automated labeling
procedure developed by Fischl et al. (2002). Participant sex was included as a covariate in the
model, which is in accordance with prior research that has demonstrated sex differences in
GMV (Kaczkurkin, Raznahan, et al., 2019). Participant age and race/ethnicity were also
included as covariates. Finally, MRI scanner model was included as a covariate to account for
potential differences across scanners. Associations between volume and psychopathology
were investigated using the following formula: regional GMV = B*age + B*sex +
B*race/ethnicity + B*MRI scanner model + B*general psychopathology + B*internalizing +
B*ADHD + B*conduct problems. In order to correct for multiple testing across regions, the
false discovery rate (g<.05) was controlled using the stats package in R version 3.6.1

(http://www.r-project.org/). The four factors can be included in the same model without

problems of multicollinearity due to their orthogonality. Post-stratification weights were used
in these analyses to account for the stratification in data collection sites (Heeringa &
Berglund, 2020). Additionally, analyses accounted for clustering within families, as the
ABCD dataset includes some siblings and twins. Families were modeled with a random

intercept.

2.5.2 Study 2: Partial Least Squares Analysis

Using again the latent factors of psychopathology identified by Moore et al. (2020),
we examined associations between psychopathology and GMV using a PLS approach. These
analyses were performed using the RGCCA (Tenenhaus et al., 2017) and mixOmics (Rohart
et al., 2017) packages in R version 3.6.1. The particular PLS approach used in the current

study maximizes covariance across variable sets (in this case, psychopathology dimensions

15


http://www.r-project.org/

and regional GMVs), as compared to some other multivariate approaches, such as CCA,
which standardize the variance and maximize correlations across variable sets (McIntosh &
Misi¢, 2013; Tenenhaus & Tenenhaus, 2011). CCA assumes that variance is noise; however,
brain areas that have more variability across subjects may not reflect measurement error, but
actual signal that is important to account for with PLS methods. A PLS approach was chosen
for the current study in order to maximize the meaningful covariance signal in these data,
rather than discarding it. PLS accomplishes this by fitting a regression model by projecting
the predicted and observed variables into a new space. Specifically, PLS aims to maximize
variance in one space (X), maximize variance in a second space (Y), and then maximize the
correlation between X and Y. PLS is appropriate when there are multiple predictor variables
(e.g., psychopathology factors), there are multiple observed variables measured on the same
scale (e.g., brain regions), and it is presumed that variability in the observed variables is
signal, not noise. In the PLS analysis conducted for the current study, the 68 cortical and 19
subcortical brain regions make up one variable set, while the 4 psychopathology dimensions
make up a second variable set. Similar to the structural equation modeling, age, sex, and
race/ethnicity were included as covariates. MRI serial number was also included as a
covariate, in order to account for both MRI manufacturer and study site. Additionally, one
family member from twin or sibling pairs was randomly chosen and excluded from the data
prior to conducting the PLS analysis, so that only one participant from each family was

included in the analyses.

2.6 Sensitivity Analyses

Multiple iterations of sensitivity analyses were conducted in both Study 1 and Study

2 to test the robustness of findings. In both studies, analyses were repeated with income and
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parent’s highest level of education included as additional covariates in accordance with prior
literature demonstrating associations between those variables and brain structure in youth
(Noble et al., 2015). Additionally, in both studies, analyses including medication status
(whether or not participants reported current medications at the time of scanning) included as
an additional covariate were completed to determine whether associations shift when
controlling for medication use. Finally, in both studies, analyses were repeated including
intracranial volume (ICV) and then including total GMV to determine whether associations

between regional GMVs and psychopathology remained when controlling for cranial size or

total GMV.

2.7 Data Availability

The ABCD Study data is available through the National Institute of Mental Health

Data Archive (https://nda.nih.gov/abcd).

3. Results

3.1 Study 1 Results

3.1.1 Study 1 Primary Results

Following FDR correction for multiple comparisons, the factors for general
psychopathology, conduct problems, and ADHD were each inversely associated with GMV

across multiple regions (prar-values <.048). Additionally, for the general psychopathology
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and conduct problems factors, the associations were relatively global. Of the 68 cortical and
19 subcortical regions that were included in analyses, the general factor was inversely
associated with GMV in 54 cortical regions (Supplementary Table 1 and Figure 2), as well as
all 19 subcortical regions (Supplementary Table 2). The conduct problems factor was
inversely associated with GMV in 52 cortical regions (Supplementary Table 1 and Figure 3),
as well as 15 subcortical regions (Supplementary Table 2). The ADHD symptoms factor was
inversely associated with 25 cortical regions (Supplementary Table 1 and Figure 4), as well
as 8 subcortical regions (Supplementary Table 2). There were no significant associations
between the internalizing symptoms factor and regional GMV (prar-values > .068;
Supplementary Tables 1 and 2). Effect sizes were expressed as standardized beta estimates,
and the effect size range for each psychopathology factor was as follows: general
psychopathology (-0.03 to -0.08), conduct problems (-0.04 to -0.09), and ADHD symptoms (-

0.04 to -0.08) (Supplementary Tables 1 and 2).

A B
200+
2 100+
=
(=]
>
8 o4
=
o
O
-100 A
-5.60 W -2.10 -1 0 1 2 3
z-value General Psychopathology

Figure 2. General psychopathology shows smaller brain volumes nearly globally. A)
Greater general psychopathology scores were associated with smaller cortical GMV in 54 out
of 68 regions (FDR corrected). B) As general psychopathology scores increase, cortical GMV
decreases. Each dot in the plot symbolizes a participant. The full model R? = .31.
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Figure 3. Conduct problems show smaller global brain volumes. A) The specific conduct
problems factor was associated with smaller cortical GMV in 52 out of 68 regions (FDR
corrected). B) An inverse relationship was apparent, with cortical GMV decreasing as
conduct problems increase. Each dot in the plot symbolizes a participant. The full model R? =

31
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Figure 4. ADHD symptoms are associated with smaller volumes in a number of regions.
A) The specific ADHD factor was associated with smaller cortical GMV in 25 out of 68
regions (FDR corrected). B) Greater ADHD scores were related to smaller cortical GMV.
Each dot in the plot symbolizes a participant. The full model R? = .31.
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3.1.2 Study 1 Sensitivity Results

Several iterations of sensitivity analyses were conducted in Study 1 to ensure that the
primary results of the structural equation modeling were robust to possible confounds.
Sensitivity results accounting for parent education and family income were largely
convergent with the primary results (see Supplementary Tables 3 and 4 for cortical and
subcortical results, respectively). Psychopathology was inversely associated with GMV in
many regions for the general factor (37 cortical, 18 subcortical) and the conduct problems
factor (29 cortical, 3 subcortical), with a weaker inverse association for the ADHD symptoms
factor (14 cortical, 0 subcortical) (prar-values < .049). No significant associations were found
between the internalizing symptoms factor and regional GMV (prar-values > .133). Sensitivity
results accounting for medication use were also convergent with the primary results (see
Supplementary Tables 5 and 6 for cortical and subcortical results, respectively).
Psychopathology was inversely associated with GMV in many regions for the general factor
(51 cortical, 19 subcortical) and conduct problems factor (50 cortical, 16 subcortical), with a
weaker inverse association demonstrated for the ADHD symptoms factor (23 cortical, 8
subcortical) (prar-values < .049). No significant associations were found between the
internalizing symptoms factor and regional GMV (prr-values > .068). Sensitivity results
accounting for ICV or total cortical/subcortical GMV demonstrated that most region-specific
significant results became not significant. This further supports the global nature of the
relationship between smaller GMV and psychopathology. When accounting for ICV, the only
significant association was an inverse association between general psychopathology and
bilateral hippocampus GMV (left hippocampus: g = -0.04, prar-value = .019; right
hippocampus: f = -0.03, prar-value = .019) (Supplementary Table 7). When accounting for

total subcortical GMV, significant inverse associations remained between general
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psychopathology and GMV of the bilateral hippocampus (left: g = -0.04, prr-value = .010;
right: = -0.04, prar-value = .010), bilateral accumbens area (left: g = -0.03, prar-value = .041;
right: p =-0.03, prr-value =.038), and left amygdala (f = -0.03, prr-value = .038), in
addition to a positive association between general psychopathology and right cerebellum
cortex GMV (f = 0.01, prar-value = .038) (Supplementary Table 8). No other significant

associations were identified (prar-values > .054).

3.2 Study 2 Results

3.2.1 Study 2 Primary Results

PLS analysis in the training sample (N = 4,138) yielded one stable latent variable that
explains 97% of the covariance between the set of 4 psychopathology dimensions and the set
of 87 regional brain volumes. This latent variable demonstrates that those with primarily
general psychopathology symptoms, but also with a notable degree of ADHD symptoms and
conduct problems, show smaller volumes globally across the brain (Figure 5). These results
are consistent with the structural equation modeling results from Study 1. The loadings of
each psychopathology dimension and brain region on the latent variable yielded from the
PLS analysis in the training sample can be found in Supplementary Tables 9 and 10. Results
of bootstrapping analysis with 10,000 iterations indicated that loadings for the general
psychopathology, conduct problems, and ADHD symptoms factors are reliable, while the
internalizing factor does not have a reliable loading (Figure 6). Thus, the internalizing factor
was not interpreted. These results were replicated in the replication sample (N = 4,080), and

the PLS analysis again yielded one stable latent variable that showed convergent patterns
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across the psychopathology dimensions and brain volumes (Supplementary Figures 2 and 3;

Supplementary Tables 11 and 12).
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Figure 5. PLS analysis in the training group demonstrates that greater levels of general
psychopathology, conduct problems, and ADHD symptoms are associated with smaller
volumes across all brain regions. A) Positive loadings for general psychopathology,
conduct problems, and ADHD symptoms. B) Negative loadings for all brain regions (see
Supplementary Tables 9 and 10 for list of numerical loadings in descending order, based on
absolute value, with the key for brain regions 1 (strongest loading) through 87 (weakest

loading)).
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Figure 6. Bootstrapping analysis in the training group demonstrates reliable loadings
for the general, conduct, and ADHD psychopathology dimensions. Reliable dimensions
are shown in green and unreliable dimensions are shown in red. Results are based on
bootstrapping analyses with 10,000 iterations.

