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Abstract

Background: A decline in cortical thickness during early life appears to be a normal 

neuromaturational process. Accelerated cortical thinning has been linked with conversion to 

psychosis among individuals at clinical high-risk for psychosis (CHR-P). Previous research 

indicates that exposure to life event stress (LES) is associated with exaggerated cortical thinning 

in both healthy and clinical populations, and LES is also linked with conversion to psychosis in 

CHR-P. To date, there are no reports on the relationship of LES with cortical thickness in CHR-P. 

The present study examines this relationship and whether LES is linked with cortical thinning to 

a greater degree in CHR-P who convert to psychosis compared to CHR-P who do not convert and 

healthy controls.
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Methods: Controlling for age and gender (364 male, 262 female), the present study examined 

associations between LES and baseline cortical thickness in 436 CHR-P (375 non-converters and 

61 converters) and 190 comparison subjects in the North American Prodrome Longitudinal Study.

Results: Findings indicate that pre-baseline cumulative LES is associated with reduced baseline 

cortical thickness in several regions among the CHR-P and control groups. Evidence suggests that 

LES is a risk factor for thinner cortex to the same extent across diagnostic groups, while CHR-P 

status is linked with thinner cortex in select regions after accounting for LES.

Conclusions: This research provides additional evidence to support the role of LES in cortical 

thinning in both healthy youth and those at CHR-P. Potential underlying mechanisms of the 

findings and implications for future research are discussed.
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Introduction

Chronic or repeated exposure to stress is assumed to be associated with psychotic symptoms 

and risk for psychotic disorders (1–4). Individuals deemed at clinical high-risk for psychosis 

(CHR-P), based on structured measures for the assessment of psychosis-risk syndromes, 

report more life event stress (LES) than healthy comparison subjects (5–8). Consistent 

with the notion that LES plays a role in triggering psychosis, there is also evidence 

from prospective studies that stress exposure is linked with increased risk of subsequently 

developing a psychotic disorder (9–11). While the scientific study of stress has burgeoned, 

it has also become more apparent that its adverse effects are nonspecific; stress is associated 

with increased risk for a range of psychiatric disorders, declines in physical health, and 

decreased levels of functioning in healthy individuals (12).

Potential neurobiological mediators of the adverse effects of stress have been documented 

in both animal and human research. Included among these are alterations in the 

immune system response, gonadal hormone levels, and brain structure and function (13). 

Animal research has demonstrated stress-induced dendritic spine remodeling (14, 15) 

and hypothalamic-pituitary-adrenal (HPA) axis dysfunction in structural abnormalities in 

the hippocampus and medial prefrontal cortex (16, 17). Dysregulation of the HPA axis, 

modulated, in part, by negative feedback via glucocorticoid (e.g., cortisol in humans) 

receptors in the hippocampus, amygdala, and prefrontal cortex, is also associated with the 

emergence of psychosis (18). More broadly, studies of humans suggest that both acute and 

chronically high levels of stress exposure are linked to atrophy of dendrites and suppression 

of neurogenesis (19).

Research with humans has also revealed associations of regional brain morphology 

with LES, and it appears that stress can alter the anticipated trajectory of cortical 

development (20). In particular, cortical thickness, partially reflecting the number of 

cells within organizational columns in the brain, decreases linearly with age and shows 

accelerated reductions during adolescence and young adulthood, in conjunction with 
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ongoing myelination, synaptic pruning, and pubertal changes (21–25). Although the neural 

mechanisms of aberrant cortical thinning are not fully known, prior work has demonstrated 

an inverse relation between persistent stress and/or trauma exposure and cortical thickness 

in studies of both healthy and clinical samples, including patients with PTSD (26), 

schizophrenia (27), adolescents exposed to maltreatment (28), and infants exposed to pain 

(29). Independent of stress or trauma exposure, increased cortical thinning is implicated 

in several psychiatric conditions, including ADHD (30), major depressive disorder (31), 

bipolar disorder (32), and psychosis (33).

