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Abstract

Objective: Adolescence is a sensitive period for the development and emergence of anxiety 

and mood disorders. Research suggests that symptoms ranging from subclinical to clinical levels 

are associated with pathological developmental changes in the neocortex. However, much of this 

research has been cross-sectional, limiting the field’s ability to identify the neurodevelopmental 

impacts of these symptoms. The present study examined how early reported symptoms predict 

baseline cortical thickness and surface area, and trajectories of change in these measures during 

adolescence.
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Method: 205 typically-developing 9- to 15-year-olds (103 male participants) completed 3T 

structural MRI annually for three years. From these, we extracted mean cortical thickness and 

total surface area for each year. Youth self-reported their anxiety, depressive, and posttraumatic 

stress symptoms during their first visit. We employed latent growth curve modeling to determine 

how these symptoms along with sex interactions predicted baseline thickness and surface area, and 

rates of change in these measures over the three-year period.

Results: Higher anxiety was associated with lower baseline thickness and slowed cortical 

thinning over time. Conversely, greater posttraumatic stress predicted higher baseline thickness 

and accelerated thinning over time. Sex interactions suggested that the effects were dampened 

among female compared to male participants. Depressive symptoms were not related to cortical 

thickness or surface area.

Conclusion: Female adolescents may express more regionally specific effects of symptoms 

sets on cortical thickness, though this requires further investigation. Cortical thickness in male 

adolescents appears to be preferentially susceptible to anxiety and posttraumatic stress symptoms, 

exhibiting global changes across multiple years.
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Introduction

Adolescence is a dynamic phase of development and is a noted sensitive period for the 

development and emergence of mental health disorders. Anxiety (e.g., generalized anxiety 

disorder, posttraumatic stress disorder) and mood disorders (e.g., major depressive disorder) 

are among the most prevalent diagnoses attributed to youth in the United States. In a study 

of over 10,000 youth, 31.9% of adolescents ages 13-to-18 years-old had a lifetime history of 

an anxiety disorder diagnosis, while 14.3% had a history of a mood disorder.1 Importantly, 

multiple large-scale studies have found that: A) symptom severity increases throughout 

adolescence, B) youth with anxiety and mood disorders are at a significantly higher risk 

of developing additional psychopathologies throughout their lifetimes, and C) there are 

substantial societal and interpersonal burdens associated with these diagnoses, including 

school problems, parenting challenges, and markedly-increased health care costs.1–5

Aside from these broader impacts, evidence suggests that anxiety and mood disorders 

are associated with morphological brain alterations across distributed cortical and 

subcortical networks.6–10 Changes in cortical gray matter are associated with cognitive 

abilities,11–13 as well as the emergence of neurodevelopmental disorders in childhood and 

adolescence,6,14,15 making gray matter metrics a prime target for investigation. Past studies 

have primarily focused on gray matter volume, surface area, or cortical thickness in regions 

involved in social-emotional processes, and compared individuals with or without clinical 

diagnoses.14,16–19 More recent studies have examined the effects of anxiety and depressive 

symptom severity to better understand full spectra of symptom sets and their unique impacts 

on brain structure and function.9,20–24
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Studies have generally shown that increasing anxiety or depressive symptom severity 

is associated with changes in gray matter, though the specific regions implicated are 

disparate across studies.25 For instance, studies in adults have shown that gray matter 

alterations are associated with symptom severity within the amygdala, hippocampus, 

frontal, prefrontal, parietal, inferior temporal, anterior and posterior cingulate, and occipital 

cortices.18,20,22,26–30 The lack of consistent regions may suggest more systemic, global 

associations between symptom sets and brain morphology. The majority of studies 

examining anxiety, posttraumatic stress, and/or depressive symptom severity focus on adults, 

despite mounting evidence that anxiety and mood disorders are particularly salient in 

childhood and adolescence.1,2 Moreover, studies of developing youth are predominantly 

cross-sectional. For example, Boes et al. reported that increased depressive symptom 

severity is associated with decreased rostral anterior cingulate cortex volume in male, but 

not female youth.23 A small study of children with and without posttraumatic stress disorder 

indicated that posttraumatic stress symptoms were associated with increased prefrontal 

cortex volume.31 A larger study in adolescents indicated that ventromedial prefrontal cortex 

and global mean cortical thickness predict generalized anxiety symptom severity, and vice 

versa.24 However, because of the cross-sectional nature of these studies, the direction of 

causality remains ambiguous.

