


ABSTRACT

Objective: Co-occurrence of behavioral and emotional problems in childhood is wide-
spread and previous studies have suggested that this reflects vulnerability to experi-
ence a range of psychiatric problems, often termed a general psychopathology factor.
However, the neurobiological substrate of this general factor is not well understood.
We tested the hypothesis that lower overall white matter microstructure is associated
with higher levels of the general psychopathology factor in children and less with spe-
cific factors.

Method: Global white matter microstructure at age 10 years was related to general and
specific psychopathology factors. These factors were estimated using a latent bifactor
model with multiple informants and instruments between ages 6-10 years in 3030 chil-
dren from the population-based birth cohort Generation R. The association of global
white matter microstructure and the psychopathology factors was examined with a
structural equation model adjusted for sex, age at scan, age at psychopathology assess-
ment, parental education/income and genetic ancestry.

Results: A 1-standard deviation (SD) increase of the global white matter factor was
associated with a B=-0.07SD (SE=0.02, p<0.01) decrease in general psychopathology.
In contrast, a 1-SD increase of white matter microstructure predicted an increase of
B=+0.07SD (SE=0.03, p<0.01) specific externalizing factor levels. No association was
found with the specific internalizing and specific attention factor.

Conclusions: The results suggest that general psychopathology in childhood is related
to white matter structure across the brain and not only to specific tracts. Taking into
account general psychopathology may also help reveal neurobiological mechanisms be-
hind specific symptoms which are otherwise obscured by comorbidity.
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INTRODUCTION

Child psychological problems are commonly grouped into behavioral (externalizing)
and emotional (internalizing) problems based on the observation that symptoms within
a given domain often co-occur. Nonetheless, it is well known that even across these
broadly defined domains, the symptoms correlate substantially.™? Likewise, categorical-
ly defined psychiatric disorders co-occur above chance level.>* In recent years, studies
in children,>” adolescents,®® and adults!®!! have suggested that this broadly shared vari-
ance can be described by a latent construct which underlies all psychiatric problems: a
general psychopathology factor. These studies consistently support the hypothesis that
co-occurence of psychiatric problems is explained by both a general propensity to have
any problem and by a specific propensity to display characteristics of a certain psycho-
pathology domain.?

The question then arises whether this higher order structure of psychopathology is
also mirrored in the brain.'? Zald and Lahey®3 propose a framework in which some brain
features underlie the risk to experience any psychiatric problems, while other neural
circuits are linked to the occurrence of specific symptoms. One possibility is that global
brain characteristics reflect a non-specific psychopathology risk. White matter micro-
structure, believed to serve as the backbone for fast efficient neural communication, is
a possible candidate substrate.

White matter microstrucutre encompasses several neural characteristics important
for providing structural connectivity, such as axonal properties and degree of myelin-
ation. These characteristics are determined by genetic and environmental factors.*
White matter differences across several regions were associated with a variety of psy-
chological and psychiatric outcomes, such as IQ and visuospatial abilities,* early-onset
schizophrenia and bipolar disorder,'®* ADHDY, anxiety and depression.!®® Most studies
have only tested the effects of specific tracts. However, given the diversity of tracts
identified, the question arises to what extent these associations represent effects of
global variation of white matter across the brain. Though the literature is sparse, stud-
ies examining whole-brain metrics have demonstrated that global white matter micro-
structure is associated with cognitive abilities in children,*> depression in adults,* as
well as attention and internalizing problems in children born preterm.?°

These studies of global white matter microsture used traditional definitions of single
disorders/domains and did not distinguish between general and specific associations.
The use of a latent general psychopathology factor may help better characterize the
extent to which white matter microstructure is associated with a general vulnerability
to psychopathology. At the same time, specific psychopathology factors can be tested.
Internalizing or externalizing factors, which are uncorrelated to the general psychopa-
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thology factor, may help to identify links between white matter tracts and specific psy-
chopathology domains.

Against this background, we hypothesized that lower global white matter micro-
structure across the brain is associated with higher levels of the general psychopathol-
ogy factor and less with specific psychopathology factors. To test this hypothesis, we
measured global white matter microstructure using diffusion tensor imaging (DTI) in
10-year-old children participating in the Generation R Study (GenR), a population-based
birth cohort. Global white matter microstructure was quantified as a latent construct,
reflecting white matter microstructure of 12 measured tracts. We repeatedly assessed
common psychological problems from ages 6-to-10 using mother, father, teacher and
child reports, and subsequently estimated general and specific psychopathology fac-
tors.

METHOD

Participants and ethical considerations

This study was embedded in GenR,?%?2 a population-based birth cohort. All parents
gave informed consent for their children’s participation. GenR is conducted in accor-
dance with the Declaration of Helsinki and study protocols have been approved by the
Ethics Committee of the Erasmus Medical Center.

Usable DTI scans were available for 3050 children. At least one psychological prob-
lem subscale was available for 3030 children. All results are based on this sample of
3030 children, except for the results of the tract-based spatial statistics (TBSS)?® analy-
sis (n=2996), which required additional quality control (Figure S1). Descriptive statistics
can be found in Table 1. A full method description can be found in the Supplementary
Methods.

Measures
Child psychological problems

We used the Child Behavior Checklist (CBCL) 1 % -5 years?* to assess child behav-
ioral problems at age 6 years (mean=5.9, SD=0.3) and the CBCL 6-1825 at age 10 years
(mean=10, SD=0.3). At the age of 6 years, questionnaires were completed by the prima-
ry caregiver (92% mothers). At age 10 years, the questionnaire was filled in by mother
and father separately. Teachers assessed children at age 7 years (mean=6.5, SD=1.1)
with the Teacher’s Rating Form 6-18 years?. At age 6 years (mean=6.0, SD=0.4) we con-
ducted the Berkeley Puppet Interview, a semi-structured interactive child interview,
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at our research center. At age 10 years (mean=9.8, SD=0.3) years the children rated their
problems with the Brief Problem Monitor?” plus items related to thought problems.

Diffusion Tensor Imaging

Children underwent diffusion tensor imaging at age 10 years (mean=10.1 years,
SD=0.6). MRl scans were performed using a 3T General Electric scanner with an 8-chan-
nel head coil. Diffusion tensor imaging consisted of a 35-direction echo planar imaging
sequence (TR=12,500ms, TE=72ms, FoV=240mm*240mm, acquisition matrix=120*120,
slice thickness=2mm, slice number=65, Asset Acceleration Factor=2, b=900s/mm?2,
3 b=0 images). We computed fractional anisotropy (FA), mean diffusivity (MD), radi-
al diffusivity (RD), and axial diffusivity (AD).?® Connectivity distributions for 12, large
well-defined and widely reported fiber bundles were derived with probabilistic fiber
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Figure 1: Abbreviated path diagram of the main analysis model. All latent variables (oval shape)
are included. Observed variables (square) from the CBCL at age 10 by a single informant are
displayed as an example. Observed variables from other instruments and informants, as well as
specific tracts were omitted. Numbers displayed are standardized regression coefficients. L Tr =
left tract, R Tr = right tract, White matter = Global white matter integrity, Education P = Paternal
education, Education M = Maternal education, GEN = General Psychopathology, INT = Internaliz-
ing, ATT = Attention, EXT = Externalizing.
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tractography.?>3° For TBSS analyses the DTl images were registered to a study-specific
and age-appropriate template.3!