In the case of psychotic disorders, there is evidence that atypical cortical thinning predates 

the onset of clinical symptoms of psychosis. Cross-sectional investigations of individuals at 

CHR-P have shown significantly reduced cortical thickness in CHR-P compared to healthy 

controls (HC) in frontal, temporal and parietal regions, with even greater reductions in 

thickness in these and other regions in chronic schizophrenia relative to CHR-P (34–36; but 

see 37, 38). In one of the largest longitudinal studies of individuals at CHR-P, the North 

American Prodrome Longitudinal Study (NAPLS 2), CHR-P subjects who subsequently 

developed psychosis showed a steeper rate of gray matter loss, especially in the right 

superior frontal, middle frontal, and medial orbitofrontal cortex, when compared with HC 

and CHR-P subjects who did not convert to psychosis (39). Although the determinants 

of accelerated declines in cortical thickness in the prodrome to psychoses have not been 

fully established (40, 41), genetic influences on cortical thickness have been demonstrated 

(42–44), and there is evidence that cortical thinning is sensitive to environmental exposures 

(45, 46). In individuals with schizophrenia and bipolar disorder, research has found that 

both a global index of environmental risk (e.g., adversity, cannabis use) and genetic risk for 

schizophrenia are associated with global cortical thinning (47).

Diathesis-stress models have dominated theorizing about the etiology of psychotic illnesses, 

with recent models assuming that a confluence of brain vulnerabilities, stress, and 

neuromaturational processes give rise to psychosis (48, 49). Thus, the accelerated declines in 

cortical thickness observed in CHR-P may partially reflect the effect of stress exposure. This 

study extends prior work from NAPLS 2 to test the hypothesis that pre-baseline cumulative 

LES is inversely associated with cortical thickness in HC and CHR-P. Given that this is the 

first study to examine the potential influence of LES on cortical thickness in individuals 

at CHR-P, we have no a priori hypotheses concerning specific cortical regions which may 

be associated with LES. Moreover, given evidence that LES is inversely associated with 

cortical thickness in both healthy and clinical populations (26–29), we do not anticipate an 

interaction between diagnostic group and LES in predicting cortical thickness.

Methods and Materials

Sample

The present sample included participants between the ages of 12 and 30 years from 

the second phase of the multi-site NAPLS study (50). The participants included were 

those who had completed a magnetic resonance imaging (MRI) scan with a T1-weighted 

structural image that passed quality assurance metrics and the Psychiatric Epidemiology 

Research Interview Life Events Scale (51) at baseline. Using the criterion of < 5% missing 
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item responses, N = 626 had total LES scores and usable MRI data. Specifically, this 

sample included 190 HC, 375 non-converters (CHR-NC; those who demonstrated attenuated 

psychotic symptoms at baseline but did not convert to psychotic disorder by completion of 

the two-year follow-up) and 61 converters (CHR-C; those who had clinical symptoms of 

psychosis by completion of the study). The aims, recruitment methods, and inclusion criteria 

for NAPLS 2 have been described elsewhere (50, 52), and demographic characteristics of 

this sample are presented in Table 1.

Briefly, all CHR-NC participants in the present study met criteria for attenuated psychotic 

symptom syndrome (APSS) on the Structured Interview for Psychosis Risk Syndromes 

(v5.6, 2014) (SIPS). All CHR-C participants in the present study met criteria for a score of 

“6” (i.e., severe and psychotic) on at least one positive symptom subscale of the SIPS at the 

two-year follow-up. All participants provided consent (or parental assent where appropriate) 

in accordance with relevant guidelines and regulations at the eight participating sites of the 

NAPLS 2 consortia.

Magnetic Resonance Imaging (MRI) Acquisition and Processing

High-resolution, T1-weighted brain images were acquired using 3T scanners at the eight 

participating sites of NAPLS 2. Details regarding data quality assurance and preprocessing 

procedures have been described in detail in previous reports (53, 54). Surface-based 

measures of cortical thickness are reliable across MRI scanners used in this study (53). T1-

weighted MRI scans for 626 participants were processed through a structural MRI pipeline 

using FreeSurfer version 5.2 (55). This process involves extracting surface-based thickness 

measures from each scan by calculating the shortest distance from each point on the gray to 

white matter boundary to the pial surface of each cortical vertex (56). Participants’ thickness 

data was resampled to an average subject space (fsaverage5 containing 10,242 vertices per 

hemisphere) and a 10mm full-width half maximum (FWHM) smoothing kernel was applied, 

a smoothing level previously shown to balance sensitivity and specificity while minimizing 

false discovery proportion (57).