Few studies have examined the link between symptom severity and cortical structure 

longitudinally, a necessary endeavor to fully understand the neurodevelopmental impacts 

of psychopathological symptoms.25 One such study examined changes in cortical thickness 

in a large study of 8-to-25 year-olds during three visits approximately two years apart, 

with an in-depth assessment of depressive symptoms occurring only during the third visit.32 

Individuals with more depressive symptoms at the third time point had different trajectories 

of thinning in the orbitofrontal cortex and precentral gyrus compared to those with fewer 

depressive symptoms. Volume and thickness changes in the hippocampus and amygdala 

did not relate to depressive symptoms. Another longitudinal investigation in 4-to-18 year­

olds showed that parent-reported anxiety and depressive symptoms were related to greater 

amygdala volume over time.21

Overall, data on the associations between gray matter and anxiety, depressive, and 

posttraumatic stress symptoms are widely variable and suggest gross effects across the 

brain, though the trajectory of these effects during childhood and adolescence is poorly 

understood. Few studies have examined the longitudinal changes in brain structure 

associated with these symptom clusters, and almost no studies assess the concomitant 

effects of multiple symptom sets, despite the comorbid nature of depression, anxiety, and 

posttraumatic stress.1,25,33,34 Moreover, there has been relatively little investigation of sex­

specific patterns of neurobiological change associated with psychopathological symptoms 

despite evidence that male and female youth experience these symptoms at different 

prevalence rates.35–37 Evidence suggests that male and female youth may be differentially 

susceptible to developing symptoms following trauma exposure depending on the timing and 

severity of the incident.9,38,39 Given the prevalence of anxiety and mood disorders emerging 

in childhood and adolescence, it is paramount to better understand how early co-occurring 

symptom sets may affect the nature of brain development over time.
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In this study, we conduct an exploratory investigation to determine whether self-reported 

anxiety, depressive, and posttraumatic stress symptoms are associated with baseline cortical 

thickness and/or surface area, as well as the rate of change in these metrics over a three-year 

period with annual follow-ups in a large cohort of typically developing youth. Due to 

the broadly distributed neural systems involved in mental health symptoms, we examined 

global mean cortical thickness and surface area, as well as that in specific brain regions, to 

better understand the associations between concomitant symptom sets and brain structure. 

We also explore the interactions between sex and each symptom to better interrogate any 

sexually-divergent associations between symptoms and cortical development.

Method

Participants

We collected data from a total of 212 typically-developing youth (106 male participants) 

as part of the Developmental Chronnecto-Genomics study. Of the total sample, 112 youth 

were recruited at the University of Nebraska Medical Center (UNMC), and 100 at the Mind 

Research Network (MRN). During their first visit, children were between the ages of 9–15 

years-old. All participants were invited to return annually for repeated neuroimaging and 

neuropsychological testing for three years. Of the original sample, 175 youth returned and 

had complete data for year 2 (time between tests: Msite 1 = 1.09 years, SD = .16; Msite 2 

= 1.16 years, SD = .23), and 127 returned and had complete data for year 3 (time between 

tests: Msite 1 = 1.02 years, SD = .084; Msite 2 = 1.13 years, SD = .32). Exclusionary criteria, 

assessed by parent report, included history of concussion or head injury, any medical illness 

affecting neural functioning, neurological or psychiatric disorder, current substance abuse, 

or current use of medications that affect brain function. All parents signed informed consent 

forms, and youth signed assent forms before proceeding with the study. The appropriate 

institutional review board for each study site approved all procedures.

Psychological Measures

Participants completed the self-report Trauma Symptom Checklist for Children (TSCC).40 

Participants indicated the frequency with which they experienced a variety of symptoms 

on a 0–3 scale. Questions load onto six clinically-oriented subscales, including anxiety, 

depression, and posttraumatic stress. The anxiety subscale focuses on aspects of generalized 

worry and specific phobias, whereas the posttraumatic stress scale asks about intrusive 

thoughts, nightmares, and avoidance behaviors. The depressive symptom scale assesses 

feelings of sadness and loneliness. We used raw scores given the developmental nature 

of the study and our selected analysis strategy. The range of raw scores for our three 

measures of interest was: 0–27 for anxiety, 0–21 for depression (two suicidality symptoms 

were not assessed per IRB request), and 0–30 for posttraumatic stress. In each scale, 

higher raw scores indicate a greater number and/or severity of symptoms. Because 

psychological symptoms are known to vary between sexes, we computed interaction terms 

for each of the three psychological symptoms of interest. Specifically, we multiplied each 

individual’s score by a dummy coded variable, where 0 = “male participants” and 1 = 

“female participants”. Participants also completed a modified version of the Trauma History 

Profile41–43 assessing traumatic events (questions about sexual abuse were excluded per 
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IRB request). This measure is commonly administered to assess whether it is appropriate to 

measure posttraumatic symptoms. Questionnaires were completed during the first visit.