Measures of 1Q, school performance, temperament, happiness and parental
psychopathology

We assessed non-verbal 1Q with the Snijder-Oomen nonverbal intelligence test at
age 6.%2 At the same age we measured temperamental dimensions with the Child Be-
havior Questionnaire (Very-Short-Form), a parent-rated questionnaire.> School perfor-
mance was assessed by the Cito, a standardized exam at the end of primary school in
which language and math skills are tested.®* Happiness was measured by asking the
parents at age 10: “How often was your child happy in the past 4 weeks?”. Parental
psychopathology was assessed with the Brief Symptom Inventory.35

Statistical Analysis

We used a structural equation model to associate global white matter microstruc-
ture with general and specific factors of psychopathology (Figure 1). All models were
fitted in R 3.4.136 with the package Lavaan 0.5-23.1109737. We used a maximum likeli-
hood estimator with robust standard errors (MLM) to account for multivariate non-nor-
mality.

The general psychopathology factor

The general psychopathology factor was specified to underlie all problem subscales
from all instruments and time-points (Table S1). The subscales were also specified to
load on one of the specific internalizing, the specific externalizing, or the specific at-
tention scales defined on the basis of the assessment scales. Therefore, the attention
subscales from each informant, for example, loaded on the general as well as specific at-
tention factor. Specific psychopathology factors were allowed to correlate among each
other, but not with the general psychopathology factor. The specific factors thus rep-
resent covariance among subscales that cannot be explained by a general propensity
for psychiatric problems. As such the specific factors differ distinctly from the observed
broadband scales, e.g. the mother-rated CBCL internalizing and externalizing scores had
a correlation of +0.54 (SE=0.01, p<0.01), but the specific externalizing and internaliz-
ing factors do not correlate positively (r=-0.36, SE=0.04, p<0.01) because the shared
variance is already captured by the general factor.11 The same holds for the specific
attention-specific internalizing correlation (r=-0.47, SE=0.03, p<0.01). The specific at-
tention and externalizing factors did not correlate with each other (r=+0.06, SE=0.03,
p=0.06). The higher order structure of the model tested can be seen as an extension
of the instruments’ established factor structure which informed the computation of
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the subscales. Importantly, we included additional method factors, which capture the
shared variance unique to an informant at a certain age of the child.

The latent factor structure was based on a previous GenR study on 6-to-8 year old
children,® as well as on models validated in other cohorts®'**2. We performed several
additional analyses for further validation and characterization. First, we tested models
without a general psychopathology factor (Table S2) and observed a substantial de-
crease of fit. However, we present association results from a three-factor model (in-
ternalizing, externalizing and attention) without the general psychopathology factor as
comparison. Second, we explored four models with IQ at age 6, temperament (negative
affectivity, surgency, and effortful control measured at age 6), school performance at
the end of primary school and happiness as predictors of the psychopathology factors.
We previously had associated the 1Q and temperament variables with general and spe-
cific psychopathology factors in younger children6. As IQ and temperament showed
discriminate associations, they can therefore help interpret the latent psychopathology
factors. Third, we performed sensitivity analyses adjusted for total intracranial volume,
as larger volume is associated with higher FA (e.g. through partial volume effects) and
thus could confound global white matter associations.® As there is no consensus in the
field as to the utility of adjusting DTI scalar metrics for intracranial volume, we present
these results as sensitivity analyses.

The global white matter microstructure factor

The global white matter microstructure factor was estimated using the mean FA
values of 12 white matter tracts as indicators (Table S3). FA describes how elongated
the ellipsoid shape of a diffusion pattern is, with higher values suggesting higher white
matter integrity (referred to as higher white matter microstructure in this paper). This
model was based on previous studies using GenR data.'>3° We included the corticospi-
nal tract, inferior longitudinal fasciculus, superior longitudinal fasciculus and uncinate
fasciculus of each hemisphere separately in the model. While FA it is good summary
measure of white matter microstructure, it can be also helpful to examine diffusivity
only perpendicular to the main axis of diffusion (RD) or only alongside it (AD). Higher
RD and lower AD are associated with less white matter microstructure. Thus, to better
understand results from the FA model, we also estimated global white matter variables
based on RD, AD, as well as MD (the average diffusivity in any direction)

Structural Paths

The general and specific psychopathology factors were each simultaneously re-
gressed on the global white matter factor based on FA values to test the associations
between white matter microstructure and psychopathology. Figure 1 illustrates the
main model, the only model used to test the main hypothesis. All other statistical mod-
els were used for exploratory purposes to better interpret the results of the main mod-
el. We adjusted all models for several potential confounders in the model, namely sex,
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age at scan, assessment age, maternal and paternal education at age 6, income at age
6, and genetic ancestry. All subsequent coefficients are reported as standardized esti-
mates. Since IQ is related to global white matter microstructure,*®> we explored whether
associations were specific to psychopathology by including child 1Q as a covariate. Addi-
tionally, we controlled for maternal/paternal psychopathology (interpersonal sensitiv-
ity, depression, anxiety and hostility) to explore to what extent the association is inde-
pendent of parental characteristics and also to control for potentially remaining rater
bias as parents completed several psychopathology measures. We tested for non-linear
associations, by fitting a standard regression model with estimated factor scores analo-
gous to the structural paths of the main model, but with the addition of a squared term
for the global white matter factor score. We reran the main model with global white
matter factor based on MD, RD and AD. P-values were adjusted for multiple testing of
four outcomes using false discovery rate (FDR).

Follow-up Analyses

We ran follow-up analyses to investigate the individual contribution of each individ-
ual white matter tract by replacing the latent variable global white matter microstruc-
ture with the observed FA of a single tract. These follow up analyses had two goals: 1.
to test which tracts underlie any observed association with global white matter micro-
structure and 2. to increase comparability with studies reporting single tract associa-
tions. In these exploratory follow-up analyses we computed FDR adjusted p-values for
12 tracts per 4 outcomes (48 tests).

In follow-up analyses, we tested individual voxels (nvoxels=9272) in a TBSS analysis
for outcomes associated with global FA values. In these follow-up analyses to the global
white matter models, we performed TBSS analyses for outcomes associated with global
FA values. We present results for other DTI scalar metrics on a voxel-wise level, if the
scalar was significant on a global level. TBSS was performed in FSL39 using a 2mm3
resolution. Adjustment for multiple testing was achieved with permutation testing
(nperm=5000) and clusters were formed using the built-in threshold-free cluster en-
hancement.*® As FSL does not support latent variables, we estimated psychopathology
factor scores based on the main model and adjusted for the same covariates as in the
main model.

Measurement invariance

The main analyses are based on the assumption that the latent constructs and asso-
ciations between them are identical across sex, ancestry (European vs non-European)
and socioeconomic status. We tested this assumption by performing measurement in-
variance analyses of the main model. To this aim we sequentially constrained an increas-
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Table 1: Demographics of analysis sample (n=3,030)

%

Sex 3030
Girls 1528 50.4
Household income 2541
<2800€ 835 32.9
2800-4800€ 1079 42,5
>4800€ 627 24.7
Maternal education 2659
No or Primary 86 3.2
Secondary 908 34.1
Higher 1665 62.6
Paternal education 2456
No or Primary 109 4.4
Secondary 833 33.9
Higher 1514 61.6
Genetic ancestry 1889
Northwestern European 1136 60.1
Child 1Q ohs mean (SD)
Score 2640 103.3 (14.8)

nobsobserved sample size, SD standard deviation
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ing number of parameters. Constraints were judged to significantly worsen fit when the
robust CFl dropped by more than 0.01.* See Table S8-510 for models tested.***3

RESULTS

Latent variable loadings

The FA score of all white matter tracts loaded on global white matter microstruc-
ture. Loadings ranged from 0.41 (cingulum bundle) to 0.74 (Superior longitudinal fascic-
ulus) (Table S3). Differences in loadings between left and right hemispheres were small,
thus both hemispheres contributed about equally to the global white matter construct.

All problem subscales had statistically significant loadings on the general psycho-
pathology factor. Most loadings were moderate to high, in the range of .30 to .70, but
some teacher and child self-report loadings at age 6-7 were below .20, see Table S1. The
general psychopathology factor model fitted better than the models without the gen-
eral factor (Table S2). The loadings of the observed problem subscales on the specific
factors tended to be lower than on the general factor.