Statistical Analyses

To determine if—and where—a relationship between the variables of interest and cortical 

thickness is localized to specific cortical areas, vertex-level analyses were conducted. 

A hierarchical linear regression model was used to examine the additive effects of the 

following blocks of variables on cortical thickness: 1) age and gender, 2) LES, 3) diagnostic 

group, coded as an ordinal variable (0 = HC, 1 = CHR-NC, 2 = CHR-C), and 4) the 

interaction of LES and diagnostic group. Variables in each block were added to those 

already present in the model from prior blocks, and all analyses included MRI scanner as a 

covariate. Permutation-based linear modeling using FSL PALM software (58), a MATLAB-

based package, was used to calculate associations between the variables of interest and 

vertex-level cortical thickness using 1,000 permutations. Threshold-free cluster enhancement 

(TFCE), an image enhancement and thresholding technique (59), was applied to raw 

statistical images to produce maps that represent spatial clustering of cortical thickness 

effects. All results were corrected for multiple comparisons across vertices and hemispheres 

using family-wise error correction built into FSL PALM.
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Additional analyses were conducted to unpack the interaction between LES and diagnostic 

group in the single region in which the interaction term was significant (discussed below). 

Specifically, the mean thickness across vertices reaching significance in this analysis 

was calculated for each participant, and the correlation between thickness and LES was 

calculated separately for each diagnostic group using built-in statistical packages in R 

version 3.5.3.

After observing a significant main effect of gender on cortical thickness in several regions, 

post-hoc analyses were conducted to assess two-way and three-way interactions with gender 

by including the interaction of LES and gender, diagnostic group and gender, and the 

interaction between all three of these variables in a fifth block in the hierarchical linear 

regression model.

In addition, after observing significant associations between LES and cortical thickness 

across groups, a post-hoc mediation analysis (with scanner, age, and gender as covariates) 

explored whether cortical thickness in areas of the brain significantly associated with LES 

at baseline (M) partially mediates the association between pre-baseline cumulative LES 

(X) and diagnostic outcome (Y). The ordering of X, M, and Y was selected according 

to a robust literature regarding the influence of stress on brain structure (14–19) and 

psychiatric illness (9–11), as well as prior work indicating that accelerations in cortical 

thinning predate psychosis onset (34–36, 39). Mediation analyses were conducted in R 

using the mediation package (60). Significance was assessed using 95% confidence intervals 

based on non-parametric bootstrapping using 10,000 permutations. Sensitivity analyses were 

conducted to assess the assumption of sequential ignorability inherent in causal mediation 

and are reported in Supplemental materials.

Stress Measure

Lifetime events (e.g., end of a romantic relationship, death of loved one) were assessed via 

the Life Events Scale (51), modified to exclude events of lesser relevance to youth (e.g., 

getting divorced) (10). Participants indicated whether they had experienced each stressor 

and the level of distress elicited by each endorsed event (scored on a 7-point scale where 1 

= “no stress” and 7 = “caused me to panic”). Participants could report multiple exposures 

to the same event. A cumulative LES score was calculated by summing the rankings of 

perceived stress across all events experienced over the lifespan. This measure of cumulative 

LES was used because previous analyses showed it was more predictive of CHR-P transition 

to psychosis than the total count of stressful events (10).

Results

Demographic characteristics for each diagnostic group are presented in Table 1, and inter-

correlations among continuous variables of interest are presented in Table 2. There was 

no significant association between gender and diagnostic group, χ2 = 4.18, p = .12. 