Structural MRI Acquisition and Processing

Participants underwent a structural T1-weighted MRI scan during each visit. Children 

recruited at UNMC were scanned using a Siemens 3T Skyra scanner, and those at 

MRN using a Siemens 3T TIM Trio. Structural T1-weighted MR images at both data 

collection sites were acquired with a 32-channel head coil and a MP-RAGE sequence 

with the following parameters: TR=2400ms; TE=1.94ms; flip angle=8º; FOV=256mm; slice 

thickness=1mm (no gap); base resolution=256; 192 slices; voxel size=1×1×1mm. The T1­

weighted structural brain images of all participants were processed using Freesurfer version 

5.3 (http://surfer.nmr.mgh.harvard.edu). Cortical thickness, surface area, and subcortical 

volume estimates were computed for the 70 Desikan-Killiany atlas regions. We followed the 

ENIGMA protocol for quality assurance, including performing visual checks on all cortical 

segmentations (http://enigma.usc.edu/protocols/imaging-protocols) and checking for motion 

among other artifacts. No cortical segmentations were flagged at this stage of processing. 

Histograms of all regional values were computed for visual inspection; all data were clean 

and met criteria for inclusion in further analyses. In this study, we focused on mean cortical 

thickness and total surface area across the entire brain for each participant, for each year 

of the study, but also examined multiple a priori regions that are known to be critical 

to psychological health. Surface area and subcortical volumes were corrected for total 

intracranial volume.

Statistical Analysis

We began by examining descriptive statistics for each measure of interest. We then fit 

a series of latent growth curve models (LGCM) to examine changes in either cortical 

thickness or surface area over time, separately, and how each relates to TSCC measures. 

The first models fit the base LGCM for changes in cortical structure over the three-year 

period without any control variables. The intercept was defined by cortical structure (e.g., 

thickness) at each time point constrained to 1. The slope was defined by cortical structure 

constrained to 0, 1, and 2 for measures obtained during years 1, 2, and 3, respectively. 

The second models added in age at time 1, sex (0 = “male participants”, 1 = “female 

participants”), and data collection site (0 = “site 1”, 1 = “site 2”) as control variables. 

Specifically, the latent intercept and slope variables were regressed on age, sex, and site 

to account for potential effects of demographic differences or site-based biases related to 

the different MRI scanners, all of which influence cortical thickness metrics. Finally, the 

third models added in TSCC measures and their interactions with sex. Total raw scores for 

anxiety, posttraumatic stress, and depression assessed at time 1 were all regressed on age 

at time 1 and site to account for potential maturational effects and demographic differences 

between study sites. The latent intercept and slope variables were regressed on TSCC 

measures, their interactions with sex, and the previously introduced control variables. All 

TSCC scales, sex, and their interactions were allowed to freely correlate. All parameters 

were freely estimated. These final models allowed us to examine the extent to which 

subclinical symptom sets were uniquely associated with the baseline and rate of change 
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in cortical structure over time. Results from the LGCM of surface area are described in 

Supplement 1, available online.

We examined all models for goodness of fit using standard criteria,44 including root mean 

square error of approximation (RMSEA) < .06, and comparative fit index (CFI) > .95. We 

also examined the chi-square test of model fit, where a non-statistically significant test 

indicates good fit. Brief descriptions of each of the model fit indices is provided in the 

Supplement 1, available online. All models were tested using Mplus version 8.1.

Additional exploratory analyses.—In addition to our models of anxiety, depressive, 

and posttraumatic stress symptoms, we tested exploratory models examining 1) internalizing 

versus externalizing symptoms associated with cortical thickness measures, 2) regionally­

specific analyses of TSCC measures predicting cortical thickness, surface area, and 

subcortical volumes, and 3) models of global thickness and surface area predicting changes 

in TSCC measures. These models and results are described in the Supplement 1, available 

online.

Missing data.—Of the total sample recruited, 205 children had TSCC and MRI data for 

year 1 of the study. However, not all children had structural MRI data for years 2 and 

3 (N’s for each year are described in the Participants section). We completed all LGCM 

estimation with and without missing data estimation using full-information maximum 

likelihood (FIML) and yielded the same conclusions. Thus, we report the results using FIML 

estimation to reduce potential bias from data missing at random.

Results

Descriptive Statistics

Demographics and descriptive statistics for measures of interest in the final sample after 

exclusions are detailed in Table 1 for the whole sample, and separately by site. Additional 

clinical screening data are illustrated in Table S1, available online. Samples from each site 

were well-matched demographically with one exception; site 2 had a larger proportion of 

youth who identified as Hispanic/Latino compared to site 1. Most youth (83%) reported 

experiencing at least one traumatic event (M = 2.19, SD = 1.86; Table S2, available online), 

supporting our investigation of posttraumatic stress symptoms via the TSCC. The majority 

of youth in the study reported at least some anxiety, depressive, and/or posttraumatic stress 

symptoms (Table 1). Youth at site 1 tended to report more anxiety symptoms than those 

at site 2, whereas youth at site 2 tended to report more depressive and posttraumatic stress 

symptoms compared to site 1.