3.2.2 Study 2 Sensitivity Results

Several versions of sensitivity analyses were conducted with the training sample to
ensure that the primary PLS analysis results were robust to possible confounds. Results of
sensitivity analyses controlling for 1. family income and parent education, 2. medication
status, 3. ICV, and 4. total GMV as additional covariates were all largely convergent with the
primary PLS results. Specifically, these sensitivity results suggested that those with primarily
general psychopathology symptoms, but also with a notable degree of ADHD symptoms and

conduct problems, show smaller volumes globally across the brain.
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4. Discussion

The current project capitalized on a large sample (N = 9,607) of children with a
narrowly defined age range (9 to 10-year-old) to investigate associations between
dimensional psychopathology and neurostructural variation during development. These
investigations were conducted through two different powerful statistical techniques, SEM
analysis (Study 1) and PLS analysis (Study 2), in order to comprehensively assess the
relationships between psychopathology and regional brain volume in a sample of children.
Together, these methodological approaches address significant limitations of the prior
literature surrounding the neural mechanisms of psychopathology. In particular,
psychopathology was conceptualized from a dimensional perspective, both univariate and
multivariate analyses were compared, and a developmental focus was employed.

In Study 1, we found that GMVs in many regions had significant associations with
dimensions of general psychopathology, conduct problems, and ADHD symptoms. Analyses
controlled for age, sex, race/ethnicity, and MRI manufacturer, and correction for multiple
comparisons was conducted. The strongest association was observed for the general
psychopathology factor, as smaller GMV was associated with greater general
psychopathology for the vast majority of brain regions. The global nature of this association
was further demonstrated when controlling for total cortical/subcortical GMV or ICV, as
most regional associations were lost. Notably, a few regional associations did remain after
controlling for ICV or total subcortical GMV. Specifically, a significant inverse association
between bilateral hippocampus GMV and general psychopathology remained when
controlling for ICV or total subcortical GMV. Additionally, when controlling for total
subcortical GMV, inverse associations also remained between general psychopathology and

GMVs of the bilateral accumbens area and left amygdala, and there was a significant positive
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association between general psychopathology and right cerebellum cortex GMV. Sensitivity
analyses suggest that the primary results of Study 1 are robust even after controlling for
income, parental education, and medication use.

Study 2 yielded results that were largely consistent with Study 1, as PLS analysis
demonstrated that those with primarily general psychopathology, but also with notable
amounts of conduct problems and ADHD symptoms show smaller regional GMV across the
brain. These results were consistent across both a training sample and a replication sample,
which had similar demographic breakdowns. All Study 2 analyses controlled for age, sex,
race/ethnicity, and MRI manufacturer/scan site. Sensitivity analyses suggest that the primary
results of Study 2 are robust even after controlling for income, parental education, medication
use, and ICV. Taken together, results from Study 1 and Study 2 suggest that globally smaller
GMV in childhood may be a nonspecific risk factor for psychopathology across many mental
disorders. Additionally, these results provide further support for the dimensional and
transdiagnostic nature of psychopathology, which reinforces the importance of studying
psychopathology from a dimensional perspective, rather than with a focus on discrete,
arbitrarily defined categories.

These results are consistent with prior evidence that smaller GMV is associated with
general psychopathology across multiple brain regions in children, adolescents, and/or young
adults (Kaczkurkin, Park, et al., 2019; Moore et al., 2019; Romer et al., 2017; Snyder et al.,
2017). The present results are also consistent with meta-analyses showing common GMV
variations across multiple disorders (Goodkind et al., 2015) and functional activity (Sprooten
et al., 2017). Moreover, the present study expands upon this work in several important ways.
First, the broad age ranges used in prior studies make it difficult to disentangle the impact of
development on these associations, while the current study focused on a large sample of

children with a narrowly defined age range. Thus, our findings of inverse relationships
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between general psychopathology and GMV suggest that the relationship between smaller
brain volume and psychopathology is evident at this early developmental timepoint of age 9
to 10.

Additionally, most of the relevant prior work uses a univariate approach, in which
each brain region or psychopathology measure is tested separately. While univariate
approaches are widespread and useful, they do not allow for the simultaneous investigation of
multiple interrelated sets of variables (i.e. neural measures and psychopathology symptoms).
Further, in this particular context, univariate approaches cannot provide information about
which brain regions cluster together with which psychopathology symptoms. Thus, it is
helpful to complement univariate analyses with multivariate approaches, whenever possible.
The current project does so, as it investigates the relationship between regional GMVs and
dimensions of psychopathology using both a univariate approach (Study 1) and a multivariate
approach (Study 2). Results from these two approaches are largely convergent in the current
sample, which suggests that the global relationship between smaller GMV and factors of
general psychopathology, conduct problems, and ADHD symptoms exists both when brain
regions are tested independently and when brain regions and psychopathology dimensions are
examined simultaneously.

Importantly, the univariate analyses in Study 1 suggest that above and beyond the
relationship between general psychopathology and smaller brain volumes, there may also be
specific or unique associations between ADHD or conduct problems and brain volumes.
However, the multivariate approach in Study 2 was able to directly test this and did not find
that ADHD or conduct problems shared a unique relationship with brain volume. Instead, it is
the combined effect of general psychopathology, ADHD, and conduct problems (with general
psychopathology contributing the most) that is associated with globally smaller brain

volumes. Thus, the specificity of the relationships between GMV and the factors for conduct
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problems and ADHD symptoms found in Study 1 does not remain in Study 2, which further
demonstrates the merits of taking a multivariate approach to the delineation of brain-behavior
relationships.

Of note, we found no significant associations between regional GMV and the specific
internalizing factor in either Study 1 or Study 2. There are several potential explanations for
this finding. First, the general psychopathology factor may account for the majority of the
variance explained by internalizing-type symptoms and leave little for the residual
internalizing factor to explain. Second, this finding may be related to the particular age of this
sample, as the incidence of serious anxiety and mood disorders is greatest in adolescence,
rather than childhood (Navarro-Pardo et al., 2012; Roza et al., 2003). Third, the internalizing
factor in this sample may not be reliable, as suggested by the results of bootstrapping
analyses in Study 2. Thus, an important future direction will be to use future waves of the
longitudinal ABCD Study data to further parse the heterogeneous trajectories of brain
development associated with internalizing psychopathology (Becht & Mills, 2020). Given
that the ABCD Study captures neural development prior to the onset of puberty and that some
participants will experience increases in internalizing symptoms over time, the ABCD Study
provides a unique opportunity to prospectively evaluate changes in developmental trajectories
related to internalizing psychopathology.

Relatedly, additional, broader future directions include examinations of whether
distinctive neural variation patterns manifest as children mature and develop divergent
patterns of psychopathology. Our current results suggest that GMV variations are quite global
and non-specific, as they appear to span across many brain regions and many forms of
psychopathology. However, while these associations appear broad and non-specific in the
current analyses with the ABCD Study sample at Wave 1, it is possible that neurostructural

deficits diverge into more specified patterns over the course of development. Therefore,

27



future data collection waves of this longitudinal ABCD Study could be pivotal to the
delineation of these developmental processes and to our understanding of related risk factors
and clinical outcomes.

There are several additional considerations and limitations related to the current
project that are important to note. First, the effect sizes yielded from our analyses in Study 1
and the brain region loadings on the latent variable found in Study 2 were all relatively small.
However, prior studies with large samples have consistently found small, but reliable, brain-
behavior associations (Paulus & Thompson, 2019). Second, the derived psychopathology
factors are based on parent-report symptom-level data. As such, the factors reflect parent
impressions of children’s symptoms and difficulties, rather than reflecting child self-report or
formal diagnoses. Third, the non-randomness of the excluded data likely decreases the
generalizability of findings and underestimates the effects for psychopathology.

In summary, findings from the current set of studies demonstrate that dimensions of
general psychopathology, conduct problems, and ADHD symptoms are inversely associated
with GMV in a global manner. These findings are consistent with the emerging notion that
general psychopathology may be associated with non-specific structural variations in the
brain, and may suggest that environmental and genetic factors that impact brain size are risk
factors for general psychopathology. Additionally, several focal relationships were identified
when this global association was accounted for by including ICV (bilateral hippocampus) or
total subcortical GMV (bilateral hippocampus, left amygdala, bilateral accumbens area, right
cerebellum cortex) as covariates. Together, these results support and expand upon prior work
on the relationship between neurostructural variations and psychopathology in childhood, and

further illuminate the dimensional, overlapping nature of psychopathology.

28



References

Achenbach, T. M. (2009). The Achenbach system of empirically based assessment (ASEBA):
Development, findings, theory, and applications. University of Vermont Research
Center for Children, Youth, and Families.

Becht, A. 1., & Mills, K. L. (2020). Modeling Individual Differences in Brain Development.
Biological Psychiatry, 88(1), 63—69. https://doi.org/10.1016/j.biopsych.2020.01.027

Berman, M. G., Misic, B., Buschkuehl, M., Kross, E., Deldin, P. J., Peltier, S., Churchill, N.
W., Jaeggi, S. M., Vakorin, V., Mclntosh, A. R., & Jonides, J. (2014). Does resting-state
connectivity reflect depressive rumination? A tale of two analyses. Neurolmage, 103,
267-279. https://doi.org/10.1016/j.neuroimage.2014.09.027

Bornovalova, M. A., Choate, A. M., Fatimah, H., Petersen, K. J., & Wiernik, B. M. (2020).
Appropriate Use of Bifactor Analysis in Psychopathology Research: Appreciating
Benefits and Limitations. Biological Psychiatry, 88(1), 18-27.
https://doi.org/10.1016/j.biopsych.2020.01.013

Casey, B. J., Cannonier, T., Conley, M. I., Cohen, A. O., Barch, D. M., Heitzeg, M. M.,
Soules, M. E., Teslovich, T., Dellarco, D. V., Garavan, H., Orr, C. A., Wager, T. D.,
Banich, M. T., Speer, N. K., Sutherland, M. T., Riedel, M. C., Dick, A. S., Bjork, J. M.,
Thomas, K. M., ... Dale, A. M. (2018). The Adolescent Brain Cognitive Development
(ABCD) study: Imaging acquisition across 21 sites. Developmental Cognitive
Neuroscience, 32, 43-54. https://doi.org/10.1016/j.dcn.2018.03.001

Caspi, A., Houts, R. M., Belsky, D. W., Goldman-Mellor, S. J., Harrington, H., Israel, S.,
Meier, M. H., Ramrakha, S., Shalev, I., Poulton, R., & Moffitt, T. E. (2014). The p
factor: One general psychopathology factor in the structure of psychiatric disorders?
Clinical Psychological Science, 2(2), 119-137.
https://doi.org/10.1177/2167702613497473

Caspi, A., & Moffitt, T. E. (2018). All for one and one for all: Mental disorders in one
dimension. American Journal of Psychiatry, 175(9), 831-844.
https://doi.org/10.1176/appi.ajp.2018.17121383