1Q, school performance, temperament and happiness

Children with a higher IQ had lower general psychopathology levels (B=-0.12,
SE=0.02, p<0.01) and less specific attention problems ($=-0.15, SE=0.02, p<0.01), but
not more or less specific externalizing and internalizing problems (Table 2). Those who
performed well at school had lower general psychopathology levels (B=-0.12, SE=0.02,
p<0.01), less specific externalizing problems (B=-0.06, SE=0.03, p=0.02) and less specific
attention problems (B=-0.31, SE=0.02, p<0.01). Children who scored high on negative
affectivity had particularly high levels of the general psychopathology factor (B=+0.40,
SE=0.02, p<0.01). Associations of the negative affectivity score with the specific psycho-
pathology factors were much weaker. A different pattern of associations was observed
for surgency. Children with higher levels of surgency had lower specific internalizing lev-
els (B=-0.50, SE=0.02, p<0.01) and higher specific externalizing levels (3=+0.20, SE=0.02,
p<0.01). Associations of effortful control with all factors were weak. Happier children
had lower levels of general psychopathology (B=-0.23, SE=0.02, p<0.01), lower levels
of specific externalizing levels (B=-0.12, SE=0.02, p<0.01), and lower levels of specific
internalizing levels (B=-0.15, SE=0.03, p<0.01).

Psychopathology factors associations with white matter microstructure

Table 3 summarizes the results of the global white matter microstructure analyses.
In the three-factor model, which did not include the general factor, no associations
between white matter microstructure and the traditionally defined psychopathology
domains (externalizing, internalizing and attention) were found. Next we included the
general psychopathology factor in the model. A 1-SD increase of the global white matter
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Figure 2: Results of the TBSS analysis (n=2,996). Voxels in the mean FA skeleton (in yellow) were
associated with the general psychopathology and specific externalizing factor, using the scalars
fractional anisotropy, mean diffusivity and radial diffusivity; these analyses were adjusted for
sex, age at scan, maternal and paternal education, household income and genetic ancestry. Vox-
els with significant p-values after multiple testing correction were coded as blue, if the direction
was negative, and red, if the direction was positive.

factor was associated with a B=-0.07SD (SE=0.02, p<0.01, q<0.01) decrease in general
psychopathology. In contrast, a 1-SD increase of white matter microstructure predicted
an increase of B=+0.07SD (SE=0.03, p=0.01, g=0.02) specific externalizing factor levels.
Follow-up analyses showed that this association appears to be more driven by radial dif-
fusivity (B=-0.07SD, SE=0.03, p=0.01, q=0.04), as opposed to axial diffusivity (B=-0.02SD,
SE=0.03, p=0.39, g=0.39). Thus, while children with more general psychopathology had
lower global white matter microstructure, children with a higher specific externalizing
factor had more white matter microstructure. See Figure S2, for scatter plots based on
estimated factor scores. Quadratic terms of the global white matter factor scores were
not significant for any of the psychopathology factors (Table S4). These associations
were largely independent of child IQ, parental psychopathology and total intracranial
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volume for both the general factor (B=-0.06, SE=0.02, p<0.01) and the externalizing fac-
tor (B=+0.07, SE=0.03, p<0.01), see Table S5 for estimates of all covariates.

The individual white matter tracts were negatively associated with the general psy-
chopathology factor, with the exception of the cingulum bundle, and positively with the
specific externalizing factor. The magnitude of associations were mostly of lower magni-
tude than those of the global white matter factor. The forceps minor and right superior
longitudinal fasciculus were associated with general psychopathology after adjustment
for false disovery rate. Only the relation of the corticospinal tract with the specific ex-
ternalizing factor survived correction for multiple testing.

The latent variable models suggest that a global white matter factor based on the
FA scalar is negatively associated with the general psychopathology factor and posi-
tively with the specific externalizing factor. We therefore explored these two findings
further by testing at the voxel level in a TBSS analysis across 9272 voxels of a study-spe-
cific white matter skeleton. The results from the voxel-wise analyses were consistent
with the global white matter models. For general psychopathology, 1548 (17%) voxels
showed a negative association and 0 (0%) a positive when accounting for multiple test-
ing. We found that 85.9% of these voxels formed a single continuous clusters, which was
spread across the whole brain (Supplementary Table 6 and Figure 2). It is therefore not
possible to define this cluster by specific brain regions, though we observed that voxels
were especially represented in the left Inferior longitudinal fasciculus and left cortico-
spinal tract (Table S7). For the specific externalizing factor, 4842 (52%) voxels showed
a positive association and 0 (0%) a negative. Because the global white matter factor
was also associated with the specific externalizing factor when the structural equation
models were based on MD and RD, we tested these scalars in TBSS analyses as well. MD
values were significant for 5149 (56%) voxels and RD for 6282 (68%) with all associations
being in the negative direction and 0 (0%) positive. Among the defined regions, the for-
ceps minor contained the most associated voxels (Table S7). Depending on the scalar,
97.0% (FA), 99.9% (MD) or 99.7% (RD) of significant voxels formed a single continuous
cluster. As with the general psychopathology factor, the cluster was also spread across
the whole brain and the global nature was very pronounced (Table S6 and Figure 2).

Measurement invariance

The multi-group analyses showed that the global white matter, general and specific
psychopathology constructs did not differ by ancestry (Table S8), sex (Table 9) (strong
measurement invariance) or socioeconomic status (Table 10) (strict measurement in-
variance). We also found no evidence that the associations between white matter and
psychopathology factors depended on ancestry, sex or socioeconomic status (relation-
al invariance), i.e. we did not detect interactions in any of the regression parameters.
The association between global white matter and general psychopathology was more
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than twice as strong in boys (f=-0.11, SE=0.03, p<0.01) than in girls (B=-0.04, SE=0.03,
p=0.17), but the difference was not significant (z test: p=0.14).

DISCUSSION

Despite the large sample size of GenR, we did not find associations of white matter
microstructure with traditional definitions of externalizing, internalizing and attention
latent constructs. However, this changed when taking into account the general psycho-
pathology factor: children with a lower global white matter microstructure had higher
levels of general psychopathology. In contrast, more global white matter microstruc-
ture was associated with higher levels of the specific externalizing factor. Our finding
were not driven by a single white matter tract, but by white matter differences across
the brain. Further adjustment for child non-verbal IQ lead to a relatively small reduction
of effect size, suggesting that most of the association with psychopathology cannot be
explained by IQ.

At age 10 years, the development of many white matter tracts, such as projections
of the prefrontal cortex, is still ongoing.***> An altered maturation of white matter mi-
crostructure, both delayed or accelerated, at this age might thus be responsible for
various psychological problems, ranging from cognitive to behavioral and emotional
problems. As we previously reported, lower global white matter microstructure was as-
sociated with lower cognition in childhood,* and global white matter values were neg-
atively associated with depression.’® White matter microstructure is highly heritable,
especially in younger ages, with heritability estimates in adolescence exceeding those
of adulthood.*® Genetic variants underlying psychopathology potentially influence
psychiatric problems by altering white matter microstructure. However, differences in
white matter are not only genetically driven. For instance, children in foster care and
children who remained institutionalized show differences in microstructure, suggesting
environmental effects.” White matter microstructure most likely is also a marker for
developmental and environmental adversities that underlie psychological problems, or
white matter may even mediate these environmental risk effects. The findings implicate
that children with a psychiatric problem in one domain, not only are more likely to have
psychological problems in another, but are also more likely to have lower white matter
microstructure. This suggests that whether a child presents aggressive behavior, atten-
tion problems or anxiety, it is not only important to consider psychiatric problems in all
domains, but also address other white matter microstructure associated traits, such as
cognitive ability. Conversely, prevention of mental health problems and promotion of
healthy brain development are expected to have very broad impacts on functioning in
many areas.