With respect to cortical thickness, male and female participants followed a similar pattern 

of cortical thinning over time. Figure 1 illustrates the lines of best fit for the trajectory 

of cortical thinning (see Figure S1, available online for line plots showing individual 

participants). The plot on the right was projected by calculating the mean cortical thickness 

of each age bin (e.g., 9-year-olds, 10-year-olds, etc.) collapsed across data from all three 

time points and estimating a linear regression through those means. The data suggest 

global mean cortical thickness linearly decreases throughout adolescence, replicating many 
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previous studies.12,13,45,46 Overall, youth at site 2 relative to youth at site 1 tended to have 

a greater mean cortical thickness at time 1, though the pattern did not continue into years 2 

or 3 of the study (Table 1). In regard to cortical surface area, shifts over time were minute, 

but generally indicated an increase from year 1 to year 2, followed by a decrease in year 

3 (Figure S2, available online). There were no significant differences by site, or between 

sexes.

LGCM Results for Cortical Thickness

Results of the baseline model and the model including only control variables are described 

in the Supplement 1, available online. Model fit comparisons at each step of the analysis 

are illustrated in Table S3. Our final model included age, site, sex, raw scores of self­

reported anxiety, depressive, and posttraumatic stress symptoms, and each symptom score’s 

interaction with sex as predictors of the intercept and slope of change in cortical thickness. 

The final model had excellent fit (χ2(14) = 17.10, p = .25; RMSEA = .032, 90% CI[.00, 

.08]; CFI = 1.00). We provide a complete correlation table for all measures included in the 

model in Table S4, available online. Significant and trending results are shown in Figure 2.

Age at time 1 was significantly associated with baseline cortical thickness (b = −.023, p < 

.001) and anxiety symptoms (b = −.25, p = .03), and indicated trending associations with 

both depressive symptoms (b = −.27, p = .06) and their interaction with sex (b = −.19, p 
= .06). Put simply, older youth tended to have a smaller baseline cortical thickness, and 

self-reported fewer anxiety and depressive symptoms. However, the trending effect of age 

on depressive symptoms was reduced for female participants. Site also showed numerous 

significant effects throughout the model, such that youth at site 2 tended to self-report 

greater depressive (b = 2.32, p < .001) and posttraumatic stress symptoms (b = 1.26, p = 

.03), and fewer anxiety symptoms (b = −1.03, p = .01) relative to youth at site 1. Among 

female participants, the effects of site on anxiety were reduced (b = −.81, p = .005), whereas 

the effects of site on depressive symptoms were exacerbated (b = .87, p = .015). There was 

also an effect of site on the latent slope of change in cortical thickness, suggesting that youth 

at site 2 generally had a steeper slope of change relative to youth at site 1 (b = −.024, p = 

.018). Sex did not show any unique associations with the latent intercept or slope.

Turning to the effects of interest, anxiety symptoms were significantly associated with 

both the latent intercept and slope variables, such that youth who self-reported more 

anxiety symptoms tended to have smaller baseline cortical thickness (b = −.009, p = .047) 

coupled with slowed cortical thinning over time (b = .007, p = .008). Sex did modulate 

these relationships, with female participants showing dampened effects of anxiety on both 

baseline global cortical thickness (b = .013, p = .046), and changes in thickness over time (b 

= −.10, p = .013). Interestingly, posttraumatic stress symptoms showed the opposite pattern. 

Youth who self-reported more posttraumatic stress symptoms tended to have higher baseline 

cortical thickness (b = .011, p = .004), coupled with accelerated cortical thinning (b = −.007, 

p = .002). These relationships were modulated by sex, with female participants showing a 

trend toward dampened effects on baseline thickness (b = −.008, p = .093), and a significant 

decrement to the relationship between posttraumatic stress and the latent slope (b = .007, p 
= .032). Surprisingly, neither depressive symptoms nor their interaction with sex showed any 
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significant or trending associations with either the latent intercept or slope (b’s = −.002 to 

.002, p’s = .59 to .72). Figures 3 and 4 demonstrate the effects of psychological symptoms 

and age on intercept and slope estimates.

Finally, we also examined regional effects in the medial orbitofrontal, anterior and posterior 

cingulate areas, amygdala, hippocampus, and other regions. The key findings linked 

posttraumatic stress with accelerated thinning in posterior cingulate, depressive symptoms 

with faster thinning in the caudal anterior cingulate, and anxiety symptoms with lower 

rates of surface area expansion in medial orbitofrontal and posterior cingulate cortices. 

These models and the accompanying results are described in detail within the (see Table 

S5, available online). Lastly, we examined the extent to which cortical thickness predicted 

changes in psychological symptoms and found a negative association between global 

thickness and anxiety for the whole sample (Table S6).

Discussion

The present study examined the longitudinal associations between cortical thickness and 

anxiety, depressive, and posttraumatic stress symptoms in a large cohort of typically 

developing youth. Our base models corroborated prior literature on the nature of age-related 

cortical thinning throughout adolescence.e.g., 12 Namely, youth who were older at the start 

of the study generally had thinner cortical tissue, and global cortical thickness gradually 

decreased over time in a linear fashion. Critically, our data indicated that the rate of change 

in cortical thickness throughout adolescence was significantly associated with psychological 

symptom severities. Our data on cortical surface area also corroborated prior literature on 

the trajectory of change during adolescence,12 although such surface area measurements 

were not clearly associated with symptoms. This report contributes to a small, but growing 

body of work examining how neurodevelopmental trajectories vary among individuals with 

subclinical levels of comorbid psychological symptoms.

