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SUPPLEMENTARY METHODS

Clinical Assessment

As described in detail elsewhere (1-4), assessment of lifetime psychopathology was conducted
using a structured screening interview (GOASSESS) based on a modified version of the Kiddie-
Schedule for Affective Disorders and Schizophrenia (5). Screening categories were determined
using the Diagnostic and Statistical Manual of Mental Disorders, 4th edition, Text Revision
criteria (6). Demographic data by screening category are summarized in Table 1. The median
interval between clinical assessment and neuroimaging was 2 months. Pubertal status was
evaluated using an abbreviated version of a computerized, privately administered self-report
measure of pubertal traits (7). As for prior work in this dataset (8), puberty was coded as a
categorical variable with three classes: early pubertal (Tanner stages 1-3), mid-pubertal (Tanner
stage 4), and post-pubertal (Tanner stage 5). For the number of individuals in each pubertal

group, see supplementary Table S1.

STAI Factor Analyses

The clinical assessment screened for current and lifetime symptoms on a categorical basis.
However, the timing of the clinical assessment using GOASSESS did not coincide with the time
of imaging. In order to dimensionally evaluate both the overall propensity for anxiety and mood
symptoms as well as their presence at the time of imaging, participants additionally completed
the STAI immediately prior to their scan. Notably, previous factor analyses of STAI data have
demonstrated the presence of a response bias to reverse coded items that varies across
individuals and is not related to symptoms (9,10). Factor analyses were conducted separately for

the state and trait anxiety items in order to reduce response bias to reverse coded items. To
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remove the influence of such effects, we conducted two separate factor analyses of the items in
the state and trait scales (see Table S2 and S3 for the factor loadings). Following initial
exploratory factor analyses, which demonstrated the presence of correlated traits in each scale,
confirmatory bifactor analyses (11,12) using a mean- and variance-adjusted weighted least
squares estimator in MPlus (13) were used to allow each item to load onto a summary factor
(representing trait or state anxiety) as well factors related to response bias (1,14). As anticipated
by prior work (9), this approach yielded a summary factor for trait anxiety and a summary factor
for state anxiety as well as two specific factors related to response bias, which were not
considered further. Due in part to the removal of non-specific response bias effects, trait and
state summary scores were less related than raw state and trait total scores (r* = .24 versus r? =
.33). For regions where raw scores on trait anxiety (not factor analyzed to remove response bias)

were associated with increased perfusion, see Table S7.

Image Data Acquisition

A magnetization-prepared rapid acquisition gradient echo T1-weighted image (TR 1810 ms; TE
3.51 ms; T1 1100 ms; FOV 180 x 240 mm; matrix 192 x 256; 160 slices; slice thickness/gap 1/0
mm; flip angle 9°; GRAPPA 2; effective voxel resolution 0.9 x 0.9 x 1 mm; total acquisition
time 3:28 min) was acquired for spatial normalization to standard atlas space. A BO field map
using a double-echo gradient recall echo sequence (TR 1000 ms; TE1 2.69 ms; TE2 5.27 ms; 44
slices; slice thickness/gap 4/0 mm:; flip angle 60°; FOV 240 mm; effective voxel resolution 3.8 x
3.8 x 4 mm; total acquisition time 1:04 min) was used for distortion correction procedures. Brain
perfusion was imaged using a custom written pseudo-continuous arterial spin labeling (pCASL)

sequence (15). The sequence used a single-shot spin-echo EPI readout with the following
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parameters: TR 4 s, TE 15 ms, flip angle 90/180°, FOV 220 x 220 mm, matrix 96 x 96 x 20,
slice thickness/gap 5/1 mm, effective voxel resolution 2.3 x 2.3 x 6 mm, label duration 1,500 ms,
post-label delay 1,200 ms, GRAPPA 2, 80 volumes (40 label, 40 control). Total acquisition time
was 5 minutes, 32 seconds. To avoid slice ordering confounds, slice acquisition involved an
ascending, non-interleaved order. Slices were acquired in a compressed scheme rather than
distributing the slice acquisitions evenly throughout the TR period so that all slices have a
similar post-label delay. All scans were obtained in on the same scanner, using the same
sequences, and the same head coil, without any major hardware upgrades over the course of the

study.