Conway, C. C., Forbes, M. K., Forbush, K. T., Fried, E. I., Hallquist, M. N., Kotov, R.,
Mullins-Sweatt, S. N., Shackman, A. J., Skodol, A. E., South, S. C., Sunderland, M.,
Waszczuk, M. A., Zald, D. H., Afzali, M. H., Bornovalova, M. A., Carragher, N.,
Docherty, A. R., Jonas, K. G., Krueger, R. F., ... Eaton, N. R. (2019). A Hierarchical
Taxonomy of Psychopathology Can Transform Mental Health Research. Perspectives on
Psychological Science, 14(3), 419-436. https://doi.org/10.1177/1745691618810696

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., Buckner,
R. L., Dale, A. M., Maguire, R. P., Hyman, B. T., Albert, M. S., & Killiany, R. J.
(2006). An automated labeling system for subdividing the human cerebral cortex on
MRI scans into gyral based regions of interest. Neurolmage, 31(3), 968—980.
https://doi.org/10.1016/j.neuroimage.2006.01.021

29



Drysdale, A. T., Grosenick, L., Downar, J., Dunlop, K., Mansouri, F., Meng, Y., Fetcho, R.
N., Zebley, B., Oathes, D. J., Etkin, A., Schatzberg, A. F., Sudheimer, K., Keller, J.,
Mayberg, H. S., Gunning, F. M., Alexopoulos, G. S., Fox, M. D., Pascual-Leone, A.,
Voss, H. U., ... Liston, C. (2017). Resting-state connectivity biomarkers define
neurophysiological subtypes of depression. Nature Medicine, 23(1), 28-38.
https://doi.org/10.1038/nm.4246

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., Van Der Kouwe,
A, Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N., Rosen, B., &
Dale, A. M. (2002). Whole brain segmentation: Automated labeling of neuroanatomical
structures in the human brain. Neuron, 33(3), 341-355. https://doi.org/10.1016/S0896-
6273(02)00569-X

Garavan, H., Bartsch, H., Conway, K., Decastro, A., Goldstein, R. Z., Heeringa, S., Jernigan,
T., Potter, A., Thompson, W., & Zahs, D. (2018). Recruiting the ABCD sample: Design
considerations and procedures. Developmental Cognitive Neuroscience, 32, 16-22.
https://doi.org/10.1016/j.dcn.2018.04.004

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., Paus,
T., Evans, A. C., & Rapoport, J. L. (1999). Brain development during childhood and
adolescence: A longitudinal MRI study. Nature Neuroscience, 2(10), 861-863.
https://doi.org/10.1038/13158

Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-Hagata, L. B.,
Ortega, B. N., Zaiko, Y. V., Roach, E. L., Korgaonkar, M. S., Grieve, S. M., Galatzer-
Levy, I, Fox, P. T., & Etkin, A. (2015). Identification of a common neurobiological
substrate for mental 1liness. JAMA Psychiatry, 72(4), 305-315.
https://doi.org/10.1001/jamapsychiatry.2014.2206

Grisanzio, K. A., Goldstein-Piekarski, A. N., Wang, M. Y., Ahmed, A. P. R., Samara, Z., &
Williams, L. M. (2018). Transdiagnostic symptom clusters and associations with brain,
behavior, and daily function in mood, anxiety, and trauma disorders. JAMA Psychiatry,
75(2), 201-209. https://doi.org/10.1001/jamapsychiatry.2017.3951

Hagler, D. J., Hatton, S., Cornejo, M. D., Makowski, C., Fair, D. A., Dick, A. S., Sutherland,
M. T., Casey, B. J., Barch, D. M., Harms, M. P., Watts, R., Bjork, J. M., Garavan, H. P.,
Hilmer, L., Pung, C. J., Sicat, C. S., Kuperman, J., Bartsch, H., Xue, F., ... Dale, A. M.
(2019). Image processing and analysis methods for the Adolescent Brain Cognitive
Development Study. Neurolmage, 202.
https://doi.org/10.1016/j.neuroimage.2019.116091

Hankin, B. L., Davis, E. P., Snyder, H., Young, J. F., Glynn, L. M., & Sandman, C. A.
(2017). Temperament factors and dimensional, latent bifactor models of child
psychopathology: Transdiagnostic and specific associations in two youth samples.
Psychiatry Research, 252, 139-146. https://doi.org/10.1016/j.psychres.2017.02.061

Heeringa, S. G., & Berglund, P. A. (2020). A Guide for Population-based Analysis of the

Adolescent Brain Cognitive Development (ABCD) Study Baseline Data. BioRxiv,
2020.02.10.942011. https://doi.org/10.1101/2020.02.10.942011

30



loannidis, J. P. A. (2005). Why Most Published Research Findings Are False. PLoS
Medicine, 2(8), e124. https://doi.org/10.1371/journal.pmed.0020124

Kaczkurkin, A. N., Moore, T. M., Satiras, A., Xia, C. H., Shinohara, R. T., & Satterthwaite,
T. D. (2020). Approaches to Defining Common and Dissociable Neurobiological
Deficits Associated With Psychopathology in Youth. In Biological Psychiatry (\Vol. 88,
Issue 1, pp. 51-62). Elsevier USA. https://doi.org/10.1016/j.biopsych.2019.12.015

Kaczkurkin, A. N., Park, S. S., Sotiras, A., Moore, T. M., Calkins, M. E., Cieslak, M., Rosen,
A. F. G., Ciric, R., Xia, C. H., Cui, Z., Sharma, A., Wolf, D. H., Ruparel, K., Pine, D. S.,
Shinohara, R. T., Roalf, D. R., Gur, R. C., Davatzikos, C., Gur, R. E., & Satterthwaite,
T. D. (2019). Evidence for Dissociable Linkage of Dimensions of Psychopathology to
Brain Structure in Youths. American Journal of Psychiatry, 17(12), 1000-1009.
https://doi.org/10.1176/appi.ajp.2019.18070835

Kaczkurkin, A. N., Raznahan, A., & Satterthwaite, T. D. (2019). Sex differences in the
developing brain: insights from multimodal neuroimaging. Neuropsychopharmacology,
44(1), 71-85. https://doi.org/10.1038/s41386-018-0111-z

Kebets, V., Holmes, A. J.,, Orban, C., Tang, S., Li, J,, Sun, N., Kong, R., Poldrack, R. A., &
Yeo, B. T. T. (2019). Somatosensory-Motor Dysconnectivity Spans Multiple
Transdiagnostic Dimensions of Psychopathology. Biological Psychiatry, 86(10), 779—
791. https://doi.org/10.1016/j.biopsych.2019.06.013

Kessler, R. C., Wai, T. C., Demler, O., & Walters, E. E. (2005). Prevalence, severity, and
comorbidity of 12-month DSM-IV disorders in the National Comorbidity Survey
Replication. Archives of General Psychiatry, 62(6), 617-627.
https://doi.org/10.1001/archpsyc.62.6.617

Kotov, R., Waszczuk, M. A., Krueger, R. F., Forbes, M. K., Watson, D., Clark, L. A.,
Achenbach, T. M., Althoff, R. R., Ivanova, M. Y., Michael Bagby, R., Brown, T. A.,
Carpenter, W. T., Caspi, A., Moffitt, T. E., Eaton, N. R., Forbush, K. T., Goldberg, D.,
Hasin, D., Hyman, S. E., ... Zimmerman, M. (2017). The hierarchical taxonomy of
psychopathology (HiTOP): A dimensional alternative to traditional nosologies. Journal
of Abnormal Psychology, 126(4), 454-477. https://doi.org/10.1037/abn0000258

Krueger, R. F. (1999). The structure of common mental disorders. Archives of General
Psychiatry, 56(10), 921-926. https://doi.org/10.1001/archpsyc.56.10.921

Krueger, R. F., Kotov, R., Watson, D., Forbes, M. K., Eaton, N. R., Ruggero, C. J., Simmes,
L. J., Widiger, T. A., Achenbach, T. M., Bach, B., Bagby, R. M., Bornovalova, M. A,
Carpenter, W. T., Chmielewski, M., Cicero, D. C., Clark, L. A., Conway, C., DeClercq,
B., DeYoung, C. G., ... Zimmermann, J. (2018). Progress in achieving quantitative
classification of psychopathology. World Psychiatry, 17(3), 282-293.
https://doi.org/10.1002/wps.20566

Laceulle, O. M., Vollebergh, W. A. M., & Ormel, J. (2015). The Structure of
Psychopathology in Adolescence. Clinical Psychological Science, 3(6), 850-860.
https://doi.org/10.1177/2167702614560750

31



Lahey, B. B., Applegate, B., Hakes, J. K., Zald, D. H., Hariri, A. R., & Rathouz, P. J. (2012).
Is There a general factor of prevalent psychopathology during adulthood? Journal of
Abnormal Psychology, 121(4), 971-977. https://doi.org/10.1037/a0028355

Lahey, B. B., Krueger, R. F., Rathouz, P. J., Waldman, I. D., & Zald, D. H. (2017). A
hierarchical causal taxonomy of psychopathology across the life span. Psychological
Bulletin, 143(2), 142-186. https://doi.org/10.1037/bul0000069

Lahey, B. B., Moore, T. M., Kaczkurkin, A. N., & Zald, D. H. (2020). Hierarchical models of
psychopathology: empirical support, implications, and remaining issues. World
Psychiatry, in press.