The negative association of global white matter microstructure with general psycho-
pathology supports the notion that lower white matter microstructure is a marker for
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poorer mental health and IQ. However, this is not necessarily the case for all disorders
and characteristics. Higher dorsal white matter microstructure (“where pathway”) is
associated with more visuospatial deficits in Williams syndrome,*® and developmen-
tal increases of FA were associated with lower 1Q levels depending on sex and brain
region.* Furthermore, ADHD is inconsistently associated with higher white matter mi-
crostructure in some regions.17At first glance the contrasting positive association with
the specific externalizing factor suggests that higher white matter microstructure is
unexpectedly a specific risk factor for aggressive and rule-breaking behavior in child-
hood. However, it should be emphasized that the interpretation of the specific factor is
different from traditional internalizing/externalizing factors or broadband scales, which
were not associated with white matter microstructure. The specific factors represent
the variance which is not shared with any other problem domains. Compared to the tra-
ditional externalizing factor, the specific externalizing factor was much less associated
with problematic characteristics, such as lower IQ, worse school performance, higher
neuroticism or less happiness. In contrast, both the traditional and specific externalizing
factor were associated with surgency, i.e. positive affect reactivity, to the same degree.
These changes in associations may suggest, that when accounting for general psycho-
pathology, which can be regarded as the extent of problematic behavior, the remaining
externalizing factor represents behavior, which is not as problematic, such as assertive
behavior. In other words, for a child who only displays aggressive or rule-breaking be-
havior, but otherwise low levels of depression and anxiety, and an absence of attention
problems, the externalizing behavior may be more a reflection of personality rather
than psychopathology.

We interpret the associations between white matter microstructure and the psy-
chopathology factors as not-regionally specific based on following observations. First,
the associations of the global white matter variable were either stronger or at least as
strong as any individual tract. This would not be the case if the results were driven by
few specific tracts. Second, the direction of the association of the individual tracts with
overall or specific psychopathology were consistently that of the global white matter in-
dicator, except for the cingulum bundle. Third, likewise, in the voxel-wise TBSS analyses,
all individual voxels were associated with the general psychopathology or the specific
externalizing factor in the direction predicted by the global model. While some regions
contained more voxels associated with the general psychopathology factor than others,
e.g. left inferior longitudinal fasciculus and left corticospinal tract (general psychopa-
thology) and forceps minor (specific externalizing), nearly all voxels formed a single con-
tinuous cluster. This cluster is spread across the whole brain and could not be defined
by specific regions.

Few neurobiological studies so far have attempted to distinguish general and specif-
ic effects of psychopathological dimensions. Traditional analyses, which rely on symp-
tom counts or diagnoses of internalizing or externalizing problems, typically only es-
timate the overall association with a single domain. In these studies, it is difficult to
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disentangle to what extent the association applies to other psychological domains and
to what extent it is specific to the studied domain. The observation that associations are
only present when partitioning psychopathology into general and specific effects high-
lights the usefulness of bifactor models, arguably justifying the increase of functional
complexity.>®

A strength of our study is the stringent adjustment for many potential socioeco-
nomic confounders. However, as with any observational study, residual confounding
cannot be ruled out, making a causal interpretation of the associations difficult. Anoth-
er challenge to the causal interpretation of our findings is that directionality cannot be
established with this study. We assumed in our statistical model that white matter mi-
crostructure changes underlie the development of psychopathology. To maximize pre-
cision and reduce biases of psychopathology factors we incorporated two study waves
in the estimation of these factors. However, since imaging was performed during the
second wave and we did not investigate changes of psychopathology, we could not test
for directionality of effects. It is theoretically plausible that changes in white matter
structure are either cause or outcome of psychological problems, or both. Irrespective
of the direction, the effect sizes of the global white matter factors were modest, inde-
pendently explaining less than 1% of the psychopathology factor variances. This may
reflect the difficulty in reliably estimating childhood psychopathology. It should be not-
ed, however, that none of the other tested predictors particularly stood out in terms in
explanatory power, when carefully controlled for the same variables. This suggest that
a multitude of factors are needed, if one wishes to reliably predict levels of psychopa-
thology in the general population.

In summary, global white matter microstructure was associated with lower gener-
al psychopathology in school-aged children. At the same time, higher microstructure
was also associated with a higher risk for specific externalizing behavior, perhaps better
characterized as another trait, e.g. assertiveness. Both associations were independent
of socioeconomic status and 1Q of the child. This study highlights the importance of dis-
tinguishing global measures form specific features for both neurobiological substrates
as well as psychiatric symptoms. Pediatric brain imaging studies must carefully control
for general psychopathology or psychiatric comorbidity to reliably detect any specif-
ic white matter microstructural associations. The global effects identified in childhood
emphasize the need for early prevention and promotion of brain and mental health.
Further studies are needed to replicate these findings and to investigate the temporal
direction of association.
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SUPPLEMENTARY METHODS

Participants

This study was embedded in the Generation R Study.? Generation R is a popula-
tion-based birth cohort with the goal of identifying early environmental and genetic
determinants of development and child health. All parents gave informed consent for
their children’s participation. The Generation R Study is conducted in accordance with
the World Medical Association Declaration of Helsinki and study protocols have been
approved by the Medical Ethics Committee of the Erasmus Medical Center, Rotterdam.

We performed MRl scans in 3996 children. White matter microstructure information
from diffusion tensor imaging was available in 3669 children without dental braces.3
405 scans failed automatic or manual quality control. Incidental findings were present
for 13 children, we thus did not include them in the present analyses. Early in the data
acquisition, 201 children were scanned with an older MRI software version and slightly
different sequence parameters which yielded systematically different diffusion values,
and were therefore excluded from analyses. At least one psychological problem sub-
scale was available for 3030 children. All results are based on this sample of 3030 chil-
dren, except for the results of the tract-based spatial statistics (TBSS) analysis (n=2996).
Additional quality control excluded 47 children, because parts of the brain were not in
the field of view of the scan (usually the lower portion of the cerebellum or the very top
of the head) and a further 7 were excluded due to misregistration. See Supplementary
Figure 1 for participant flow chart. Demographic and descriptive statistics can be found
in Table 1.

MEASURES

Child psychological problems assessed by parents

We used the Child Behavior Checklist (CBCL) 1 % -5 years*to assess child behavioral
problems at age 5.9 years (SD=0.3) and the CBCL 6-185 at age 9.7 years (SD=0.3). At the
age of 6 years, questionnaires were completed by the primary caregiver (92% moth-
ers). At age 10 years, the questionnaire was filled in by mother and father each, who
indicated for a wide array of statements, whether they were not true (0), somewhat/
sometimes true (1) or very/often true (2). The item scores were then summed into sev-
eral subscales. The CBCL 1 %-5 includes the subscales: Emotionally Reactive, Anxious/
Depressed, Somatic Complaints, Withdrawn, Sleep Problems, Attention Problems, Ag-
gressive Behavior; and a sum score of other items. The CBCL 6-18 includes the sub-
scales: Anxious Depressed, Withdrawn Depressed, Somatic Problems, Social Problems,
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Thought Problems, Attention, Rule-breaking, Aggression and again a sum score of other
items.

Child psychological problems assessed by teachers

Teachers assessed children at age 6.5 (SD=1.1) with the Teacher’s Rating Form (TRF)
6-18 years.®> They were approached independently of the parents, but with parental
consent. The TRF is scored like the CBCL 6-18 and includes the same subscales, but lacks
a sum score of other items.

Child psychological problems assessed by children

At age 6.0 (SD=0.4) we conducted the Berkeley Puppet Interview (BPI),® a semi-struc-
tured interactive child interview, at our research center. The interview is performed
with two identical dog hand puppets. The two puppets made opposing statements and
the child chose the statement that described him/her best. Scoring was performed
using video recordings with high intercoder reliability (average ICC=[0.96-0.98]).” Six
subscales were calculated: Depression, Separation Anxiety, Overanxious, Oppositional
Defiant, Overt Hostility, and Conduct Problems.