Image Processing
Data was processed with FSL (16) using standard procedures including skull removal with BET
(17), slice time correction, motion-correction with MCFLIRT (18), spatial smoothing (6 mm
FWHM), mean-based intensity normalization, coregistration to the T1 image using boundary-
based registration (19), distortion correction using FUGUE, and normalization to the Montreal
Neurologic Institute 152 1 mm template using the top-performing diffeomorphic SyN
registration of ANTs (20,21). Due to a frequency-dependent lipid artifact in the present spin-
echo pCASL data, as in all prior work using PNC ASL data, the last four image pairs of the
series were discarded. Images were down-sampled to 2-mm resolution prior to group-level
analysis. Transformations were concatenated and only one interpolation was performed.
In-scanner head motion was evaluated using the re-alignment parameters estimated with
FSL’s MCFLIRT routine (16). A motion transformation matrix is derived for each time point

and six motion parameters (three translations and three rotations) are used to describe each
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transform. From this six parameter timeseries, a single vector is created representing the root
mean squared volume-to-volume displacement of all brain voxels (18). This motion timeseries
can then be used to measure the RMS displacement relative to a single reference volume
(absolute displacement) or relative to the preceding volume (relative displacement). Consistent
with our previous work (22,23), we used the relative RMS displacement as a measure of motion
for both the ASL and the resting-state fMRI scans (see below). The motion timeseries was
concisely summarized by computing the mean relative displacement, which is the mean value of
the relative displacement vector. Of note, we found that head motion was correlated with age (r =
-.15, p <.001) and with CBF in the left amygdala (r = -.14, p < .001), left insula (r = -.03, p =
.02), right insula (r = -.04, p = .005), but not the fusiform (r = .01, p = .49). Notably, motion

during the ASL scan was not correlated with trait anxiety (r = -.01, p = .86).

Cerebral Blood Flow Quantification

ASL uses electromagnetically labeled water in arterial blood as an endogenous tracer for
quantifying CBF (24,25). Prior research has demonstrated that CBF itself is tightly linked to
regional brain metabolism at rest and in response to cognitive tasks (26,27). CBF as measured by
ASL has also been shown to provide similar estimates as positron emission tomography without
the need for ionizing radiation, making it ideal for use in both pediatric populations and in large
scale studies (28,29). The cerebral blood flow quantification parameter uses a venous blood T1
model which accounts for the fact that T1 relaxation time differs according to developmental
phase and sex (30). This procedure enhances the accuracy and reliability of results in pediatric
samples (31). Alternatively, blood T1 could be measured independently in each participant;

however, this approach would be challenging and time-consuming to measure in vivo.
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Additionally, empirically measured blood T1 has shown greater test—retest variability compared
with relying on a T1 model (31). Our use of a venous blood T1 model for the estimate of arterial
blood T1 is based on the similarity of arterial and venous T1 (within 100 ms at 3T). Furthermore,
both blood pools show very little dependence over the physiologic range of hemoglobin
saturation and both follow a similar dependence on hematocrit level (32); therefore, they are

likely to have similar dependence on development- and sex-related changes in blood chemistry.