Lahey, B. B., Van Hulle, C. A,, Singh, A. L., Waldman, I. D., & Rathouz, P. J. (2011).
Higher-order genetic and environmental structure of prevalent forms of child and
adolescent psychopathology. Archives of General Psychiatry, 68(2), 181-189.
https://doi.org/10.1001/archgenpsychiatry.2010.192

Lahey, B. B., Zald, D. H., Perkins, S. F., Villalta-Gil, V., Werts, K. B., Van Hulle, C. A.,
Rathouz, P. J., Applegate, B., Class, Q. A., Poore, H. E., Watts, A. L., & Waldman, 1. D.
(2018). Measuring the hierarchical general factor model of psychopathology in young
adults. International Journal of Methods in Psychiatric Research, 27(1), e1593.
https://doi.org/10.1002/mpr.1593

Lee, W., Bindman, J., Ford, T., Glozier, N., Moran, P., Stewart, R., & Hotopf, M. (2007).
Bias in psychiatric case-control studies: Literature survey. British Journal of Psychiatry,
190(3), 204-209. https://doi.org/10.1192/bjp.bp.106.027250

Lin, H. Y., Cocchi, L., Zalesky, A., Lv, J., Perry, A., Tseng, W. Y. |., Kundu, P., Breakspear,
M., & Gau, S. S. F. (2018). Brain-behavior patterns define a dimensional biotype in
medication-naive adults with attention-deficit hyperactivity disorder. Psychological
Medicine, 48(14), 2399-2408. https://doi.org/10.1017/S0033291718000028

Markon, K. E., Chmielewski, M., & Miller, C. J. (2011). The reliability and validity of
discrete and continuous measures of psychopathology: A quantitative review.
Psychological Bulletin, 137(5), 856-879. https://doi.org/10.1037/a0023678

Mclntosh, A. R., & Misi¢, B. (2013). Multivariate Statistical Analyses for Neuroimaging
Data. Annual Review of Psychology, 64(1), 499-525. https://doi.org/10.1146/annurev-
psych-113011-143804

Mihalik, A., Ferreira, F. S., Rosa, M. J., Moutoussis, M., Ziegler, G., Monteiro, J. M.,
Portugal, L., Adams, R. A., Romero-Garcia, R., Vértes, P. E., Kitzbichler, M. G., Véasa,
F., Vaghi, M. M., Bullmore, E. T., Fonagy, P., Goodyer, I. M., Jones, P. B., Hauser, T.,
Neufeld, S., ... Mourdo-Miranda, J. (2019). Brain-behaviour modes of covariation in
healthy and clinically depressed young people. Scientific Reports, 9(1), 1-11.
https://doi.org/10.1038/s41598-019-47277-3

Moore, T. M., Calkins, M. E., Satterthwaite, T. D., Roalf, D. R., Rosen, A. F. G., Gur, R. C,,
& Gur, R. E. (2019). Development of a computerized adaptive screening tool for overall
psychopathology (“p”). Journal of Psychiatric Research, 116, 26-33.

32



https://doi.org/10.1016/j.jpsychires.2019.05.028

Moore, T. M., Kaczkurkin, A. N., Durham, E. L., Jeong, H. J., McDowell, M. G., Dupont, R.
M., Applegate, B., Tackett, J. L., Cardenas-Iniguez, C., Kardan, O., Akcelik, G. N.,
Stier, A., Rosenberg, M. D., Hedeker, D., Bernman, M. G., & Lahey, B. B. (2020).
Criterion Validity and Relationships between Alternative Hierarchical Dimensional
Models of General and Specific Psychopathology. Journal of Abnormal Psychology,
129, 677-688.

Moser, D. A., Doucet, G. E., Lee, W. H., Rasgon, A., Krinsky, H., Leibu, E., Ing, A.,
Schumann, G., Rasgon, N., & Frangou, S. (2018). Multivariate associations among
behavioral, clinical, and multimodal imaging phenotypes in patients with psychosis.
JAMA Psychiatry, 75(4), 386—395. https://doi.org/10.1001/jamapsychiatry.2017.4741

Mutheén, L. K., & Muthén, B. O. (2017). Mplus User’s Guide (Eighth ed.). Los Angeles, CA:
Muthén & Muthén.

Navarro-Pardo, E., Meléndez Moral, J. C., Sales Galan, A., & Sancerni Beitia, M. D. (2012).
[Child and adolescent development: common mental disorders according to age and
gender]. Psicothema, 24(3), 377-383.

Noble, K. G., Houston, S. M., Brito, N. H., Bartsch, H., Kan, E., Kuperman, J. M.,
Akshoomoff, N., Amaral, D. G., Bloss, C. S., Libiger, O., Schork, N. J., Murray, S. S.,
Casey, B. J., Chang, L., Ernst, T. M., Frazier, J. A., Gruen, J. R., Kennedy, D. N., Van
Zijl, P., ... Sowell, E. R. (2015). Family income, parental education and brain structure
in children and adolescents. Nature Neuroscience, 18, 773-778.
https://doi.org/10.1038/nn.3983

Paulus, M. P., & Thompson, W. K. (2019). The Challenges and Opportunities of Small
Effects: The New Normal in Academic Psychiatry. JAMA Psychiatry, 76(4), 353-354.
https://doi.org/10.1001/jamapsychiatry.2018.4540

Reef, J., Van Meurs, 1., Verhulst, F. C., & Van Der Ende, J. (2010). Children’s problems
predict adults” DSM-IV disorders across 24 years. Journal of the American Academy of
Child and Adolescent Psychiatry, 49(11), 1117-1124.
https://doi.org/10.1016/j.jaac.2010.08.002

Rodrigue, A. L., McDowell, J. E., Tandon, N., Keshavan, M. S., Tamminga, C. A., Pearlson,
G. D., Sweeney, J. A., Gibbons, R. D., & Clementz, B. A. (2018). Multivariate
Relationships Between Cognition and Brain Anatomy Across the Psychosis Spectrum.
Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 3(12), 992-1002.
https://doi.org/10.1016/j.bpsc.2018.03.012

Rohart, F., Gautier, B., Singh, A., & Lé Cao, K.-A. (2017). mixOmics: An R package for
‘omics feature selection and multiple data integration. PLOS Computational Biology,
13(11), e1005752. https://doi.org/10.1371/journal.pcbi.1005752

Romer, A. L., Knodt, A. R., Houts, R., Brigidi, B. D., Moffitt, T. E., Caspi, A., & Hariri, A.

R. (2017). Structural alterations within cerebellar circuitry are associated with general
liability for common mental disorders. Molecular Psychiatry, 23(4), 1084-1090.

33



https://doi.org/10.1038/mp.2017.57

Roza, S. J., Hofstra, M. B., Van Der Ende, J., & Verhulst, F. C. (2003). Stable prediction of
mood and anxiety disorders based on behavioral and emotional problems in childhood:
A 14-year follow-up during childhood, adolescence, and young adulthood. American
Journal of Psychiatry, 160(12), 2116-2121.
https://doi.org/10.1176/appi.ajp.160.12.2116

Sale, A., Berardi, N., & Maffei, L. (2014). Environment and brain plasticity: Towards an
endogenous pharmacotherapy. Physiological Reviews, 94(1), 189-234.
https://doi.org/10.1152/physrev.00036.2012

Snyder, H. R., Hankin, B. L., Sandman, C. A., Head, K., & Davis, E. P. (2017). Distinct
Patterns of Reduced Prefrontal and Limbic Gray Matter Volume in Childhood General
and Internalizing Psychopathology. Clinical Psychological Science, 5(6), 1001-1013.
https://doi.org/10.1177/2167702617714563

Sprooten, E., Rasgon, A., Goodman, M., Carlin, A., Leibu, E., Lee, W. H., & Frangou, S.
(2017). Addressing reverse inference in psychiatric neuroimaging: Meta-analyses of
task-related brain activation in common mental disorders. Human Brain Mapping, 38(4),
1846-1864. https://doi.org/10.1002/hbm.23486

Stout, D. M., Buchsbaum, M. S., Spadoni, A. D., Risbrough, V. B., Strigo, I. A., Matthews,
S. C., & Simmons, A. N. (2018). Multimodal canonical correlation reveals converging
neural circuitry across trauma-related disorders of affect and cognition. Neurobiology of
Stress, 9, 241-250. https://doi.org/10.1016/j.ynstr.2018.09.006

Sui, J., He, H., Pearlson, G. D., Adali, T., Kiehl, K. A., Yu, Q., Clark, V. P., Castro, E.,
White, T., Mueller, B. A., Ho, B. C., Andreasen, N. C., & Calhoun, V. D. (2013). Three-
way (N-way) fusion of brain imaging data based on mCCA+jICA and its application to
discriminating schizophrenia. Neurolmage, 66, 119-132.
https://doi.org/10.1016/j.neuroimage.2012.10.051

Supekar, K., Cai, W., Krishnadas, R., Palaniyappan, L., & Menon, V. (2019). Dysregulated
Brain Dynamics in a Triple-Network Saliency Model of Schizophrenia and Its Relation
to Psychosis. Biological Psychiatry, 85(1), 60—69.
https://doi.org/10.1016/j.biopsych.2018.07.020

Tenenhaus, A., Guillemot, V., & Tenenhaus, M. A. (2017). Package “RGCCA.”

Tenenhaus, A., & Tenenhaus, M. (2011). Regularized generalized canonical correlation
analysis. Psychometrika, 76(2), 257—-284.
https://link.springer.com/content/pdf/10.1007/s11336-011-9206-8.pdf

Volkow, N. D., Koob, G. F., Croyle, R. T., Bianchi, D. W., Gordon, J. A., Koroshetz, W. J.,
Pérez-Stable, E. J., Riley, W. T., Bloch, M. H., Conway, K., Deeds, B. G., Dowling, G.
J., Grant, S., Howlett, K. D., Matochik, J. A., Morgan, G. D., Murray, M. M., Noronha,
A., Spong, C. Y., ... Weiss, S. R. B. (2018). The conception of the ABCD study: From
substance use to a broad NIH collaboration. Developmental Cognitive Neuroscience, 32,
4-7. https://doi.org/10.1016/j.dcn.2017.10.002

34



Xia, C. H., Ma, Z., Ciric, R., Gu, S., Betzel, R. F., Kaczkurkin, A. N., Calkins, M. E., Cook,
P. A., Garcia de la Garza, A., Vandekar, S. N., Cui, Z., Moore, T. M., Roalf, D. R.,
Ruparel, K., Wolf, D. H., Davatzikos, C., Gur, R. C., Gur, R. E., Shinohara, R. T., ...
Satterthwaite, T. D. (2018). Linked dimensions of psychopathology and connectivity in
functional brain networks. Nature Communications, 9(1), 1-14.
https://doi.org/10.1038/s41467-018-05317-y

Zald, D. H., & Lahey, B. B. (2017). Implications of the Hierarchical Structure of
Psychopathology for Psychiatric Neuroimaging. Biological Psychiatry: Cognitive
Neuroscience and Neuroimaging, 2(4), 310-317.
https://doi.org/10.1016/j.bpsc.2017.02.003

Zhuang, X., Yang, Z., & Cordes, D. (2020). A technical review of canonical correlation
analysis for neuroscience applications. Human Brain Mapping, 41(13), 3807-3833.
https://doi.org/10.1002/hbm.25090

35



Appendix

Has ID
(N = 11,875)

Missing PS weight Valid PS weight
(n=3) (N = 11,872)

Missing CBCL Valid CBCL
(n = 6) (N = 11,866)

Missing MRI Non-missing MRI
(n=63) (N = 11,803)

Clinically normal T1 scan Clinically abnormal T1
(N = 11,653) (n=151)

Missing initial QC Non-missing initial QC
(n=223)

Pass initial QC Fail initial QC
(n = 44)

Pass FS QC
- I
Missing sex (n = 2) Non-missing demographics
Missing race (n = 13) (N =9,608)

Final sample Total excluded
(n = 361) (N =9,607) (n = 1,907)

Supplementary Figure 1. Flowchart indicating exclusions for missing data and quality
control failure. Missing: There were 3 participants excluded for missing propensity weight
data (PS weight), 6 for missing Child Behavior Checklist data (CBCL), 63 for missing a
variable indicating the normality/abnormality of the structural MRI images (“mrif score”),
223 for missing data on an initial quality assurance variable (“iqc_t1 ok ser”), 51 for missing
data on an additional quality assurance variable (“fsqc_qc”), 2 for missing sex data, 13 for
missing race-ethnicity data. Exclusion: There were 151 participants excluded for abnormal
structural images, as indicated by an “mrif score” value of 0 (“Image artifacts prevent
radiology read”) or 4 (“Consider immediate clinical referral”’). There were 44 excluded for
failing to pass initial quality control (QC) measures, as indicated by an “iqc_t1 ok ser” value
of 0. There were 1,712 excluded for failing to pass quality assurance variables based on
FreeSurfer quality control (FS QC) measures. Specifically, for QC score (“fsqc_qc”),
responses of 0 (“reject”) were excluded. The FS QC takes into account four different metrics:
motion, pial overestimation, white matter underestimation, and inhomogeneity. For the
motion score (“fsqc_qu_motion”™), pial overestimation score (“fsqc_qu_pialover”), white
matter underestimation score (“fsqc_qu_wmunder”), and inhomogeneity score
(“fsqc_qu_homogeneity”), responses of >1 (“moderate” to “severe”) were excluded and
only responses of 0 (“absent”) and 1 (“mild”’) were included.