Independent samples t-tests were conducted for continuous measures and gender; there was 

no significant difference in age (t = − 1.10, p = .27) or LES score (t = − 1.61, p = .30) 

between the genders.
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Hierarchical linear regression was conducted using continuous (vertex-level) maps of 

cortical thickness, to determine if—and where—on the cortical surface there is a significant 

association between LES and cortical thickness at baseline. Main effects for age and gender 

were entered in the first block. Age was significantly inversely associated with thickness 

across the cortex (β = − .36 – − .03, tfce fwep < 0.05; Supplemental Figure 1a), consistent 

with previous reports (21, 22). Female gender was associated with greater thickness across 

a large area of frontal cortex including the superior frontal gyrus (β = .06 – .21, tfce 

fwep < 0.05; Supplemental Figure 1b), similar to prior work (61). Female gender was also 

associated with thinner cortex in a small portion of bilateral temporal cortex (β = −.25 – 

−.09, tfce fwep < 0.05), particularly the right lateral temporal lobe, as observed in prior work 

(62).

LES was entered in the second block of the regression model and was significantly inversely 

associated with thickness of superior and middle temporal cortex bilaterally, as well as 

additional aspects of temporal, parietal, occipital, and orbitofrontal cortex in the right 

hemisphere including the parahippocampal gyrus and inferior frontal gyrus (β = − .15 

– − .04, tfce fwep < 0.05; Figure 1a). In order to determine whether diagnostic group 

contributed to prediction after accounting for stress, it was dummy-coded and entered in the 

third block as an ordinal variable (0 = HC, 1 = CHR-NC, 2 = CHR-C). Diagnostic group 

was significantly inversely associated with thickness across much of parietal, temporal, and 

occipital cortex bilaterally, as well as aspects of the left anterior insula (β = − .17 – − .04, 

fwep < 0.05; Figure 1b).

An interaction term for diagnostic group by LES was tested and entered in a fourth block 

of the regression. The interaction term was significantly associated with thickness in the 

left superior frontal cortex (β = 0.06 – 0.16, tfce fwep < 0.05; Figure 1c). Inter-correlations 

between LES and left superior frontal thickness, conducted separately by group, revealed 

significant inverse correlations between LES and left superior frontal thickness in HC (r = 

− .30, p < .01) and CHR-NC (r = − .18, p < .01); there was a positive relation in CHR-C (r 
= .31, p < 0.05). The group by LES interaction term did not reach significance in any other 

cortical area.

Areas of cortex associated with LES overlapped partially with those associated with 

diagnostic group, particularly in the right lateral temporal and occipital cortex and left 

lateral anterior temporal lobe (Figure 2). One possible explanation for this finding is that 

LES contributes to cortical thinning in brain areas associated with diagnostic outcomes. To 

begin to assess this possibility, a mediation analysis was conducted to determine if cortical 

thickness in areas significantly associated with LES partially mediates associations between 

LES and diagnostic group. The mean thickness across vertices shown to be associated 

with LES in both hemispheres (Figure 1a) was calculated for each participant. Cortical 

thickness among vertices significantly associated with LES were shown to partially mediate 

associations between LES and diagnostic group (c/c’ = 0.15/ 0.13, indirect effect = 0.014, 

95% CI = [0.005, 0.03], all p-values < 0.001), indicating that cortical thickness may be a 

biomarker through which LES is associated with diagnostic group. See Supplemental Figure 

2 for a sensitivity analysis of causal mediation effects.
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In addition, after observing a significant main effect of gender, and given known differences 

in stress reactivity (63, 64), cortical thinning (65, 66), and outcomes related to CHR-P (67, 

68) between the genders, two-way and three-way interactions between gender, LES, and 

diagnostic group were entered and tested in a fifth block of the regression. All relationships 

between interaction terms and cortical thickness were insignificant (Supplemental Figure 3).

Discussion

Abnormalities in cortical thickness have been observed in a number of psychiatric 

conditions (39–41), and a great deal of research has focused on variables that moderate 

deviations in normative trajectories of neurodevelopment (4, 25, 69, 70). The present 

research extends prior work by demonstrating that cortical thickness at baseline is related 

to pre-baseline cumulative LES in both healthy and CHR-P youth. These findings are 

consistent with previous reports indicating adverse effects of stress on brain morphology in 

both healthy and clinical populations (13, 71, 72).