Group-level Analyses

In order to identify regions where perfusion was related to summary scores of state or trait
anxiety, we conducted a whole-brain voxelwise analysis. Both linear and nonlinear age effects
were flexibly modeled using penalized splines within a generalized additive model (GAM;
33,34). The GAM assesses a penalty on nonlinearity using restricted maximum likelihood in
order to avoid over-fitting, and thus captures both linear and non-linear effects in a data-driven
fashion. Because our prior work has demonstrated the presence of nonlinear sex differences in
the evolution of cerebral perfusion (8), all models included sex as well as an age-by-sex
interaction term. Additionally, because CBF is higher in gray matter than white matter,
differences in brain structure could potentially confound analyses of brain perfusion (35). To
control for such a confound, gray matter density was calculated from the T1 image segmentation
using Atropos (20) and modeled on a voxelwise basis. Finally, as data quality can systematically
influence studies of development (22,23), in-scanner motion was also included as a covariate in
all analyses as described above. Thus, our complete model was as follows:

CBF,ox = trait anxiety + state anxiety + sex + spline(age) + spline(age, by=sex)

+ gray matter densityyox + in-scanner motion
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where vox = voxels. This model was run at every gray matter voxel within the MNI template
where image coverage existed (103,206 2-mm? voxels). Type | error for voxelwise whole-brain
analyses was controlled using AFNI AlphaSim (36) with a minimum voxel significance of z >

2.58 and a corrected cluster significance of p <.0001 (minimum cluster size k = 146).

Analyses of Interactions With Age and Puberty

Based on our previous work in this dataset showing that CBF is higher in females than males
during puberty (8), we next evaluated whether interactive effects with age and sex were present
within regions identified by the voxelwise analysis as anxiety-relevant. Specifically, following
the voxelwise analysis, we examined clusters where a significant main effect of anxiety was
found, and we modeled interactions between anxiety and age to see if the relationship between
perfusion and anxiety increased with age. We also examined the interaction between sex and age
in these regions. In regions with a significant trait anxiety-by-age interaction, we examined the
relationship between anxiety and pubertal stage (while controlling for age), to determine if the
association between perfusion and anxiety strengthened with pubertal stage beyond the effects of
age alone. To control for multiple comparisons across clusters, for all analyses we used the false
discovery rate (Q < 0.05). While three-way interactions were considered, they were not

significant and are not discussed further.

Mediation Analysis
As a final step, we investigated whether higher levels of anxiety in females were mediated by
higher CBF. Mediation analyses were conducted using the procedures outlined by Preacher and

Hayes (37) using IBM SPSS Statistics 22. As described below, sex differences were only found
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in trait anxiety in the post-pubertal stage, so mediation analyses focused on this period.
Specifically, we examined the total effect of sex on trait anxiety (c path; Figure 4B), the
relationship between sex and perfusion (a path), the relationship between perfusion and trait
anxiety (b path), and the direct effect of sex on trait anxiety after adding perfusion as a mediator
to the model (¢’ path). The indirect effect of sex on trait anxiety through the proposed mediator
(perfusion) was tested using both the Sobel test and bootstrapping procedures, which make fewer
assumptions about the sampling distribution (37). This procedure involves computing
unstandardized indirect effects for each of 10,000 bootstrapped samples and calculating the 95%

confidence interval.

Sensitivity Analyses

Following the voxelwise analysis described above, we conducted additional analyses in order to
assess the influence of other potentially confounding variables. In one analysis, we excluded the
minority (12%) of participants who were treated with psychoactive medication at the time of
imaging, and additionally included other covariates including race and maternal education (see
Table S6). Furthermore, in order to exclude the possibility that covariance between state and
trait anxiety drove observed results, we conducted additional analyses where they were modeled
separately (see Table S5). Additionally, we reanalyzed the data using raw scores from STAI data

that were not factor analyzed to remove response bias (see Table S7).

Connectivity Analyses
As previously detailed (2), resting-state blood oxygen level dependent fMRI was acquired using

a whole-brain, single-shot, multi-slice, gradient-echo echoplanar sequence with the following
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parameters: 124 volumes, TR 3000 ms, TE 32 ms, flip angle 90°, FOV 192 x 192 mm, matrix 64
X 64, slice thickness/gap 3 mm/0 mm, effective voxel resolution 3.0 x 3.0 x 3.0 mm. During the
resting-state scan, a fixation cross was displayed as images were acquired. Participants were
instructed to stay awake, keep their eyes open, fixate on the displayed crosshair, and remain still.