Missing FS QC
(n=51)
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Supplementary Figure 2. PLS analysis in the replication sample demonstrates that
greater levels of general psychopathology, conduct problems, and ADHD symptoms are
associated with smaller volumes across many brain regions. A) Positive loadings for
general psychopathology, conduct problems, and ADHD symptoms. B) Negative loadings for
vast majority of brain regions (see Supplementary Tables 11 and 12 for list of numerical
loadings in descending order, based on absolute value, with the key for brain regions 1
(strongest loading) through 87 (weakest loading)).
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Supplementary Figure 3. Bootstrapping analysis in the replication sample demonstrates
reliable loadings for the general, conduct, and ADHD psychopathology dimensions.
Reliable dimensions are shown in green and unreliable dimensions are shown in red. Results
are based on bootstrapping analyses with 10,000 iterations.
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Supplementary Table 1. Results examining the relationship between cortical regional GMV

and psychopathology dimensions

Brain region Specific Specific Specific

General Conduct Internalizing ADHD

B par  fB par  f Ppr  fB Par  R?
Left banks of superior temporal sulcus -0.03 .027 -0.06 .005 0.02 293 -0.02 .319 .07
Left caudal anterior cingulate -0.04 .014 -0.04 .082 0.03 200 -0.05 .044 .04
Left caudal middle frontal -0.02 .258 -0.05 .005 0.02 396 -0.03 145 11
Left cuneus -0.02 296 -0.06 .000 0.03 160 -0.06 .011 .16
Left entorhinal -0.04 .002 -0.05 .005 0.00 902 -0.01 485 .18
Left fusiform -0.05 .000 -0.09 .000 0.04 147 -0.04 055 .18
Left inferior parietal -0.07 .000 -0.06 .002 0.02 396 -0.03 145 .14
Left inferior temporal -0.06 .000 -0.04 .040 0.04 147 -0.02 457 .19
Left isthmus cingulate -0.05 .002 -0.05 .010 0.03 160 -0.02 319 .15
Left lateral occipital -0.04 .005 -0.07 .000 0.02 354 -0.06 .000 .24
Left lateral orbitofrontal -0.04 .002 -0.07 .000 0.02 194 -005 015 .20
Left lingual -0.02 164 -0.06 .002 0.03 174 -005 025 .15
Left medial orbitofrontal -0.04 .006 -0.02 .213 0.00 902 -0.02 314 .23
Left middle temporal -0.05 .000 -0.07 .002 0.03 160 -0.01 616 .19
Left parahippocampal -0.05 .000 -0.06 .002 0.01 448 -0.05 043 .08
Left paracentral -0.03 .023 -0.06 .005 0.01 790 -0.05 046 .08
Left pars opercularis -0.03 .056 -0.02 .315 0.02 413 0.00 .968 .08
Left pars orbitalis -0.04 .005 -0.02 .418 0.02 229 -0.02 457 .13
Left pars triangularis -0.03 .094 -0.04 .040 0.01 482 -0.05 .044 .06
Left pericalcarine -0.01 .363 -0.06 .007 0.03 174 005 043 .09
Left postcentral -0.06 .000 -0.07 .000 0.01 749 -0.04 045 .16
Left posterior cingulate -0.06 .000 -0.04 .055 0.03 200 -0.03 259 .12
Left precentral -0.06 .000 -0.08 .000 0.03 160 -0.06 .015 .20
Left precuneus -0.04 .002 -0.08 .000 0.02 362 -0.05 .043 .20
Left rostral anterior cingulate -0.05 .000 -0.05 .010 0.03 160 -0.05 029 .10
Left rostral middle frontal -0.07 .000 -0.08 .000 0.04 147 -0.04 .043 .20
Left superior frontal -0.06 .000 -0.07 .000 0.03 174 005 032 .20
Left superior parietal -0.02 242 -0.07 .002 0.02 396 -0.03 145 .18
Left superior temporal -0.07 .000 -0.08 .000 0.03 .160 -0.02 .384 .16
Left supramarginal -0.06 .000 -0.08 .000 0.02 343 -0.02 319 .19
Left frontal pole 0.01 .682 -0.05 .018 -0.02 285 -0.03 .170 .11
Left temporal pole -0.04 006 -0.05 .016 0.02 405 -0.01 795 .07
Left transverse temporal -0.05 .002 -0.05 .009 0.01 589 -0.02 457 .08
Left insula -0.07 .000 -0.07 .000 0.03 160 -003 121 .21
Right banks of superior temporal sulcus  -0.05 .000 -0.02 .260 003 .168 -0.01 .783 .09
Right caudal anterior cingulate -0.03 .035 -0.04 .040 0.01 663 -0.06 .028 .04
Right caudal middle frontal -0.04 .005 -0.04 .027 0.02 230 -0.02 457 .10
Right cuneus -0.03 .037 -0.03 .160 0.02 405 -0.03 168 .14
Right entorhinal -0.05 .000 0.00 935 0.01 .706  0.02 455 11
Right fusiform -0.06 .000 -0.10 .000 0.03 174 -0.04 044 .20
Right inferior parietal -0.08 .000 -0.07 .000 0.04 136 -0.01 485 .19
Right inferior temporal -0.06 .000 -0.07 .000 0.02 293 -0.03 128 .19
Right isthmus cingulate -0.02 .164 -0.03 .106 0.03 160 -0.01 553 .11
Right lateral occipital -0.03 .045 -0.06 .000 0.04 147 -0.06 .000 .26
Right lateral orbitofrontal -0.05 .000 -0.05 .002 0.03 147  -005 029 .23
Right lingual -0.02 132 -0.06 .002 0.03 197 -0.04 070 .14
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Right medial orbitofrontal
Right middle temporal
Right parahippocampal
Right paracentral

Right pars opercularis
Right pars orbitalis

Right pars triangularis
Right pericalcarine

Right postcentral

Right posterior cingulate
Right precentral

Right precuneus

Right rostral anterior cingulate
Right rostral middle frontal
Right superior frontal
Right superior parietal
Right superior temporal
Right supramarginal
Right frontal pole

Right temporal pole
Right transverse temporal
Right insula

-0.03
-0.07
-0.06
-0.03
-0.04
-0.05
0.00

-0.01
-0.07
-0.04
-0.06
-0.06
-0.03
-0.05
-0.07
-0.04
-0.07
-0.07
-0.03
-0.01
-0.05
-0.07

.025
.000
.000
.075
.018
.002
.934
.363
.000
.009
.000
.000
.023
.000
.000
.019
.000
.000
.038
.649
.000
.000

-0.05
-0.07
-0.02
-0.06
-0.02
-0.03
-0.05
-0.04
-0.07
-0.06
-0.09
-0.05
-0.03
-0.07
-0.06
-0.04
-0.08
-0.07
-0.04
-0.03
-0.02
-0.05

.004
.000
214
.004
.304
.089
.018
.059
.000
.004
.000
.018
77
.000
.002
.042
.000
.002
.040
130
429
.004

0.02
0.02
0.03
-0.02
0.03
0.02
0.00
0.03
0.02
-0.01
0.02
0.03
0.02
0.03
0.03
0.01
0.03
0.03
0.00
0.02
0.01
0.02

.343
229
174
405
174
376
.984
174
405
754
321
.168
.285
.160
.160
448
.160
174
.968
.396
490
247

-0.03
-0.03
-0.01
-0.08
-0.02
-0.06
-0.06
-0.04
-0.02
-0.04
-0.06
-0.02
-0.06
-0.05
-0.04
-0.03
-0.02
-0.02
-0.03
-0.01
0.00

-0.04

128
170
.553
.000
457
011
.015
.073
317
.070
.000
.455
.020
.044
.083
210
.455
.384
.210
.553
926
.073

14
22
10
.08
.08
12
.07
.09
13
A1
19
21
.08
18
19
19
13
14
13
.04
10
.23

Note. N = 9,607. Coefficients in bold are significant after FDR correction (adopting a 5%

false discovery rate) for 68 tests.
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Supplementary Table 2. Results examining the relationship between subcortical regional
GMYV and psychopathology dimensions

Brain region Specific Specific Specific

General Conduct Internalizing ADHD

B Prdr i Prdr B Prdr b Prdr R?
Left cerebellum cortex -0.05 .000 -0.06 .003 0.02 199 -0.05 024 .26
Left thalamus proper -0.06 .000 -0.08 .000 0.03 .068 -0.04 061 .24
Left caudate -0.06  .000 -0.07 .000 0.03 103 -0.05 .048 .09
Left putamen -0.05 .001 -0.03 .066 0.03 .081 -0.05 032 .17
Left pallidum -0.06 .000 -0.02 229  0.03 103 -0.02 418 .13
Left hippocampus -0.07 .000 -0.05 013  0.04 .068 -0.02 457 .19
Left amygdala -0.06 .000 -0.04 .038  0.02 168  -0.01 715 .28
Left accumbens area -0.06  .000 -0.05 .008 0.02 178  -0.03 143 .25
Left ventral diencephalon -0.06 .000 -0.05 .005 0.03 115 -0.05 032 .20
Right cerebellum cortex -0.05 .000 -0.05 .009  0.03 103 -0.04 059 .27
Right thalamus proper -0.06 .000 -0.06 .003 0.04 .068 -0.02 418 .21
Right caudate -0.05 .000 -0.07 .000 0.04 .068 -0.05 .035 .09
Right putamen -0.05 .001 -0.04 026 0.02 168 -0.06 .019 .18
Right pallidum -0.05 .000 -0.04 .051  0.03 .084 -0.03 244 19
Right hippocampus -0.07 .000 -0.06 .003 0.04 .068 -0.01 629 .20
Right amygdala -0.06 .000 -0.03 .051 0.01 321 0.00 798 .26
Right accumbens area -0.06 .000 -0.04 039  0.02 322 -0.02 418 .17
Right ventral diencephalon -0.04 .001 -0.06 .003 0.03 .081 -0.06 024 17
Brain stem -0.05 .000 -0.05 .006  0.03 .081 -0.05 024 .20