In addition, several of the brain areas in which lower thickness was significantly associated 

with higher LES in this report have previously been identified as sensitive to the effects of 

cumulative LES. Longitudinal work examining relations between regional brain morphology 

and stress has found reduced orbitofrontal thickness (a brain region involved in decision-

making) in adulthood to be associated with greater self-reported LES from infancy to 

adolescence (73). Other work has found an association between exposure to chronic stress 

(i.e., child abuse) and reduced thickness in right orbitofrontal cortex and inferior frontal 

gyrus, as well as bilateral parahippocampal cortex and temporal areas involved in learning 

and memory, auditory and visual function, in adolescents (28). Additionally, associations 

between allostatic load (i.e., a quantified index of multiple stress indicators) and reduced 

inferior parietal thickness (involved in somatosensory and visual-spatial functions) have 

been observed in both control subjects and patients with schizophrenia (4).

This study is the first to examine an association between LES and cortical thickness in 

CHR-P, and to test if LES and diagnostic group interact to predict cortical thickness. The 

lack of a significant interaction term (with exception of an unexpected interaction in left 

superior frontal cortex, discussed below) supports our hypothesis that LES is inversely 

associated with cortical thickness proportionately across groups. This is consistent with 

evidence suggesting that LES is a nonspecific risk factor for aberrant cortical thinning (4, 

26–29, 73).

Indeed, in the present study, higher LES was significantly associated with reduced right 

orbitofrontal thickness, a region which showed accelerated reductions in thickness in 

CHR-C subjects in prior work from NAPLS 2 (39). However, diagnostic group did not 

predict orbitofrontal thickness after accounting for LES in the present study. Relatedly, 

thickness reductions in the parahippocampal gyrus have previously been demonstrated 

in CHR-P (74); however, in the present study, the association between parahippocampal 

thickness and diagnostic group was insignificant after accounting for LES (Figure 1b). 

These findings suggest that lower thickness in these areas may be better explained by stress 
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exposure, although further research is needed to replicate these findings and elucidate where 

reductions in cortical thickness are better accounted for by LES versus diagnostic group.

Results of this study extend prior work indicating greater thickness reductions in parietal 

and temporal areas in CHR-P individuals than in HC (34, 36). Cortical thickness in 

brain areas significantly associated with LES partially mediated the association between 

LES and diagnostic group, and while our mediation analysis was speculative, results 

may suggest that LES impacts clinical outcomes in part through changing underlying 

brain morphology. Especially given the high sensitivity of mediation effects (Supplemental 

Figure 2), longitudinal work testing temporal precedence among LES, brain morphological 

changes, and clinical outcomes is needed.

Indeed, while it cannot be ruled out that reduced cortical thickness reflects a pre-baseline 

vulnerability that increases the likelihood of stress exposure or reactivity to stress (75), 

animal research indicates that stress exposure does have the potential to alter brain structure 

(76, 77), and studies of humans have identified associations between previous stress 

exposure and alterations in brain morphology (19, 20). Stress-induced HPA activation 

figures prominently in these processes. Glucocorticoids act as anti-inflammatory hormones 

under homeostatic conditions, but under conditions of prolonged stress, pro-inflammatory 

mechanisms and pathological processes may be triggered (13, 63, 78). In particular, it has 

been suggested that levels of brain-derived neurotrophic factor, important for the growth 

and differentiation of neurons, are suppressed when the inflammatory system is activated, 

leading to cognitive deficits and brain abnormalities (19, 49, 79). Given that cortical 

thickness partially reflects cell density (22, 80), and prolonged exposure to glucocorticoids 

may suppress neurogenesis (49), it is possible that prolonged stress conditions and cortisol 

release amplify normative levels of endogenous cortisol (81, 82) and suppress neurogenesis. 

Cellular processes including reduced neurogenesis are believed to present as exaggerated 

thinning of the cortex (22, 80) as observed at baseline in the present study.

The finding of a significant interaction between diagnostic group and LES in thickness 

of the left superior frontal cortex should be interpreted with caution in the present study. 