At age 9.8 (SD=0.3) years the children rated their problems with the Brief Problem
Monitor (BPM).8 This questionnaire uses items of the CBCL and TRF but is shorter and
has only 3 subscales: internalizing, externalizing and attention problems. We also added
questions related to thought problems, modeled after the CBCL and TRF items. The
items for thought problems scores were: “I cannot put some thoughts out of my head”,
“l hear sounds or voices that other people do not”, “I see things that other people think
they are not there”, “I save too many things that | do not need”, “I have thoughts that

” o«

other people find strange”, “I have thoughts about hurting myself”.

Imaging

Children underwent diffusion tensor imaging at age 10.1 (SD=0.6) years. They were
first familiarized with the MRI-environment in a mock scanning session. MRl scans were
performed using a 3T General Electric scanner (MR750W) with an 8-channel receive-on-
ly head coil. Diffusion tensor imaging consisted of a 35-direction echo planar imaging
sequence (TR=12,500ms, TE=72ms, FoV=240mm*240mm, acquisition matrix=120*120,
slice thickness=2mm, number of slices = 65, Asset Acceleration Factor = 2, b=900s/
mm2, 3 b=0 images). In addition, high-resolution T1-weighted sequences, specifically
IR-prepared Fast Spoiled Gradient Recalled Sequences with the GE option BRAVO (TR
=8.77ms, TE =3.4ms, Tl =600ms, Flip Angle=10°, FOV = 220mm x 220mm, Acquisition
Matrix = 220 x 220, slice thickness = 1mm, number of slices = 230, voxel size = 1mm x
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1Imm x Imm, ARC Acceleration = 2.) were performed and used for estimation of intra-
cranial volume.

We used the functional MRI of the Brain’s Software Library (FSL 5.0.9°) together
with the Camino Diffusion Toolkit™ for pre-processing of the diffusion tensor images.
The following preprocessing steps were applied: adjustment for eddy current-induced
artifacts, translation/rotations resulting from minor head motion, and removal of non-
brain tissue. The diffusion gradient direction table was rotated with the transformation
matrix from the eddy current correction step. We computed fractional anisotropy (FA),
mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) using the RESTORE
method", as previously described.?

Connectivity distributions for 12, large well-defined and widely reported fiber bun-
dles were derived with probabilistic fiber tractography using the FSL plugin AutoPtx*3, as
described previously.!? The first step involved the estimation of diffusion values per vox-
el, accounting for two fiber orientations.’* AutoPtx provided a predefined set of seed
and target masks, which were aligned to each participant in native space using a nonlin-
ear registration. Based on this information, Probtrackx determined connectivity distri-
butions for 12 large fiber bundles. The values were normalized based on the number of
successful seed-to-target attempts. The FA values per voxel were weighted depending
on the connectivity distribution, ensuring that voxels most likely to be part of a bundle
also contribute the most to the overall connectivity of the bundle.’ Total intracranial
volume was estimated using FreeSurfer 6.0.1°

Image Quality assessments consisted of automatic and manual checks. DTIPrep
(https://www.nitrc.org/projects/dtiprep/) was used to detect artifacts by examining
slicewise variation in signal intensity and by visual inspection of the sum-of-squares
error (SSE) map from the diffusion tensor. Scans were excluded based on the default
settings from the automatic procedure (n=257) and when they contained substantial
artifact in the SSE map based on a 0-3 scale from “none” to “severe” (n=140). Further-
more, registration accuracy to standard space and accuracy of the tract reconstructions
were visually inspected.*?

For TBSS analyses the DTl images were registered to a study-specific and age-appro-
priate template space'’ using FNIRT®®, Specifically, the FSL FMRIB58 template image was
used by warping to our study-specific template, which was based on 130 children with-
out behavioral problems and excellent T1-weighted images. FA data were non-linearly
aligned with this FA template using FNIRT with spline interpolation. Afterwards, the
warp fields from the FA map were applied to the MD, RD and AD maps. The thresholded
(>0.2) mean FA image was used to create a mean FA skeleton. Finally, the voxel level
scalars of each participant were projected onto this common skeleton and associat-
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ed with the psychopathology outcomes. Proper registration and whole-brain coverage
were visually inspected.”

Measures of 1Q, school performance, temperament, happiness and parental
psychopathology

We assessed non-verbal cognitive abilities with the Snijder-Oomen nonverbal intel-
ligence test at age 6.0 (SD=0.4).1° At the same age we also measured temperamental
dimensions (negative affectivity, surgency/extraversion, and effortful control) with the
Child Behavior Questionnaire (Very-Short-Form), a parent-rated questionnaire.?’ School
performance was assessed by the Cito?, a standardized exam at the end of primary
school in which language and math skills are tested. Happiness was measured by asking
the parents at age 10: “How often was your child happy in the past 4 weeks?”, who
could answer “never”, “almost never”, “sometimes”, “usually” or “always”. Maternal
and paternal psychopathology were assessed at child age 10 with the Brief Symptom
Inventory with four problem subscales: interpersonal sensitivity, depression, anxiety
and hostility.?2 Household income and highest achieved education of mother and father
were assessed with questionnaires and treated as continuous measures in the analyses
at birth and age 6.

Genetic Ancestry

Brain features may differ across ethnicities due to differential exposures. At the
same time these exposures may independently affect psychopathology and create a
confounding bias. This bias can be adjusted for with categorical information on national
origin or genetic information on ancestry. Genetic ancestry was more strongly associ-
ated with white matter structure, suggesting that this is a better marker for differential
exposures in the ethnic groups. We therefore decided to control for continuous scores
of genetic ancestry in our models.

Genetic ancestry was based on single nucleotide polymorphisms (SNP).2

518,245 SNPs were measured with lllumina 610K/660W arrays. Quality control included
sample (297.5%) and SNP call rates (295%), minor allele frequency 21% and deviations
from Hardy-Weinberg equilibrium (p<10-7). Four principal components of ancestry
(PCA) were derived from multidimensional scaling (n=5731). Participants exceeding 4
SDs difference with the mean European reference level (HapMap CEU) on any of the
first four principal components were classified as non-northwestern European (n=760),
as opposed to northwestern European (n=1137). No genetic information was available
for 1145 (38%) children.

Statistical Analysis

We used a structural equation model to associate global white matter microstruc-
ture with general and specific factors of psychopathology. See Figure 1 for an ab-
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breviated path diagram. All models were fitted in R 3.4.1%* with the package Lavaan
0.5-23.11097.% We used a maximum likelihood estimator with robust standard errors
(MLM) to account for multivariate non-normality. Family structure was adjusted for us-
ing a stratified cluster approach in the package lavaan.survey 1.1.3.1%, specifically with
zygosity (monozygotic, dizygotic, non-twin) as stratification variable and family ID as
cluster variable. Latent variables were scaled with a marker variable (scale of the first
indicator). All subsequent coefficients are reported as standardized estimates. Miss-
ing variables were handled with multiple imputations using mice 2.30.%7 All variables
featured in the analysis models, plus squared and orthogonalized (from the original
variable) white matter microstructure tracts, paternal education/household income at
birth, maternal 1Q, national origin, and principal components of ancestry 5-20, were
considered in the imputation model as predictors. In the analysis sample every partici-
pant had valid DTl images and complete information on at least three psychopathology
subscales. All participants had complete information on sex, zygosity, MRl scan age and
most tracts, except for the corticospinal tract (two missing) and right cingulum bundle
(one missing). All other variables used in the analyses and imputation model had various
degrees of missingness (see Table 1, 2 and Supplementary Table 1, 3) and missing data
for these variables were imputed. We filtered for only robust predictor-target pairs with
a minimum spearman correlation of 0.05 using the quickpred() function. We estimated
120 imputations with 30 iterations.