Note. N = 9,607. Coefficients in bold are significant after FDR correction (adopting a 5%
false discovery rate) for 19 tests.
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Supplementary Table 3. Results examining the relationship between cortical regional GMV
and psychopathology dimensions with income and parental education as additional

covariates

Brain region Specific Specific Specific

General Conduct Internalizing ADHD

)i Par B Prar s Par B Prdr R?2
Left banks of superior temporal sulcus  -0.03 .068 -0.03 .122 0.02 .383 -0.02 .448 .07
Left caudal anterior cingulate -0.03 .101 -0.03 .153 0.02 473 -0.05 .063 .05
Left caudal middle frontal 0.00 928 -0.04 .063 0.02 362 -0.03 .309 .12
Left cuneus -0.01 .702 -0.04 .040 0.03 219 -0.05 .039 .16
Left entorhinal -0.04 .016 -0.04 .051 -0.01 .755 -0.01 .699 .18
Left fusiform -0.04 .029 -0.06 .007 0.03 253 -0.03 .138 .19
Left inferior parietal -0.05 .000 -0.04 .051 0.02 422 -0.02 .366 .14
Left inferior temporal -0.05 .004 -0.02 .312 0.03 219 -0.01 .647 .19
Left isthmus cingulate -0.05 .004 -0.04 .049 0.03 219 -0.02 457 .15
Left lateral occipital -0.03 .094 -0.05 .018 0.02 422 -0.06 .017 .25
Left lateral orbitofrontal -0.03 .055 -0.05 .011 0.02 290 -0.05 .030 .21
Left lingual -0.01 458 -0.05 .040 0.03 253 -0.05 .068 .16
Left medial orbitofrontal -0.03 .028 -0.02 .375 -0.01 654 -0.03 .173 .22
Left middle temporal -0.04 .014 -0.04 .055 0.03 269 0.00 906 .20
Left parahippocampal -0.04 .028 -0.04 .056 0.01 554 -0.04 127 .09
Left paracentral -0.02 .249 -0.04 .082 0.00 991 -0.05 .083 .08
Left pars opercularis -0.02 .377 000 .869 0.01 519 000 .908 .08
Left pars orbitalis -0.04 .034 0.01 .812 0.02 290 0.00 908 .13
Left pars triangularis -0.02 .180 -0.03 .157 0.01 519 -0.05 .081 .07
Left pericalcarine 0.00 .863 -0.05 .049 0.03 290 -0.05 .081 .09
Left postcentral -0.04 .009 -0.04 .053 0.00 991 -0.04 .095 .17
Left posterior cingulate -0.04 .009 -0.02 .267 0.02 .301 -0.02 .366 .13
Left precentral -0.05 .004 -0.06 .007 0.04 219 -0.05 .030 .21
Left precuneus -0.03 .058 -0.06 .007 0.02 441 -0.04 .081 .20
Left rostral anterior cingulate -0.04 .019 -0.04 .100 0.03 253 -0.05 .037 .11
Left rostral middle frontal -0.06  .000 -0.06 .000 0.03 219 -0.04 .081 .21
Left superior frontal -0.05 .000 -0.05 .023 0.02 413 -0.05 .037 .21
Left superior parietal -0.01 .780 -0.05 .020 0.02 422 -0.03 .204 .18
Left superior temporal -0.06 .000 -0.06 .000 0.02 290 -0.02 372 .18
Left supramarginal -0.05 .000 -0.06 .007 0.02 441 -0.02 548 .19
Left frontal pole 0.02 282 -0.04 .056 -0.03 290 -0.04 .03 .11
Left temporal pole -0.04 .039 -0.04 .078 0.01 775 001 832 .08
Left transverse temporal -0.04 .028 -0.04 .051 0.01 597 -0.01 .832 .08
Left insula -0.06 .000 -0.06 .000 0.02 360 -0.03 .127 .21
Right banks of superior temporal sulcus -0.03 .062 0.00 .983 0.03 262 0.00 .896 .09
Right caudal anterior cingulate -0.02 .226 -0.03 .137 0.01 519 -0.06 .037 .05
Right caudal middle frontal -0.03 .060 -0.03 .142 0.03 253 -0.02 366 .11
Right cuneus -0.03 133 -0.00 555 0.01 479 -0.02 378 .15
Right entorhinal -0.04 .009 0.00 .852 0.01 611 0.02 409 .11
Right fusiform -0.04 .022 -0.08 .000 0.02 383 -0.04 103 .20
Right inferior parietal -0.06 .000 -0.05 .018 0.04 219 -0.01 771 .20
Right inferior temporal -0.05 .000 -0.06 .007 0.02 410 -0.03 .200 .19
Right isthmus cingulate -0.02 .304 -0.03 .214 0.04 219 -0.01 717 11
Right lateral occipital -0.02 .304 -0.04 .043 0.03 219 -0.06 .017 .26
Right lateral orbitofrontal -0.04 .014 -0.04 .037 0.03 219 -0.05 .037 .23
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Right lingual

Right medial orbitofrontal
Right middle temporal
Right parahippocampal
Right paracentral

Right pars opercularis
Right pars orbitalis

Right pars triangularis
Right pericalcarine

Right postcentral

Right posterior cingulate
Right precentral

Right precuneus

Right rostral anterior cingulate
Right rostral middle frontal
Right superior frontal
Right superior parietal
Right superior temporal
Right supramarginal
Right frontal pole

Right temporal pole
Right transverse temporal
Right insula

-0.01
-0.02
-0.05
-0.04
-0.02
-0.03
-0.04
0.01

0.00

-0.06
-0.02
-0.06
-0.05
-0.03
-0.04
-0.06
-0.02
-0.05
-0.05
-0.03
0.00

-0.04
-0.06

.666
183
.000
.007
.320
101
.018
.716
.838
.000
.146
.000
.000
.068
.019
.000
.249
.000
.000
.062
.928
.020
.000

-0.04
-0.04
-0.05
0.01

-0.05
-0.01
-0.01
-0.04
-0.03
-0.05
-0.04
-0.07
-0.03
-0.02
-0.06
-0.04
-0.03
-0.06
-0.05
-0.02
-0.02
0.00

-0.04

.051
.032
.020
.582
.034
.645
.553
.051
.200
.043
.050
.000
214
375
011
.056
.200
.018
.043
.249
492
.964
.036

0.03
0.00
0.02
0.03
-0.02
0.03
0.02
0.00
0.03
0.02
0.00
0.02
0.03
0.02
0.03
0.02
0.01
0.02
0.02
0.00
0.01
0.00
0.01

.253
.938
.356
.253
413
.253
413
.837
.262
413
.837
.363
.253
441
.253
375
734
.290
413
.876
.639
.837
611

-0.04
-0.03
-0.02
0.00

-0.07
-0.01
-0.06
-0.06
-0.04
-0.02
-0.03
-0.06
-0.01
-0.06
-0.05
-0.04
-0.03
-0.02
-0.01
-0.02
-0.01
0.01

-0.04

.088
194
.366
.896
.000
.640
.030
027
127
448
204
.017
.662
.030
.068
119
194
517
.630
.366
.662
832
.086

15
14
.23
A1
.08
.08
13
.07
.09
A3
A1
19
21
.08
19
.20
19
14
14
13
.04
.10
24

Note. N = 8,801. Coefficients in bold are significant after FDR correction (adopting a 5%

false discovery rate) for 68 tests.
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Supplementary Table 4. Results examining the relationship between subcortical regional
GMYV and psychopathology dimensions with income and parental education as additional
covariates

Brain region Specific Specific Specific

General Conduct Internalizing  ADHD

B Ppar B par B Par S Pur  R?
Left cerebellum cortex -0.03 .018 -0.04 117 0.02 384 -0.03 .217 .27
Left thalamus proper -0.04 .004 -0.06 .019 0.03 133 -0.03 217 .25
Left caudate -0.04 .014 -0.05 .038 0.03 159 -0.04 .187 .10
Left putamen -0.03 .030 -0.02 .281 0.02 231 -0.05 .070 .18
Left pallidum -0.05 .004 0.00 .815 0.03 159 -0.02 516 .13
Left hippocampus -0.03 .023 -0.03 .147 0.03 159 -0.05 .076 .21
Left amygdala -0.05 .000 -0.02 .281 0.03 159 -0.02 516 .20
Left accumbens area -0.04 .003 -0.02 .404 0.01 437 -0.01 .656 .29
Left ventral diencephalon -0.05 .000 -0.04 .117 0.01 437 -0.03 .234 24
Right cerebellum cortex -0.04 .004 -0.03 .158 0.03 159 -0.04 .080 .21
Right thalamus proper -0.03 .027 -0.03 .176 0.02 218 -0.02 447 .28
Right caudate -0.05 .003 -0.04 .117 0.04 133 -0.01 .656 .22
Right putamen -0.04 .014 -0.05 .038 0.03 159 -0.04 .101 .10
Right pallidum -0.03 .034 -0.03 .187 0.01 437 -0.06 .057 .19
Right hippocampus -0.04 .022 -0.02 .281 0.03 159 -0.02 447 19
Right amygdala -0.05 .000 -0.03 .158 0.03 159 -0.01 .656 .21
Right accumbens area -0.04 .010 -0.02 .281 0.00 902 -0.01 .656 .26
Right ventral diencephalon -0.06 .000 -0.03 .187 0.00 945 -0.02 447 .18
Brain stem -0.03 .051 -0.04 117 0.03 159 -0.05 .066 .18

Note. N = 8,801. Coefficients in bold are significant after FDR correction (adopting a 5%
false discovery rate) for 19 tests.
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Supplementary Table 5. Results examining the relationship between cortical regional GMV
and psychopathology dimensions with medication added as an additional covariate