Examination of this interaction revealed significant, inverse associations, as anticipated, 

between LES and left superior frontal thickness in HC and CHR-NC, and a significant 

positive association in CHR-C. One possible explanation for this finding is that the CHR-

C group was more likely to be on antipsychotic medication at baseline (39, 83). There 

is evidence that cumulative doses of second-generation antipsychotics increase cortical 

thickness in frontal regions; however, first-generation antipsychotics have been shown 

to reduce cortical thickness (84, 85). It is possible that second-generation antipsychotic 

medication reduces declines in cortical thickness which could contribute to the association 

between LES and left superior frontal thickness in CHR-C. We are underpowered to 

examine medication effects on cortical thickness (n = 6 CHR-C subjects were on 

antipsychotic medication at baseline), though supplemental analyses indicated that excluding 

participants who were prescribed antipsychotic medications did not change the observed 

interaction results (Supplemental Figure 4). Though interaction results in this report do 

not appear to be driven by antipsychotic medication use, further research is needed to 
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examine whether first- and second-generation antipsychotics have discrete effects on cortical 

thickness in CHR-P.

In addition, while we observed a main effect of gender on thickness in frontal and temporal 

regions, consistent with prior work (62, 63), we did not observe an interaction between 

gender and LES, gender and diagnostic group, or all three of these variables. Future research 

examining the complex interplay among these variables should consider the potential roles 

of gonadal hormones (25, 66) and endogenous glucocorticoids (14, 64), given their putative 

roles in cortical thinning and differences between the genders.

The present study has several limitations. First, this is a cross-sectional examination of 

a dynamic phenomenon (i.e., cortical thinning) which precludes firm conclusions about 

causal direction; i.e., whether LES precipitates reduced cortical thickness or reduced cortical 

thickness is a pre-existing characteristic influencing how individuals respond to stress. It 

is likely that the relation is bidirectional. Recent cross-sectional work has demonstrated 

that greater thickness in cortical regions associated with stress and emotional processing 

is associated with greater psychological resilience (75), and reduced prefrontal cortical 

thickness is associated with greater emotional (e.g., amygdalar) reactivity (86). In addition, 

given evidence that cortical thickness relates to both genetic and environmental variables 

(47, 87), elucidating the respective contributions of such variables to aberrant cortical 

thinning is an important area for future research. Prior research also suggests that psychosis 

risk prediction is optimized when other factors, such as neurocognitive function, symptom 

severity, and genetic risk, are considered (10, 88). Longitudinal examination of the relations 

among these factors and other indications of psychological health in youth at CHR-P and 

comparison subjects (e.g., stress, trauma, medication use, brain morphology) are warranted. 

For example, it is possible that stressful experiences are associated with greater impulsivity 

among CHR-P, as has been found among individuals with a trauma history (89), potentially 

leading to greater substance use or other behaviors that influence brain structure. In addition, 

it cannot be ruled out that the CHR-C group in the present study included individuals with a 

relatively favorable prognosis given that CHR-P subjects were recruited from a help-seeking 

population (50, 52). As such, CHR-P participants in the present study may have higher 

insight, greater social support, etc., than the general population of CHR-P. This may have 

dampened our capacity to detect differential effects of LES on cortical thickness between 

CHR-NC and CHR-C. Finally, research in this area should examine interactions between 

developmental stage and brain abnormalities. In particular, normative HPA axis activation 

and heightened levels of endogenous glucocorticoids render adolescence a developmental 

period particularly vulnerable to environmental stress (90, 91). There is evidence that the 

adverse effects of stress exposure are more pronounced in adolescence than in adulthood 

(92–94); relatedly, some research suggests that genetic influences on cortical thickness are 

dependent on age (42, 95).