The general psychopathology factor

The general psychopathology factor was specified to underlie all problem subscales
from all instruments and time-points. The subscales were also specified to load on one
of the specific internalizing, the specific externalizing, or the specific attention scales
defined on the basis of the assessment scales. The attention subscales from each in-
formant, for example, loaded on the general as well as specific attention factor. A few
subscales did not have paths to any specific factor (See Supplementary Table 1 for the
item structure), since the assessment scales did not group them into any higher order
domains. Each specific psychopathology factor was allowed to correlate among each
other, but not with the general psychopathology factor. The specific factors thus repre-
sent covariance among subscales that cannot be explained by a general propensity for
psychiatric problems. As such the specific factors differ from the observed broadband
scales. The observed domain scores correlate positively, but the specific factors do not
correlate positively because the shared variance is already captured by the general fac-
tor. The higher order structure of the tested model can be seen as an extension of
the instruments’ established factor structure which instructed the computation of the
subscales.

In addition, we included method factors. All psychopathology subscales of a single
informant at a specific assessment age load on one method factor. The subscales of the
CBCL 6-18 rated by the mother at age 10 years, for example, load on one method factor.
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These method factors capture the shared variance among problem subscales, which is
unique to a certain context, (i.e. to an informant at a certain age of the child). These fac-
tors were therefore specified to be uncorrelated to all other factors. We chose to model
this shared method variance explicitly, because it is specific to a certain rating context.

The latent factor structure was based on the best fitting model in a previous study
using Generation R data on 6-8 years old children,?® as well as on models validated in
other cohorts in adolescents and adults.?3! However, we performed several additional
analyses for further validation and characterization. First, we tested models without a
general psychopathology factor. We fitted a model with 2 (internalizing and externaliz-
ing) and with 3 factors (internalizing, externalizing and attention). In the 2 factor model
attention subscales were specified to load on the externalizing factor, whereas in the 3
factor model attention was specified to load on a separate attention factor. The 3 factor
model fit substantially better (see Supplementary Table 2) based on robust CFI, RMSEA
and BIC. We thus used 3 specific factors in the main general psychopathology factor
model, however, we also present association results from the 3 factor model without
the main general psychopathology factor as comparison.

Second, we explored four models with, in order, IQ and temperament (negative af-
fectivity, surgency, and effortful control) measured at age 6, school performance at the
end of primary school and happiness as predictors of the psychopathology factors. We
previously had associated the 1Q and temperament variables with general and specific
psychopathology factors in younger children.?® As 1Q and temperament showed dis-
criminate associations, they can therefore help interpret the latent psychopathology
factors. Third, we performed sensitivity analyses adjusted for total intracranial volume,
as larger volume is associated with higher FA and thus could confound global white
matter associations.?

The global white matter microstructure factor

The global white matter microstructure factor was estimated using the mean FA val-
ues of 12 white matter tracts as indicators (Supplementary Table 3). FA describes how
elongated the ellipsoid shape of a diffusion pattern is, with higher values suggesting
higher white matter integrity (from here on referred to as higher white matter micro-
structure). This model was based on a previous studies using Generation R data.!?*®
We included corticospinal, inferior longitudinal fasciculus, superior longitudinal fascic-
ulus and uncinate fasciculus tracts of each hemisphere separately in the model. The
error terms of each tract were allowed to correlate between both hemispheres. The
hemisphere division is not applicable for the forceps major and minor tracts that cross
hemispheres. We tested for non-linear associations in the main model, by estimating
a standard regression model analogous to the strucutural paths with estimated factor
score, but with the addition of a squared term for the global white matter factor score.
While FA it is good summary measure of white matter microstructure, it can be also
helpful to examine diffusivity only perpendicular to the main axis of diffusion (RD) or
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only alongside it (AD). Higher RD and lower AD are associated with less white matter mi-
crostrucutre. Thus, to better understand results from the FA model, we also estimated
global white matter variables based on RD, AD, as well as MD (the average diffusivity in
any direction).

Structural Paths

The general and specific psychopathology factors were each simultaneously re-
gressed on the global white matter factor based on FA values to test the associations
between white matter microstructure and psychopathology. Figure 1 illustrates the
main model, the only model used to test the hypothesis. All other statistical models
were used for exploratory purposes to better interpret the results of the main model.
Since 1Q is related to global white matter microstructure,*> we explored whether associ-
ations were specific to psychopathology by including child 1Q as a covariate in a separate
model. Secondly, we controlled for maternal/paternal psychopathology (interpersonal
sensitivity, depression, anxiety and hostility) to explore to what extent the association
is independent of parental characteristics and also to control for potentially remaining
rater bias as parents completed several psychopathology measures. We reran the main
model with global white matter factor based on MD, RD and AD.

We included several potential confounders in all models, namely sex, age at scan,
maternal and paternal education at age 6, income at age 6, and genetic ancestry. Paths
from these covariates to the latent variable global white matter microstructure, general
and specific psychopathology factors were included to adjust for confounding biases.
Age at psychopathology assessment was adjusted by including assessment age as co-
variates of the corresponding psychopathology subscales.

1Q and parental psychopathology

Since 1Q was related to global white matter microstructure,** we explored whether
associations were specific to psychopathology by including child 1Q as a covariate. Sec-
ondly, we controlled for maternal/paternal psychopathology (interpersonal sensitivity,
depression, anxiety and hostility) to explore to what extent the association is indepen-
dent of parental characteristics and thus control for potentially remaining rater bias
caused by half of the psychopathology measures being informed by parents.

Follow-up Analyses

After testing the global white matter factor, we ran follow up analyses to investigate
the individual contribution of each individual white matter tract. In each model the
latent variable global white matter microstructure was replaced with the observed FA
of a single tract. These follow up analyses had two goals: 1. to confirm that most tracks
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behave similarly as suggested by the latent global variable and 2. to increase compara-
bility with studies reporting single track associations.

Additionally we tested individual voxels (nvoxels=9272) in a TBSS analysis to further
explore the results from the main analysis. In these follow-up analyses to the global
white matter models, we performed TBSS analyses for outcomes associated with global
FA values. We present results for other DTI scalar metrics on a voxel-wise level, if the
scalar was significant on a global level. TBSS was performed in FSL 9 using a 2mm3
resolution. Adjustment for multiple testing was achieved with permutation testing
(nperm=5000) and clusters were formed using the built-in threshold-free cluster en-
hancement 33 As FSL does not support latent variables, we estimated psychopathology
factor scores based on the main model and adjusted for the same covariates as in the
main model.

Measurement Invariance

Generation R is a highly ethnically diverse sample. The main analyses are based on
the assumption that the latent constructs and associations between them are identi-
cal across sex, ancestry (European vs non-European) and socioeconomic status (higher
maternal education vs no higher maternal education). We tested this assumption by
performing measurement invariance analyses of the main model. To this aim we se-
quentially constrained an increasing number of parameters. Constraints were judged
to significantly worsen fit when the robust CFl dropped by more than 0.01.34 See Sup-
plementary Table 8-10 for models tested.>>3® The genetic ancestry invariance models
featured 1136 children with northwestern European ancestry and 758 children with
other ancestry. The sex invariance analyses featured 1510 boys and 1529 girls. The
socioeconomic status invariance analyses included 1665 children of mothers with
higher education and 994 children of mothers without. The analyses suggest strong
measurement and relational invariance across European and non-European ancestry
(Supplementary Table 8), as well as across girls and boys (Supplementary Table 9) and
socioeconomic status (Supplementary Table 10), suggesting that loadings, intercepts
and regression coefficients are similar across groups. The association between global
white matter and general psychopathology was more than twice as strong in boys (B=-
0.11, SE=0.03, p<0.01) than in girls (B=-0.04, SE=0.03, p=0.17), but the difference was
not significant (z test: p=0.14). Constraining the models further to have equal residual
variance between the ancestry groups or sex led to a significant worsening of fit, sug-
gesting that the amount of unexplained variance differs in both groups. In other words,
the included psychopathology subscales show a different amount of variation between
groups, which could not be explained by the tested variables. Boys have more or less
unexplained variance than girls depending on the specific psychopathology subscale
and children of European ancestry showed more residual variance than children with
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other ancestries across all subscales. We did not find evidence that the residuals differ
between socioeconomic status.