Brain region Specific Specific Specific

General Conduct Internalizing ADHD

B Par S Par S Prdr s Prdr R?2
Left banks of superior temporal sulcus ~ -0.03 .025 -0.06 .007 0.02 .310 -0.02 .305 .07
Left caudal anterior cingulate -0.04 .016 -0.03 .104 0.03 .182 -0.05 .047 .04
Left caudal middle frontal -0.02 299 -0.05 .009 0.02 362 -0.03 .167 .11
Left cuneus -0.02 303 -0.06 .003 0.03 .144 -0.06 .011 .16
Left entorhinal -0.04 .003 -0.05 .006 0.00 .887 -0.01 .499 .18
Left fusiform -0.06 .000 -0.08 .000 0.04 .136 -0.04 .055 .18
Left inferior parietal -0.07 .000 -0.06 .005 0.02 .323 -0.03 .179 .14
Left inferior temporal -0.06 .000 -0.04 .043 0.04 102 -0.01 499 .19
Left isthmus cingulate -0.04 .002 -0.05 .013 0.03 .146 -0.02 391 .15
Left lateral occipital -0.04 .003 -0.07 .000 0.02 .317 -0.06 .000 .24
Left lateral orbitofrontal -0.05 .002 -0.06 .000 0.02 .178 -0.05 .015 .20
Left lingual -0.02 137 -0.06 .005 0.03 .155 -0.05 .025 .15
Left medial orbitofrontal -0.04 .005 -0.02 .222 0.00 .887 -0.02 .331 .23
Left middle temporal -0.05 .000 -0.06 .000 0.03 .146 -0.01 .664 .19
Left parahippocampal -0.06 .000 -0.06 .005 0.01 .442 -0.05 .047 .08
Left paracentral -0.03 .033 -0.05 .007 0.01 .754 -0.05 .055 .08
Left pars opercularis -0.03 .075 -0.02 .336 0.02 .362 0.00 918 .08
Left pars orbitalis -0.04 .003 -0.01 471 0.02 212 -0.02 471 .13
Left pars triangularis -0.02 130 -0.04 .049 0.01 424 -0.05 .047 .06
Left pericalcarine -0.01 .378 -0.05 .010 0.03 .150 -0.05 .047 .09
Left postcentral -0.06 .000 -0.06 .003 0.01 .741 -0.04 .055 .16
Left posterior cingulate -0.06 .000 -0.03 .089 0.03 .179 -0.02 314 .12
Left precentral -0.06 .000 -0.07 .000 0.03 .146 -0.05 .015 .20
Left precuneus -0.04 .003 -0.07 .000 0.02 310 -0.04 .047 .20
Left rostral anterior cingulate -0.05 .000 -0.05 .017 0.03 .146 -0.05 .034 .10
Left rostral middle frontal -0.07 .000 -0.07 .000 0.04 .102 -0.04 .047 .20
Left superior frontal -0.06  .000 -0.07 .000 0.03 150 -0.05 .047 .20
Left superior parietal -0.01 .350 -0.06 .003 0.02 .317 -0.03 .204 .18
Left superior temporal -0.07  .000 -0.08 .000 0.03 146 -0.02 371 .16
Left supramarginal -0.06 .000 -0.08 .000 0.02 .310 -0.02 .328 .19
Left frontal pole 0.01 531 -0.05 .017 -0.02 317 -003 211 .11
Left temporal pole -0.04 .005 -0.05 .016 0.01 .424 -0.01 .750 .07
Left transverse temporal -0.05 .002 -0.05 .009 0.01 .615 -0.02 .470 .08
Left insula -0.07 .000 -0.07 .000 0.03 .136 -0.03 .150 .21
Right banks of superior temporal sulcus -0.05 .000 -0.02 .271 0.03 .150 -0.01 .730 .09
Right caudal anterior cingulate -0.03 .050 -0.04 .041 0.01 600 -0.06 .028 .04
Right caudal middle frontal -0.04 .011 -0.04 .047 0.03 .174 -0.01 528 .10
Right cuneus -0.03 .053 -0.03 .206 0.02 .354 -0.03 .204 .14
Right entorhinal -0.05 .000 0.00 966 0.01 .727 0.02 443 11
Right fusiform -0.06 .000 -0.10 .000 0.03 .170 -0.04 .047 .20
Right inferior parietal -0.07 .000 -0.07r .000 0.04 .102 -0.010 513 .19
Right inferior temporal -0.06 .000 -0.07 .000 0.02 .292 -0.03 .132 .19
Right isthmus cingulate -0.02 .155 -0.03 .159 0.03 .146 -0.01 629 .11
Right lateral occipital -0.03 .051 -0.06 .003 0.04 .102 -0.06 .000 .26
Right lateral orbitofrontal -0.05 .000 -0.05 .005 0.04 136 -0.05 .031 .23
Right lingual -0.02 .099 -0.06 .006 0.03 .178 -0.04 .073 .14
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Right medial orbitofrontal -0.04 016 -0.05 .006 0.02 .317 -0.03 .132
Right middle temporal -0.07 .000 -0.07 .000 0.02 .204 -0.03 .187
Right parahippocampal -0.06 .000 -0.02 .206 0.03 .196 -0.01 .499
Right paracentral -0.03 .079 -0.06 .006 -0.01 .424 -0.07 .000
Right pars opercularis -0.04 .016 -0.02 .334 0.03 .146 -0.02 .499
Right pars orbitalis -0.05 .002 -0.03 .087 0.02 .323 -0.06 .011
Right pars triangularis 0.00 936 -0.05 .024 0.00 963 -0.06 .015
Right pericalcarine -0.01 404 -0.04 085 0.03 .150 -0.04 .083
Right postcentral -0.07 .000 -0.07 .000 0.01 .424 -0.02 .328
Right posterior cingulate -0.04 .014 -0.05 .007 0.00 .852 -0.04 .100
Right precentral -0.06 .000 -0.09 .000 0.02 .302 -0.06 .000
Right precuneus -0.06 .000 -0.05 .020 0.03 .146 -0.02 .471
Right rostral anterior cingulate -0.03 .034 -0.03 .160 0.02 .247 -0.06 .025
Right rostral middle frontal -0.05 .000 -0.07 .000 0.04 .136 -0.04 .047
Right superior frontal -0.07 .000 -0.05 .006 0.03 .146 -0.04 .107
Right superior parietal -0.03 .020 -0.04 .078 0.01 424 -0.03 .243
Right superior temporal -0.07 .000 -0.08 .000 0.03 .146 -0.02 .470
Right supramarginal -0.07  .000 -0.06 .003 0.03 .146 -0.02 .439
Right frontal pole -0.03 .037 -0.04 .056 0.00 .963 -0.03 .232
Right temporal pole -0.01 545 -0.03 .160 0.02 .372 -0.01 .588
Right transverse temporal -0.05 .002 -0.01 471 0.01 .428 0.00 .894
Right insula -0.07 .000 -0.05 .007 0.02 212 -0.04 .094

14
22
10
.07
.08
A2
.07
.09
13
A1
19
21
.08
18
19
19
A3
14
A3
.04
10
.23

Note. N = 9,597. Coefficients in bold are significant after FDR correction (adopting a 5%
false discovery rate) for 68 tests.
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Supplementary Table 6. Results examining the relationship between subcortical regional
GMYV and psychopathology dimensions with medication added as an additional covariate

Brain region Specific Specific Specific

General Conduct Internalizing ADHD

s Par S Par S Par  p Prar  R?
Left cerebellum cortex -0.05 .000 -0.06 .003 0.02 .210 -0.05 .024 .26
Left thalamus proper -0.06 .000 -0.08 .000 0.03 .068 -0.04 .057 .24
Left caudate -0.05 .000 -0.07 .000 0.03 .103 -0.05 .048 .09
Left putamen -0.05 .001 -0.03 .076 0.03 .093 -0.05 .030 .17
Left pallidum -0.06 .000 -0.02 .235 0.03 .124 -0.02 404 .13
Left hippocampus -0.05 .000 -0.05 .006 0.03 .079 -0.05 .024 .20
Left amygdala -0.07 .000 -0.05 .013 0.04 .068 -0.02 .404 .19
Left accumbens area -0.06 .000 -0.04 .030 0.02 .165 -0.01 .728 .28
Left ventral diencephalon -0.06 .000 -0.05 .007 0.02 .165 -0.03 .159 .25
Right cerebellum cortex -0.06 .000 -0.06 .005 0.02 .129 -0.05 .032 .20
Right thalamus proper -0.05 .000 -0.05 .007 0.03 .107 -0.04 .057 .27
Right caudate -0.06 .000 -0.06 .003 0.04 .068 -0.02 404 .21
Right putamen -0.05 .000 -0.07 .000 0.04 .068 -0.05 .035 .09
Right pallidum -0.05 .001 -0.04 .030 0.02 .165 -0.06 .019 .18
Right hippocampus -0.05 .001 -0.03 .057 0.03 .093 -0.03 .239 .19
Right amygdala -0.07 .000 -0.06 .003 0.04 .068 -0.01 .645 .20
Right accumbens area -0.05 .000 -0.04 .038 0.02 .282 0.00 815 .26
Right ventral diencephalon -0.06 .000 -0.04 .030 0.02 .282 -0.02 .395 .17
Brain stem -0.05 .001 -0.06 .003 0.03 .093 -0.06 .019 .17

Note. N = 9,597. Coefficients in bold are significant after FDR correction (adopting a 5%
false discovery rate) for 19 tests.
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Supplementary Table 7. Results examining the relationship between subcortical regional
GMYV and psychopathology dimensions with ICV added as an additional covariate

Brain region Specific Specific Specific

General Conduct Internalizing ADHD

b Prdr b Prar S Prdr b Prar R?
Left cerebellum cortex -0.01 .393 -0.02 .694 0.00 882 -0.02 494 48
Left thalamus proper -0.01 393 -0.03 285 0.01 551 0.00 .946 .63
Left caudate -0.01 .393 -0.03 583 001 582 -0.02 .532 .34
Left putamen -0.02 .393 0.00 994 0.02 551 -0.03 .494 .34
Left pallidum -0.03 .133 0.01 .866 0.02 .553 0.00 946 .26
Left hippocampus -0.04 .019 -0.01 .840 0.02 551 0.01 653 40
Left amygdala -0.03 .120 -0.01 .840 0.01 .704 0.02 532 43
Left accumbens area -0.02 .133 -0.02 694 001 .749 -0.01 .764 40

Left ventral diencephalon ~ -0.01 .393 -0.01 .840 0.01 .749 -0.01 .532 57
Right cerebellum cortex -0.01 .393 -0.01 .762 001 592 -0.01 .617 A7