Our key model included anxiety, depressive, and posttraumatic stress symptoms as 

simultaneous predictors of morphological changes in gray matter thickness over the three­

year study period, controlling for age, sex, and data collection site. We also examined 

sex as a moderator on the effects of psychological symptoms on trajectories of cortical 

thickness. Our models indicated significant changes in global cortical thickness over time 

that were specific to anxiety and posttraumatic stress symptoms. Youth who reported 

more anxiety symptoms at their first visit (e.g., greater generalized anxiety) tended to 

have lower baseline cortical thickness, and significantly slower cortical thinning over 

the three-year study period. Conversely, youth who reported greater posttraumatic stress 

symptoms at their first visit (e.g., more intrusive thoughts) had significantly higher baseline 

cortical thickness, coupled with accelerated cortical thinning. The opposing directionality of 

associations between cortical thickness and anxiety versus posttraumatic stress symptoms 

supports the recent reclassification of trauma and stress-related disorders as separate from 

anxiety disorders in the DSM-5.33 Surprisingly, our moderations suggested that these effects 

were significantly dampened among female participants. We did not detect any significant 

associations between depressive symptoms and indices of global cortical thickness.
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Prior literature shows that changes in cortical gray matter are directly tied to cognitive­

behavioral maturation. Declining cortical thickness throughout adolescence into young 

adulthood is normative and considered a sign of healthy pruning, leading to increased 

efficiency of the brain.6 Conversely, non-normative rates of thinning (or thickening in 

some regions) have been associated with deficits in cognitive abilities.15 Studies examining 

maltreated youth report altered development in limbic areas, which can be associated with 

abnormal functional connectivity among distributed brain regions.14 Additionally, recent 

volumetric data suggest that male youth demonstrate smaller limbic volumes subsequent to 

trauma compared to female peers.42,47 Speculatively, perhaps exaggerated neural plasticity 

is demanded during the posttraumatic period in otherwise typical children, which could 

account for observed baseline thickening followed by rapid thinning. Alternatively, perhaps 

development is arrested in the period immediately following a traumatic event, and thus 

the normative curve of development is delayed. More concretely, our data suggest that 

anxiety and posttraumatic stress among children and young adolescents (particularly male 

adolescents) are associated with disrupted patterns of global cortical thinning, which may in 

turn have cascading consequences on cognitive and emotional development. Further work 

is required to determine the extent of the cognitive-behavioral impacts of the noted atypical 

cortical thinning among young men.

These novel findings complement prior work examining the effects of anxiety symptoms on 

cortical gray matter. For instance, Newman et al.24 found that generalized anxiety symptoms 

were associated with reduced global mean cortical thickness in children and adolescents, 

which is in agreement with our findings. Further, consistent with Newman et al.,24 we 

found that global cortical thickness was predictive of longitudinal changes in anxiety for a 

subsample of youth. The phenomenological experience of anxiety includes the inability to 

halt irrelevant cognitions, but the translation to cortical thickness effects requires additional 

clinical data on cognitive processing to assess this possibility.

Of note, this is one of only a few studies that examine whole-brain associations 

between anxiety or mood symptoms and gray matter metrics in youth, as the vast 

majority have focused on a priori defined regions of interest, e.g., 7,20,21,23,26,30,31 despite 

existent evidence of widespread, systemic effects of symptoms on cortical morphology. 
e.g., 18,22,27,28,32 Our own examination of regionally-specific effects largely corroborated 

this prior work. Specifically, we found associations between posttraumatic stress and 

accelerated thinning in the posterior cingulate,e.g., 48,49 depressive symptoms and faster 

thinning in the anterior cingulate, e.g., 50,51 and anxiety symptoms with slower surface area 

expansion in orbitofrontal and posterior cingulate.e.g., 52,53 In contrast to prior work,16,54 

posttraumatic stress was associated with increased expansion of hippocampal volumes in 

our study. Smaller hippocampal volumes are a known risk factor for developing persistent 

posttraumatic stress disorder among adults;55 thus, it is possible that the increase in 

volume over time observed here is neuroprotective and supports resilience in these typically­

developing youth.

Depressive symptom severity did not significantly relate to global cortical thickness in the 

present study. There are indications in the literature that anxiety and depressive symptoms 

may share similar functional circuitry, though this has yet to be formally tested.25 Prior 
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work has largely focused on a single symptom set at a time, rather than looking at multiple 

symptom sets simultaneously as we did. That said, perhaps our model did not capture unique 

effects of anxiety and depressive symptoms on global gray matter because the symptom 

clusters overlapped in their effects on cortical structure. Further work using wider age 

ranges should investigate whether there are developmentally-sensitive periods unique to each 

symptom cluster; such work may provide critical information for intervention/prevention 

development targeted to specific symptoms.