Non-response analysis

For 4974 children information on psychopathology was available, but no DTl scans.
These children had higher amounts of maternally rated anxiety (2.26 vs 2.10, p=0.03),
aggression (3.10 vs 2.70, p<0.01), and attention (3.44 vs 3.08, p<0.01). Furthermore, the
percentage of household incomes below 2800€ was higher (43% vs 33%, p<0.01), as
well as percentage of mothers with no higher education (48% vs 36%, p<0.01). Whether
the relation between white matter microstructure and the psychopathology factors is
differentially associated in the this group is unknown given that DTl information is miss-
ing and no proxy of sufficient quality are available for imputation. T-tests were comput-
ed with the BSDA 1.2.0 package.?”
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MRI scans performed: 3996

No DTI scan performed or dental
braces: 88

\J
Diffusion Tensor Imaging performed: 3669

» Failed QC: 405
- Incidental findings: 13

ol Older scanner software: 201
4

Usable DTI images: 3050 At least one psychopathology
subscale: 8004

ra
Main analysis sample: 3030

» Brain partly not in field of view: 47

» Misregistration: 7

v
TBSS analysis sample: 2996

Supplementary Figure 1: Participant flow chart
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Supplementary Figure 2: Scatter plots between global white matter microstructure and psy-
chopathology factors, based on estimates of factor scores (n=3,030)

White matter & general psychopathology | 189



106D ‘0T @8y

Jayzes
10> 0 S 10> 0 €L 66G¢C uoissa138y
10> €0 4 10> 0’ €9’ 665¢  Bunjeaig-s|ny

10> 0’ 89’ 10> 0’ €9’ 66S¢C uopuany
10> 10’ SL T09¢C 49410
. . . swa|qoid
10> 0 S9 86S¢C WSnoyL
. . . swa|qoid
10> 0 L 009¢ e120s
. . . . . . swjqold
10> 0 S€ 10> 0 (4] 76S¢ Jnewos
. . . X . passaidag
10> 0 LT 10> 0 67 709¢ UMEIPUHM
. . . X X . passaidaq
10> 0 143 10> 0 89 19 snoixuy
108D ‘0T 38y
10> 40} 6S° 819¢ 49410
10> [0 o’ 9€9T das|s
10> 40} LT 10> [0} 8¢S’ ¥€9T uoIssa.8sy
10> [4o 123 10> (40} ev’ ¥9¢ uopuany
1 0 0 10> 0 v 0v9¢ UMeIPYIM
. . . . . . swa|qoid
10> 0 174 10> €0 (014 L€9C JBewos
10> 0’ ST 10> o0 w 6€9¢C passa.dag
snoixuy
10> 0 <o’ 10> o [4°3 GE9C Aainnoeay
|euoowy
108D ‘9 98y
JBYI0N
d as X d ES X d ES \ d ES Y
v oypads X3 oyads juj ogRads |eisuan “u s103ed1pu|

103384

s1010e} ASojoyiredoydAsd oy1oads pue |esausd uo s3uipeo| wa}| :T S d|qeL

| Chapter IILE

190



10> [40) €T 10> 0 LT 96L¢C uoissaudag

1dg ‘9 @8y

[C6)

10> 0 12% 10> €0 9T 9LLT uolissaJ38y
10> [4ol ot 10> €0 w 9/LT  8upjeaig-3|ny
10> 10’ 44 10> 0 [4% 9LLT uopuany
10> €0 1T 9LLT Sl

-qoJd ysnoy

. . . swa|

10> 20 9T 9LLT -qo1d [e120S

. . . . . . swI|

10> (4] ST 10> 20 1 0LLT -qO1q 21eWOS

. . . X . . passaidag

10> <0 9t 10> 20 LT 9LLT UMBIPYIA

. . . . . . passaud

10> (4] 9t 10> 20 8T 9LLT -5 snoixuy

441 ‘£ 98y

FEIVEEETN

10> €0 6€° 10> 0 9 010¢C uolissai38y
10> 0 8T 10> 0 €9’ 0T0C  8upjeaiq-s|ny
10> 10’ [4°3 10> 0 LS 600¢ uonuany
10> 0 99" 010¢C PY1I0

10> 0 LS 600¢ Sl

-qo.d Wysnoyy

. . . Swia|

10> 20 €9 900¢ -qo1d [e1205

. . . . . . Swd|

10> 20 143 10> <0 LY L66T ~qo14 21eWOS

. . . . . . passaidag

10> 20 8T 10> €0 ot 010¢ UMBIPYIA

X . . . . . passaud

10> 20 €€ 10> <0 €S ST0C -aQ snoixuy

(penunuod):T s 3|qeL

191

White matter & general psychopathology |



0£0'E = U sisAjeue “401e31pul Jo 9IS 3jdwies paAlasqo " N ‘UonuaNY WY ‘Suizijeula1x3 3X3 ‘SulzI[_UISU| JU| JOJIS pJepuels 3§ ‘Sulpeo| pazipJepuels y

. ] . Swa|
10> <0 43 S9ve -qoiq ysnoyL

10> [4) o 10> (4l S€ [4°) 44 Suizileusaqul

10> 0 o€ 10> (40 w LSYT 3uizijeusaixy

10> 0 54 10> [40} 6¢’ S9te uojusny
INdg ‘0T 38y

swa|

10> 0 €T 10> (4} 9T S6LT -q01d 1PNPUO)

10> 0 4% 10> 0 T 008¢ AujusoH

10> (4o} €T 10> (4 s S6.¢ Awjeuonisoddo

10> 0 8T 10> 0 ST 86LT ssou

-SNOIXUBJIDAQ

10> 0 LT 10> [4o} or’ T6LC Ry

uopesedas

(penunuod) :T s 3|qeL

| Chapter IILE

192



Table S 2: Model fit
(n=3,030)

indices of models

with and without the general psychopathology factor

Model robust CFI BIC robust RMSEA
2-factor T.804 752891 .052 [.051, .053]
3-factor .829 750612 .049 [.048, .050]
General Factor .876 746645 .042 [.041, .043]

2-factor The 2-factor model contains internalizing and externalizing factors and no general factor
3-factor Same as 2-factor, but attention items load on a separate attention factor instead of on an exter-

nalizing factor

General Factor The general factor model is the same as the 3-factor, but contains a general psychopatholo-

gy factor. This is the main model used for hypothesis testing (see Methods).

robust CFl robust version of the Comparative Fit Index.
BIC Bayesian Information Criterion
robust RMSEA robust version of the Root Mean Square Error of Approximation. A 90% confidence interval

is given.
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Table S 3: White matter tract descriptives and loadings on global white matter microstructure

Tract FA values Hemisphere n, Mean SD A SE p

Left 3030 .42 .04 46 .02 <.01
Cingulum bundle

Right 3029 .37 .04 41 .02 <.01

Left 3028 .54 .02 49 .02 <.01
Corticospinal tract

Right 3028 .53 .02 .50 .02 <.01
Forceps major - 3030 .57 .03 42 .02 <.01
Forceps minor - 3030 .60 .03 .53 .02 <.01
Inferior |ong|tud|na| Left 3030 43 .02 .57 .02 <.01
fasciculus