Timeseries data were processed using a validated confound regression procedure that has
been optimized to reduce the influence of subject motion (38). The first 4 volumes of the
functional timeseries were removed to allow signal stabilization, leaving 120 volumes for
subsequent analysis, which were re-aligned using MCFLIRT. For use in confound regression,
mean white matter (WM) and cerebrospinal fluid (CSF) signals were extracted from tissue
segments defined using the T1 image for each subject. Improved confound regression utilized a
36-parameter model, which was composed of 9 standard confounding signals (6 motion
parameters + global / WM / CSF) as well as the temporal derivative, quadratic term, and
temporal derivative of the quadratic of each. In order to avoid frequency mismatch (39),
confound signals and the functional timeseries were band-pass filtered to retain frequencies
between 0.01-0.08 Hz. Distortion correction, co-registration to the T1 image, and normalization
to the MNI template utilized identical procedures to those used for the ASL scan (see methods in
main text).

This pre-processed data was used to conduct seed based connectivity analyses of the left
amygdala. The amygdala seed was defined using the cluster where the association between CBF
and trait anxiety was found to be present. A Pearson’s correlation between the voxel-averaged
timeseries of this cluster and every other voxel in the brain was calculated, yielding one
correlation map per subject. This correlation map was z-transformed to improve normality, and

then evaluated using general additive models that were nearly identical to those used for the ASL
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data. However, for resting state data, motion was calculated from the resting-state scan, and gray
matter density was not included as a covariate. Cluster correction used the same thresholds as for
the ASL data, and interaction analyses (age by sex, trait anxiety by age, and trait anxiety by

pubertal stage), and were evaluated within significant clusters.

10
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Table S1. Sample size for each pubertal stage.

Pubertal Stage n
Early-pubertal 139
Mid-pubertal 277
Post-pubertal 452
Missing data 7

Supplement
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Table S2. Factor loadings on the state summary factor of the State-Trait Anxiety Inventory

State Item Loading®
Feel calm .60
Feel secure 42
Feel at ease .50
Feel satisfied .38
Feel comfortable 51
Feel self-confident .38
Relaxed .63
Feel content 37
Feel steady .39
Feel pleasant 42
Feel tense .70
Feel strained 53
Feel upset A7
Worrying over misfortunes .58
Feel frightened .76
Feel nervous 81
Jittery .60
Feel indecisive A7
Worried .79
Feel confused .58

All loadings are significant at p < .05.

12
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Table S3. Factor loadings on the trait summary factor of the State-Trait Anxiety Inventory

Trait Item Loading®
Feel pleasant .53
Satisfied with self .66
Feel rested A7
Calm, cool, collected 57
Happy .65
Feel secure .56
Make decisions easily .36
Content 40
Steady person 49
Feel nervous and restless .56
Wish could be happy .64
Feel like a failure .65
Difficulties piling up .58
Worry too much .59
Have disturbing thoughts .63
Lack self-confidence .62
Feel inadequate .32
Unimportant thoughts .50
Take disappointments keenly .39
State of turmoil .50

All loadings are significant at p < .05.

13
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Table S4. Regions where trait anxiety was associated with increased perfusion using a more

liberal cluster threshold.

Region Kk Maximum z CF:)eoarlfji'\r/llal\lt(Ias
Fusiform 1036 4.39 -36 -58 -14
Left insula 560 4.00 -44 30 2
Left precentral gyrus 275 3.70 -48 -10 38
Left frontal pole 263 3.82 -26 44 36
Right insula 218 3.99 46 30 -8
Left inferior lateral occipital cortex 193 3.62 -38 -88 -8
Left amygdala 168 3.63 -20 -4 -16
Right frontal pole 148 3.75 30 40 -12
Left lateral occipital cortex 139 3.52 -46 -72 16
Left planum temporale 138 3.7 -56 -22 6
Right precuneus 135 3.39 8 -56 52
Right superior temporal gyrus 115 3.5 52 -8 -14
Dorsal anterior cingulate 112 3.58 -8 26 38

Clusters considered significant if z > 2.58, k > 112 in a sample of 875 subjects.