Right thalamus proper -0.01 .393 -0.01 .840 0.02 551 0.02 494 .56
Right caudate -0.01 .393 -0.03 .583 0.02 551 -0.02 515 .35
Right putamen -0.01 473 -001 882 0.01 .704 -0.03 494 .38
Right pallidum -0.01 .393 0.00 983 0.02 553 0.00 .959 .38
Right hippocampus -0.03 .019 -0.02 .694 0.02 551 0.02 494 44
Right amygdala -0.02 .176 0.00 929 0.00 .987 0.02 494 43
Right accumbens area -0.03 .128 -0.01 .840 0.00 .987 0.00 946 34
Right ventral diencephalon 0.01 .609 -0.01 .738 0.01 582 -0.02 .494 .53
Brain stem -0.01 544 001 840 0.01 553 -0.02 494 52

Note. N = 9,607. Coefficients in bold are significant after FDR correction (adopting a 5%
false discovery rate) for 19 tests.
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Supplementary Table 8. Results examining the relationship between subcortical regional
GMYV and psychopathology dimensions with total subcortical GMV added as an additional
covariate

Brain region Specific Specific Specific

General Conduct Internalizing  ADHD

b Prdr S Prdr p Prdr b Prdr R?2
Left cerebellum cortex 001 .057 0.00 .81 -0.01 .361 0.00 969 .90
Left thalamus proper -0.02 .165 -0.03 .399 0.01 .676  0.00 969 .57
Left caudate -0.02 .231 -0.03 418 0.01 676 -0.01 662 .33
Left putamen -0.02 261 0.00 .953 0.02 676 -0.02 573 .35
Left pallidum -0.03 .057 0.01 .883 0.01 .676  0.01 969 .26
Left hippocampus -0.04 010 -0.01 .851 0.02 .676  0.01 696 .39
Left amygdala -0.03 .038 -0.01 .851 0.01 748 0.01 635 41
Left accumbens area -0.03 .041 -0.02 627 0.01 J75 -001 761 .36
Left ventral diencephalon -0.02 215 -0.01 .851 0.00 918 -0.01 662 .57
Right cerebellum cortex 0.01 .038 0.01 .418 -0.010 .676 0.01 573 .90
Right thalamus proper -0.02 .188 -0.01 .851 0.01 .676  0.02 573 .54
Right caudate -0.02 231 -0.03 .418 0.02 676 -0.02 .635 .32
Right putamen -0.01 374 -0.01 .898 0.01 J75 -0.03 573 .39
Right pallidum -0.01 .367 0.00 .953 0.01 .676  0.00 969 .40
Right hippocampus -0.04 .010 -0.02 .627 0.02 .676  0.02 573 42
Right amygdala -0.03 .054 -001 .883 0.00 .993 0.02 635 .39
Right accumbens area -0.03 .038 -0.01 .851 0.00 993  0.00 969 .31
Right ventral diencephalon ~ 0.00  .967 -0.01 .738 0.01 676 -002 573 52
Brain stem 0.00 967 0.00 953 0.01 738 -0.01 635 .68

Note. N = 9,607. Coefficients in bold are significant after FDR correction (adopting a 5%
false discovery rate) for 19 tests.
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Supplementary Table 9. Psychopathology loadings yielded from PLS analysis in the
training sample examining the relationship between regional GMV and psychopathology

dimensions

Psychopathology

Dimension Loading

General Psychopathology  0.801
Conduct Problems 0.416
ADHD Symptoms 0.413
Internalizing Symptoms -0.122

Note. N = 4,138. Loadings are listed in descending order of absolute value.
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Supplementary Table 10. Brain volume loadings yielded from PLS analysis in the training
sample examining the relationship between regional GMV and psychopathology dimensions

Brain Region

Number Brain Region Name Loading
1 Left superior frontal -0.165
2 Left rostral middle frontal -0.161
3 Right inferior parietal -0.150
4 Right fusiform -0.150
5 Right inferior temporal -0.145
6 Right superior frontal -0.144
7 Left fusiform -0.142
8 Right superior temporal -0.142
9 Left insula -0.142
10 Right precentral -0.141
11 Right middle temporal -0.140
12 Brain stem -0.138
13 Left superior temporal -0.137
14 Left postcentral -0.137
15 Left precentral -0.135
16 Right rostral middle frontal -0.134
17 Left precuneus -0.133
18 Left supramarginal -0.132
19 Right hippocampus -0.131
20 Left inferior parietal -0.130
21 Left hippocampus -0.127
22 Right lateral orbitofrontal -0.126
23 Left ventral diencephalon -0.125
24 Left rostral anterior cingulate -0.124
25 Right precuneus -0.122
26 Right insula -0.122
27 Right posterior cingulate -0.122
28 Left thalamus proper -0.120
29 Right ventral diencephalon -0.119
30 Left cerebellum cortex -0.119
31 Left parahippocampal -0.116
32 Left inferior temporal -0.115
33 Right amygdala -0.115
34 Left posterior cingulate -0.114
35 Left banks of superior temporal sulcus -0.111
36 Right supramarginal -0.111
37 Right caudal anterior cingulate -0.110
38 Right postcentral -0.106
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39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

Left lateral orbitofrontal
Left middle temporal

Left lateral occipital

Left caudate

Right parahippocampal
Left pars triangularis
Right lateral occipital
Left lingual

Left paracentral

Left amygdala

Right thalamus proper
Right frontal pole

Left isthmus cingulate
Right rostral anterior cingulate
Right cerebellum cortex
Left caudal anterior cingulate
Right superior parietal
Left accumbens area
Right putamen

Left entorhinal

Right lingual

Right caudate

Right paracentral

Left transverse temporal
Left pericalcarine

Left cuneus

Right cuneus

Left temporal pole

Right pars trangularis
Right transverse temporal
Right accumbens area
Right pars orbitalis

Right medial orbitofrontal
Left putamen

Right isthmus cingulate
Left pallidum

Left superior parietal

Left pars orbitalis

Left caudal middle frontal
Right pallidum

Right banks of superior temporal sulcus
Left pars opercularis
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-0.106
-0.106
-0.103
-0.103
-0.103
-0.102
-0.102
-0.101
-0.099
-0.099
-0.099
-0.098
-0.097
-0.097
-0.095
-0.094
-0.094
-0.092
-0.092
-0.091
-0.090
-0.089
-0.088
-0.088
-0.087
-0.087
-0.086
-0.086
-0.086
-0.085
-0.084
-0.083
-0.077
-0.074
-0.074
-0.071
-0.071
-0.070
-0.068
-0.062
-0.059
-0.057



81 Right pericalcarine -0.057

82 Right pars opercularis -0.055
83 Left frontal pole -0.054
84 Right temporal pole -0.047
85 Right entorhinal -0.046
86 Left medial orbitofrontal -0.045
87 Right caudal middle frontal -0.017

Note. N = 4,138. Loadings are listed in descending order of absolute value and labeled as 1
through 87, accordingly.
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Supplementary Table 11. Psychopathology loadings yielded from PLS analysis in the
replication sample examining the relationship between regional GMV and psychopathology

dimensions

Psychopathology

Dimension Loading

General Psychopathology  0.803
Conduct Problems 0.418
ADHD Symptoms 0.414
Internalizing Symptoms -0.094

Note. N = 4,080. Loadings are listed in descending order of absolute value.
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Supplementary Table 12. Brain volume loadings yielded from PLS analysis in the
replication sample examining the relationship between regional GMV and psychopathology
dimensions

ﬁLarlnnbeRreglon Brain Region Name Loading
1 Left thalamus proper -0.167
2 Left insula -0.159
3 Left precentral -0.156
4 Left rostral middle frontal -0.154
5 Right insula -0.154
6 Right precentral -0.150
7 Right caudate -0.149
8 Right pars orbitalis -0.148
9 Right lateral orbitofrontal -0.148
10 Left postcentral -0.147
11 Left inferior parietal -0.143
12 Right accumbens area -0.142
13 Right inferior temporal -0.140
14 Left hippocampus -0.138
15 Right cerebellum cortex -0.138
16 Left accumbens area -0.138
17 Left caudate -0.137
18 Left rostral anterior cingulate -0.137
19 Right paracentral -0.136
20 Left cerebellum cortex -0.136
21 Left ventral diencephalon -0.133
22 Right postcentral -0.132
23 Right supramarginal -0.131
24 Right middle temporal -0.129
25 Left middle temporal -0.128
26 Left superior frontal -0.128
27 Right lateral occipital -0.127
28 Right rostral middle frontal -0.127
29 Brain stem -0.126
30 Left precuneus -0.124
31 Left lateral occipital -0.123
32 Right putamen -0.122
33 Right fusiform -0.120
34 Left putamen -0.119
35 Right hippocampus -0.118
36 Left inferior temporal -0.118
37 Right caudal anterior cingulate -0.117
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38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

Right thalamus proper
Right superior frontal
Right inferior parietal
Right pallidum

Left fusiform

Right parahippocampal
Left lateral orbitofrontal
Right caudal middle frontal
Left superior temporal
Right superior temporal
Right ventral diencephalon
Right amygdala

Left pars triangularis

Right rostral anterior cingulate
Left caudal anterior cingulate
Left paracentral

Left amygdala

Left pallidum

Left posterior cingulate
Left parahippocampal
Right superior parietal
Right posterior cingulate
Left entorhinal

Right entorhinal

Left supramarginal

Left isthmus cingulate
Right medial orbitofrontal
Right precuneus

Left banks of superior temporal sulcus
Left caudal middle frontal
Left superior parietal

Right banks of superior temporal sulcus
Right pars opercularis
Right pericalcarine

Left cuneus

Left temporal pole

Left lingual

Left pericalcarine

Right temporal pole

Left media lorbitofrontal
Left transverse temporal
Left pars orbitalis
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-0.117
-0.117
-0.114
-0.114
-0.113
-0.111
-0.111
-0.109
-0.108
-0.107
-0.106
-0.099
-0.096
-0.089
-0.089
-0.087
-0.087
-0.087
-0.084
-0.082
-0.079
-0.079
-0.079
-0.076
-0.076
-0.075
-0.072
-0.072
-0.071
-0.071
-0.069
-0.064
-0.061
-0.060
-0.060
-0.054
-0.051
-0.048
-0.048
-0.047
-0.046
-0.045



80 Right cuneus -0.043

81 Right lingual -0.038
82 Right pars triangularis -0.037
83 Left pars opercularis -0.023
84 Right isthmus cingulate -0.023
85 Left frontal pole -0.009
86 Right transverse temporal -0.001
87 Right frontal pole 0.002

Note. N = 4,080. Loadings are listed in descending order of absolute value and labeled as 1
through 87, accordingly.
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