Importantly, our age range likely contributed to observing minimal effects of depressive 

symptoms on gray matter. For example, a large study reported that the average age of 

onset for anxiety disorders was 6-years-old, whereas the onset for mood disorders was 

13-years-old.1 Thus, subclinical anxiety symptoms may be reflected in cortical morphology 

at a much earlier age compared to depressive symptoms. Given that our age range was 

9- to 15-years-old, the participants may have been too young for global depression-related 

morphological changes to be detected. However, sex differences in cortical thickness related 

to depression should be studied, given that our data suggest directional differences between 

these variables for male versus female participants, and that sex differences in depression 

prevalence begins in adolescence.33,34

Finally, we found several significant site effects. It is possible that the difference in MRI 

scanners used between sites biased the cortical thickness results, however our data show that 

there were only differences in thickness measures between sites during time 1 of the study. 

Thus, it is more likely that another intervening factor would better explain the site effects. 

There were also site differences in self-reported levels of psychological symptoms, as well 

as a significant site difference in the proportion of participants who identify as Hispanic/

Latino. Prior work suggests that, across the lifespan individuals identifying as members of 

ethnic and/or racial minorities may present with different rates of psychological symptoms, 

and may actually differ in cortical gray matter metrics such as volume or thickness relative 

to individuals of ethnic or racial majority groups.e.g., 56–58 Thus, it is possible that sample 

characteristics which were not directly assessed within our model were drivers of the noted 

site differences. Unfortunately, the sample was underpowered to further assess these effects 

in this investigation. However, we do believe that this line of work would be fruitful for 

future research.

Regarding limitations of this study, our sample was not large enough to investigate 

additional predictors of cortical thinning, such as interaction effects among the symptom 

sets. Additionally, our sample included only youth without clinical diagnoses and 

generalization of our findings to those with clinical levels of psychological symptoms should 

be done with caution. Future research should examine the developmental trajectories of gray 

matter among youth with and without clinical diagnoses. We were also unable to properly 

model the quadratic trend in surface area over time because we had only three time points; 

thus, our view of associations between surface area and psychological symptoms over time 

was limited. Finally, our ability to assess changes in both cortical structure and clinical 

symptom sets over time was limited in this study, though we did detect a significant effect of 

global cortical thickness on changes in self-reported anxiety over time in a subset of youth. 
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Additional studies would benefit from tracking developmental changes using both metrics in 

parallel.

To conclude, the present study examined the extent to which subclinical anxiety, depressive, 

and posttraumatic stress symptoms were associated with trajectories of cortical thinning 

in youth. Our key findings were that male adolescents may be particularly susceptible to 

morphological changes associated with anxiety and posttraumatic stress, with each symptom 

set uniquely associated with baseline cortical thickness, and significantly altering the rate 

of cortical thinning over time. Future research into functional and structural sex differences 

regarding psychopathology is essential, especially in the context of variable prevalence rates 

of mood, anxiety, and stress-related disorders.33
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Figure 1. Trajectories of Change in Global Mean Cortical Thickness
Note: (Left) Average cortical thickness measures over time, plotted separately for children 

starting the study at different ages. Participants who were 14-years-old and older were 

collapsed into a single age bin for this figure because, by design, there were relatively few 

youth who were over 14 at the start of the study. (Right) Lines of best fit demonstrating 

the trajectory of cortical thinning throughout adolescence for the full sample, and separately 

for male versus female participants. The R2 for each line is shown on the graphs. There 

were relatively few youth over the age of 16 at the final time point of the study; thus, data 

from youth 16 and older were collapsed across the 16-year-old age bin to avoid biasing the 

regression.
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Figure 2. Latent Growth Curve Model Results
Note: Results of the final model, in which age at time 1, study site, sex, psychological 

symptoms, and their interactions with sex predict the latent intercept and slope of change 

in global mean cortical thickness. Solid lines indicate statistically significant estimates at 

the p < .05 level, while dashed gray lines indicate non-significant, but trending (p < .10) 

relationships. For simplicity and visibility, relationships that were non-significant at the p 

> .10 level, and correlations among variables (not of interest) are not shown on the figure. 