14
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Table S5. Voxelwise analyses with state and trait anxiety modeled separately.

Peak MNI
Coordinates

Region k Maximum z

State Anxiety

Left thalamus 212 3.99 -6 -6 10
Trait Anxiety

Medial temporal lobe/left amygdala 1447 4.07 -44 56 -10
Left insula 1217 4.48 -36 30 0

Left frontal pole 625 3.67 -16 46 38
Anterior cingulate gyrus 543 3.59 -8 40 14
Right insula 285 3.72 42 28 2

Left thalamus 210 4.29 -10 -12 12
Left precentral gyrus 200 3.82 -10 -30 50
Precuneus 198 3.39 10 -54 56
Planum temporale 187 3.74 -58 -22 6

Left precentral gyrus 180 3.47 -48  -10 36
Right putamen 152 3.27 32 -6 -8
Right frontal pole 146 3.52 30 36 -14

Clusters considered significant if z > 2.58, k > 146 in a sample of 875 subjects.

Both analyses included covariates including spline of age, spline of age by sex, in-scanner motion, and
voxelwise gray matter density.

15
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Table S6. Sensitivity analyses with race, maternal level of education, and no psychiatric

psychotropic medications.

Region k Maximum z CF:)eoarlfji'\r/llal\lt(Ias
Fusiform 1320 4.67 -36 -58 -14
Left precentral gyrus 223 3.59 -50 -8 38
Left insula 206 4.08 -44 30 2
Planum temporale 205 3.81 -56 -22 4
Left inferior lateral occipital cortex 183 3.71 -38 -88 -8
Right inferior lateral occipital cortex 162 3.4 54 -68 10
Right superior lateral occipital cortex 161 3.52 26 -66 42

Clusters considered significant if z > 2.58, k > 146 in a sample of 766 subjects.

16
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Table S7. Regions where raw® scores on trait anxiety were associated with increased
perfusion.

Region k Maximum z CPoe(?rIéil\r/llal\:(Ias
Fusiform/left amygdala 2943 4.78 36 -58 -14
Right insula 1359 4.22 46 28 -6
Left insula 709 4.01 -44 30 2
Left planum temporale 269 3.83 56 -24 4
Right frontal medial cortex 258 3.5 8 38 -14
Right frontal pole 205 4.06 30 40 -12
Right precuneus 193 3.8 10 -54 56

Clusters considered significant if z > 2.58, k > 146 in a sample of 875 subjects.
# Raw scores from STAI data that were not factor analyzed to remove response bias.

17
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Table S8. Differences in CBF between categorical screening groups and typically

developing youth within the left amygdala cluster.

Screening Category d

Attention-deficit/hyperactivity disorder 23
Major depressive disorder 21
Oppositional defiant disorder 25
Specific phobias 21
Psychosis 16
Posttraumatic stress disorder .30
Social anxiety 15

d = covariate-adjusted Cohen’s d.

18
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State and Trait Anxiety Score by Screening Diagnosis
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Figure S1. State and trait anxiety by screening diagnostic category. Higher levels of state
and trait anxiety were found across all categories compared to typically developing youth. State
and trait anxiety represent the summary factors derived from the factor analyses of the items
from each scale. Mean (SEM) factor scores for each screening category are presented for
categories with at least 20 subjects. ADHD, attention-deficit/hyperactivity disorder; MDD, major
depressive disorder; OCD, obsessive-compulsive disorder; ODD, oppositional defiant disorder;
PTSD, posttraumatic stress disorder.
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Figure S2. Lower perfusion associated with head motion. Greater head motion was associated
with lower perfusion in the (A) left amygdala, (C) left anterior insula, and (D) right anterior

insula but not in the (B) fusiform gyrus.
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