Right 3030 .44 .02 .62 .01 <.01
Superior |ong|tud|na| Left 3030 .40 .02 .68 .01 <.01
fasciculus

Right 3030 .40 .02 74 .01 <.01

Left 3030 .39 .03 46 .02 <.01
Uncinate fasciculus

Right 3030 .40 .03 .57 .02 <.01

SD standard deviation, A standardized loading, SE standard error
nohsobserved sample size of indicator, analysis n = 3,030
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Table S 5: Standardized path coefficients of covariates in IQ and parental psychopathology ad-
justed model

Outcome Predictor B SE p

General

Global FA -.06 .02 <.01
Psychopathology

Sex (Female) -11 .02 <.01

Age at scan .03 .02 .18
Paternal education -.06 .03 .03
Maternal education -.07 .03 <.01
Income -.09 .03 <.01
Ancestry Component 1 .00 .02 .85
Ancestry Component 2 .01 .02 .59
Ancestry Component 3 -11 .02 <.01
Ancestry Component 4 -.04 .02 .04
1Q -.10 .02 <.01

Maternal interpersonal sensi-

tivity .19 .04 <.01
Maternal depression -.06 .04 13
Maternal anxiety A1 .04 <.01
Maternal hostility 13 .04 <.01
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Table S 5: (Continued)

Outcome Predictor B SE p

Paternal interpersonal sensi-

L .06 .04 12
tivity
Paternal depression .05 .04 .22
Paternal anxiety .03 .03 .29
Paternal hostility A1 .03 <.01
Specific External- Global FA .07 03 <01
izing
Sex (Female) -.09 .02 <.01
Age at scan .00 .03 .99
Paternal education .03 .03 31
Maternal education .09 .03 <.01
Income -.04 .03 .23
Ancestry Component 1 -.01 .03 72
Ancestry Component 2 .03 .02 .27
Ancestry Component 3 .03 .02 31
Ancestry Component 4 -.01 .02 .60
Q -.05 .03 .03
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Table S 5: (Continued)

Outcome Predictor B SE p
Maternal mtgrpersonal sensi- -09 04 03
tivity
Maternal depression =12 .05 <.01
Maternal anxiety -.04 .04 .39
Maternal hostility .19 .04 <.01
Paternal |nte.r|?ersonal sensi- 07 04 08
tivity
Paternal depression -.05 .04 22
Paternal anxiety -.08 .04 .04
Paternal hostility .05 .03 .16
specific Internal- Global FA 02 03 47
izing
Sex (Female) .27 .02 <.01
Age at scan .00 .03 .86
Paternal education .09 .03 <.01
Maternal education .02 .03 .59
Income -.09 .03 <.01
Ancestry Component 1 .02 .03 .55
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Table S 5: (Continued)

Outcome Predictor B SE p
Ancestry Component 2 -.07 .03 <.01
Ancestry Component 3 .10 .03 <.01
Ancestry Component 4 .01 .03 .83
IQ .03 .02 .29

Maternal interpersonal sensi-

L .03 .04 .49
tivity
Maternal depression -.04 .05 A1
Maternal anxiety .16 .05 <.01
Maternal hostility -.05 .04 .24
Paternal |nte.rpersonal sensi- 06 04 15
tivity
Paternal depression .08 .04 .08
Paternal anxiety .00 .04 .94
Paternal hostility .00 .04 .90
Specific Attention Global FA .01 .02 .60
Sex (Female) -.17 .02 <.01
Age at scan -.03 .02 .24
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Table S 5: (Continued)

Outcome Predictor B SE p
Paternal education -.05 .03 .10
Maternal education -.01 .03 .61

Income .00 .03 .93

Ancestry Component 1 .07 .02 <.01

Ancestry Component 2 .04 .02 .05

Ancestry Component 3 =11 .02 <.01

Ancestry Component 4 -.03 .02 A1

1Q -.15 .02 <.01

Maternal |nte.rpersona| sensi- -09 03 <01
tivity

Maternal depression .07 .04 .08

Maternal anxiety -.04 .04 .23

Maternal hostility .00 .03 .96

Paternal |nte.rpersonal sensi- 02 03 29
tivity

Paternal depression -.04 .04 .23

Paternal anxiety -.01 .03 71
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Table S 5: (Continued)

Outcome Predictor B SE p
Paternal hostility -.03 .03 .33
Global FA Sex (Female) -.03 .02 13
Age at scan .15 .02 <.01
Paternal education -.01 .03 .60
Maternal education .03 .03 21
Income .04 .03 .17
Ancestry Component 1 .05 .02 .04
Ancestry Component 2 .08 .02 <.01
Ancestry Component 3 .00 .02 .93
Ancestry Component 4 -.01 .02 71
IQ 12 .02 <.01

Maternal interpersonal sensi-

tivity .04 .03 .19
Maternal depression -.08 .03 .02
Maternal anxiety .05 .03 .09
Maternal hostility -.01 .03 .84
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Table S 5: (Continued)

Outcome Predictor B SE p
Paternal |nte'rp.ersonal sensi- 02 03 27
tivity
Paternal depression -.02 .03 .62
Paternal anxiety -.02 .03 46
Paternal hostility .00 .03 .85

B Standardized regression coefficient, SE standard error
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Table S 7: Number of significant voxels per region

Factor
(DTl scalar)
General Specific EXT
Region Hemisphere FA FA MD RD
Anterior thalamic Left 0 1 1 2
radiation Right 9 ) 3 5
Cingulum cingulate Left 0 51 12 2
gyrus Right 3 36 0 36
. . Left 117 8 9 10
Corticospinal tract
Right 4 8 8 10
Forceps major - 7 11 2 7
Forceps minor - 12 95 66 102
Inferior f Left 23 1 2 1
ronto-occipital
fascicul
ascieuius Right 2 6 18 13
Inferior Left 124 2 4 2
longitudinal f
icul
asciculus Right 1 n 1 1
Superior Left 8 7 24 9
longitudinal
fascicul
ascieulus Right 9 9 13 10
Superior longitudinal Left 0 0 1 0
fasciculus temporal
part
Right 4 6 7
Left 9 0 1
Uncinate fasciculus
Right 0 34 35

Voxel-wise analysis was performed with TBSS adjusted for sex, age at scan, maternal and paternal educa-
tion, household income and genetic ancestry (n = 2,996). Regions are based on the John Hopkins University
Atlas in MNI-152 space.

Ext Externalizing, FA Fractional Anisotryopy, MD mean diffusivity, RD radial diffusivity, AD axial diffusivity
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Table S 8: Ancestry invariance analysis (nEuropen =1136, N curopean = 758)

Model Constraints robust CFI ACFI
Configural no .906 -
Weak Loadings .904 .002
Strong Loadings, Intercepts .903 .001
Strong and Relational Loadings, Intercepts, Regressions .900 .003
Strict and Relational Loadings, Intercepts, Regressions, 889 011

Residuals

ACFI represents the change in CFI from the more complex to more constrained model
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Table S 9: Sex invariance analysis (nboys =1510,n,,, = 1529)

Model Constraints robust CFI ACFI
Configural no .898 -

Weak Loadings .893 .005
Strong Loadings, Intercepts .889 .004
Strong and Relational Loadings, Intercepts, Regressions .886 .003

Loadings, Intercepts, Regressions,

Strict and Relational N
Residuals

ACFI represents the change in CFl from the more complex to more constrained model

Table S 10: SES invariance analysis (n =994, n, . = 1665)

low or middle
Model Constraints robust CFI ACFI
Configural no .887 -
Weak Loadings .885 .002
Strong Loadings, Intercepts .885 .000

Loadings, Intercepts, Regres-

) .883 .002
sions

Strong and Relational

Loadings, Intercepts, Regres-

Strict and Relational . :
sions, Residuals

.880 .003

ACFI represents the change in CFl from the more complex to more constrained model
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