All estimates are unstandardized. “Anxiety” = anxiety symptoms; “Depress” = depressive 

symptoms; “PTS” = posttraumatic stress symptoms; “…x Sex” = interaction terms; Dummy 

coding schemes for categorical variables are shown in the figure with the respective variable.
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Figure 3. Relationships Between Baseline Thickness and Psychological Symptoms
Note: Scatterplots showing the relationships between estimated intercepts (i.e., baseline) 

global mean cortical thickness and age at time 1, posttraumatic stress, depressive, and 

anxiety symptom scores. Baseline thickness values have been adjusted by regressing out the 

effects of additional variables in the LGCM as necessary per scatterplot (e.g., in the plot 

with age on the x-axis, baseline thickness values were adjusted by regressing out the effects 

of site, sex, anxiety, depressive, and posttraumatic stress scores and their interactions with 

sex).
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Figure 4. Relationships Between Slope of Change in Cortical Thickness and Psychological 
Symptoms
Note: Scatterplots showing the relationships between estimated slope of change in global 

mean cortical thickness and age at time 1, posttraumatic stress, depressive, and anxiety 

symptom scores. Slope values have been adjusted by regressing out the effects of additional 

variables in the LGCM as necessary per scatterplot (eg, in the plot with age on the x-axis, 

slope values were adjusted by regressing out the effects of site, sex, anxiety, depressive, and 

posttraumatic stress scores and their interactions with sex).

Taylor et al. Page 18

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Taylor et al. Page 19

Ta
b

le
 1

.

D
em

og
ra

ph
ic

 D
at

a 
an

d 
D

es
cr

ip
tiv

e 
St

at
is

tic
s 

fo
r 

th
e 

Fi
na

l S
am

pl
e 

C
om

bi
ne

d 
ac

ro
ss

 S
ite

s 
an

d 
Se

pa
ra

te
ly

 f
or

 E
ac

h 
St

ud
y 

Si
te

 W
ith

 A
cc

om
pa

ny
in

g 

Si
te

-B
as

ed
 C

om
pa

ri
so

n 
St

at
is

tic
s

F
ul

l s
am

pl
e

Si
te

 1
Si

te
 2

C
om

pa
ri

so
n

V
ar

ia
bl

e
N

%
N

%
N

%
χ

2
p

Se
x 

(m
al

e)
10

3
50

.0
0%

52
48

.6
0%

51
52

.0
4%

.2
4

.6
2

R
ac

e
.0

11
.9

2

A
m

er
ic

an
 I

nd
ia

n/
A

la
sk

a 
N

at
iv

e
5

2.
44

%
0

0%
5

5.
10

%

A
si

an
1

0.
49

%
1

0.
93

%
0

0 
%

N
at

iv
e 

H
aw

ai
ia

n 
or

 O
th

er
 P

ac
if

ic
 I

sl
an

de
r

0
0%

0
0%

0
0%

B
la

ck
 o

r 
A

fr
ic

an
 A

m
er

ic
an

5
2.

44
%

3
2.

80
%

2
2.

04
%

W
hi

te
17

2
83

.9
0%

88
82

.2
4%

84
85

.7
1%

M
or

e 
th

an
 O

ne
 R

ac
e

13
6.

34
%

8
7.

48
%

5
5.

10
%

U
nk

no
w

n/
N

ot
 R

ep
or

te
d

9
4.

39
%

7
6.

54
%

2
2.

04
%

E
th

ni
ci

ty
26

.3
4

<
 .0

01

H
is

pa
ni

c 
or

 L
at

in
o

47
22

.9
3%

9
8.

41
%

38
38

.7
8%

N
ot

 H
is

pa
ni

c 
or

 L
at

in
o

15
7

76
.2

1%
97

90
.6

5%
60

61
.2

2%

U
nk

no
w

n/
N

ot
 R

ep
or

te
d

1
0.

49
%

1
0.

93
%

0
0%

M
SD

R
an

ge
M

SD
R

an
ge

M
SD

R
an

ge
t

p

A
ge

 t
im

e 
1

11
.8

1
1.

78
9.

02
 –

 1
6.

29
11

.7
9

1.
72

9.
02

 –
 1

6.
29

11
.8

3
1.

85
9.

07
 –

 1
5.

12
−

.1
8

.8
6

A
ge

 t
im

e 
2

12
.9

6
1.

79
9.

99
 –

 1
7.

48
12

.8
4

1.
67

9.
99

 –
 1

5.
99

13
.0

8
1.

91
10

.1
8 

– 
17

.4
8

−
.8

9
.3

8

A
ge

 t
im

e 
3

13
.9

2
1.

77
10

.9
8 

– 
17

.4
2

13
.8

5
1.

65
10

.9
8 

– 
16

.9
9

14
.0

0
1.

91
11

.1
9 

– 
17

.4
2

.4
8

.6
3

A
nx

ie
ty

4.
18

3.
05

0 
– 

15
4.

69
3.

31
0 

– 
15

3.
64

2.
66

0 
– 

11
2.

48
.0

14

D
ep

re
ss

iv
e

3.
95

3.
75

0 
– 

18
2.

82
2.

63
0 

– 
11

5.
13

4.
35

0 
– 

18
−

4.
54

<
 .0

01

P
os

tt
ra

um
at

ic
 s

tr
es

s
5.

71
4.

09
0 

– 
18

5.
10

4.
02

0 
– 

17
6.

35
4.

09
0 

– 
18

−
2.

18
.0

3

C
or

ti
ca

l t
hi

ck
ne

ss
 t

im
e 

1
2.

76
.1

1
2.

41
 –

 3
.0

7
2.

73
.1

2
2.

41
 –

 3
.0

2
2.

78
.1

0
2.

44
 –

 3
.0

7
−

3.
19

.0
02

C
or

ti
ca

l t
hi

ck
ne

ss
 t

im
e 

2
2.

72
.1

1
2.

28
 –

 2
.9

8
2.

71
.1

1
2.

28
 –

 2
.9

8
2.

74
.1

0
2.

47
 –

 2
.9

5
−

1.
49

.1
4

C
or

ti
ca

l t
hi

ck
ne

ss
 t

im
e 

3
2.

71
.1

0
2.

42
 –

 2
.9

4
2.

73
.0

93
2.

49
 –

 2
.9

0
2.

70
.1

0
2.

42
 –

 2
.9

4
1.

34
.1

8

Su
rf

ac
e 

ar
ea

 t
im

e 
1

.1
18

.0
07

5
.0

8–
.2

5
.1

18
.0

08
3

.0
8–

.1
5

.1
19

.0
06

7
.0

9–
.1

4
−

.6
4

.5
2

Su
rf

ac
e 

ar
ea

 t
im

e 
2

.1
19

.0
14

.0
9–

.2
5

.1
20

.0
20

.0
9–

.2
5

.1
17

.0
08

3
.0

9–
.1

5
.1

9
.2

9

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2022 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Taylor et al. Page 20

F
ul

l s
am

pl
e

Si
te

 1
Si

te
 2

C
om

pa
ri

so
n

V
ar

ia
bl

e
N

%
N

%
N

%
χ

2
p

Su
rf

ac
e 

ar
ea

 t
im

e 
3

.1
18

.0
11

.0
9–

.1
7

.1
17

.0
09

5
.1

0–
.1

4
.1

18
.0

01
2

.0
9–

.1
7

.9
9

.8
3

N
ot

e:
 C

hi
-s

qu
ar

e 
co

m
pa

ri
so

ns
 c

om
pa

re
 c

ou
nt

-b
as

ed
 d

em
og

ra
ph

ic
 v

ar
ia

bl
es

 b
et

w
ee

n 
si

te
s,

 a
nd

 in
de

pe
nd

en
t s

am
pl

es
 t-

te
st

s 
co

m
pa

re
 m

ea
ns

 b
et

w
ee

n 
si

te
s 

fo
r 

co
nt

in
uo

us
 v

ar
ia

bl
es

 o
f 

in
te

re
st

. R
ep

or
te

d 
va

lu
es

 
fo

r 
an

xi
et

y,
 d

ep
re

ss
iv

e,
 a

nd
 p

os
ttr

au
m

at
ic

 s
tr

es
s 

sy
m

pt
om

s 
ar

e 
ba

se
d 

on
 r

aw
 s

co
re

s 
fr

om
 th

e 
se

lf
-r

ep
or

t T
SC

C
, w

ith
 a

 m
ax

im
um

 r
an

ge
 o

f 
0–

27
 f

or
 a

nx
ie

ty
, 0

–2
1 

fo
r 

de
pr

es
si

on
, a

nd
 0

–3
0 

fo
r 

po
st

tr
au

m
at

ic
 

st
re

ss
; “

C
or

tic
al

 T
hi

ck
ne

ss
” 

is
 th

e 
m

ea
n,

 g
lo

ba
l c

or
tic

al
 th

ic
kn

es
s 

m
ea

su
re

d 
w

ith
in

 e
ac

h 
ye

ar
 o

f 
th

e 
st

ud
y 

(i
.e

., 
tim

e 
1,

 2
 o

r 
3)

; “
Su

rf
ac

e 
A

re
a”

 is
 th

e 
to

ta
l s

ur
fa

ce
 a

re
a 

m
ea

su
re

d 
w

ith
in

 e
ac

h 
ye

ar
 o

f 
th

e 
st

ud
y,

 
co

rr
ec

te
d 

fo
r 

to
ta

l i
nt

ra
cr

an
ia

l v
ol

um
e 

pe
r 

pa
rt

ic
ip

an
t w

ith
in

 th
e 

sp
ec

if
ie

d 
ye

ar
; S

ex
, r

ac
e,

 a
nd

 e
th

ni
ci

ty
 v

ar
ia

bl
es

 a
re

 r
ep

or
te

d 
ba

se
d 

on
 T

im
e 

1 
w

ith
 th

e 
co

m
pl

et
e 

sa
m

pl
e.

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2022 October 01.


	Abstract
	Introduction
	Method
	Participants
	Psychological Measures
	Structural MRI Acquisition and Processing
	Statistical Analysis
	Additional exploratory analyses.
	Missing data.


	Results
	Descriptive Statistics
	LGCM Results for Cortical Thickness

	Discussion
	References
	Figure 1.
	Figure 2
	Figure 3.
	Figure 4.
	Table 1.