In conclusion, this is the first study to examine the relation between LES and cortical 

thickness in CHR-P. With exception of an interaction between diagnostic group and LES 

in left superior frontal thickness, the findings indicate that the adverse effects of LES are 

nonspecific; LES was associated with reduced cortical thickness in both HC and CHR-P 

groups in bilateral superior and middle temporal cortex, as well as additional aspects of 
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temporal, parietal, occipital, and orbitofrontal cortex in the right hemisphere. Moreover, 

LES accounted for significant thickness reductions in temporal, parietal, orbitofrontal, 

and parahippocampal regions previously associated with CHR-P in studies that did not 

test for effects of LES (34–38). Given the considerable overlap between brain regions 

demonstrating thickness reductions associated with LES and diagnostic group in this and 

prior work, further research is needed to elucidate the relationships among these variables in 

contributing to deviations in brain morphology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Life event stress (LES) is inversely correlated with cortical thickness in bilateral superior 

and middle temporal cortex, as well as right OFC, IFG, and parahippocampal gyrus, as 

discussed in the text (β = − .15 – − .04, tfce fwep < 0.05). Map indicates the effects of 

LES on thickness after controlling for age, gender, and MRI scanner. B) Individuals in the 

CHR-P group exhibit lower cortical thickness, particularly in bilateral temporal, occipital, 

and parietal areas (β = − .17 – − .04, tfce fwep < 0.05). Map indicates the effect of 

diagnostic group (0 = HC, 1 = CHR-NC, 2 = CHR-C) on thickness after controlling for 

age, gender, LES, and MRI scanner. C) An interaction between diagnostic group and LES 

reached significance in left superior frontal cortex (β = 0.06 – 0.16, tfce fwep < 0.05), 

as discussed in the text. Map indicates the LES and diagnostic group interaction effect on 
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cortical thickness after controlling for main effects of each, as well as age, gender, and 

MRI scanner. fwep = family wise error corrected p-value; tcfe = threshold free cluster 
enhancement; OFC = orbitofrontal cortex; IFG = inferior frontal gyrus.
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Figure 2. 
LES and diagnostic group are both associated with thinner cortex in several of the same 

cortical areas, including right lateral occipital and temporal cortex and the left lateral 

anterior temporal lobe. Conjunction map indicates vertices (shown in blue) which are 

sensitive to both LES (Figure 1a) and diagnostic group (Figure 1b), separately.
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Table 1.

Demographic Characteristics

Characteristic HC (n = 190) CHR-NC (n = 
375)

CHR-C (n = 
61)

Statistical Test for 
Significance (2-Tailed)

P value Post Hoc 
Tukey Test

Age, mean (SD), range 20.8 (4.6), 12 
– 34

19.2 (3.9), 12 – 
34

18.7 (3.6), 12 – 
28

F = 10.6 < .001 HC > CHR-
NC, CHR-C

Male gender, No. (%) 101 (53.2) 224 (59.7) 39 (63.9) χ2 = 3.2 .21 NA

Education level, mean 
(SD)

13.1 (3.6) 11.5 (2.8) 11.3 (2.6) F = 18.6 < .001 HC > CHR-
NC, CHR-C

Paternal education score, 
mean (SD)

6.5 (1.6) 6.3 (1.7) 6.4 (1.8) F = .97 .38 NA

Maternal education 
score, mean (SD)

6.7 (1.5) 6.3 (1.6) 6.6 (1.7) F = 4.2 .01 CHR-NC < 
HC, CHR-C

Race/ethnicity, No. (%)

 White 107 (56.3) 224 (59.7) 32 (52.5) χ2 = 1.5 .48 NA

 Hispanic or Latino 28 (14.7) 69 (18.4) 9 (14.8) χ2 = 1.4 .49 NA

 Black 35 (18.4) 58 (15.5) 9 (14.8) χ2 = 93 .63 NA

 Asian 22 (11.6) 22 (5.9) 7 (11.5) χ2 = 6.4 .06 NA

 First Nations 4 (2.1) 7 (1.9) 1 (1.6) χ2 = .07 .97 NA

 Multiracial 14 (7.4) 40 (10.7) 9 (14.8) χ2 = 3.2 .21 NA

 LES, mean (SD) 57.9 (37.1) 104.5 (133.0) 107.2 (100.8) F = 12.1 < .001 HC < CHR-
NC, CHR-C
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Table 2.

Two-tailed bivariate Pearson correlations among continuous predictors, by diagnostic group, with significant 

correlations flagged at p = .01*

Age LES

Healthy Controls (n = 190)

 Age .35*

 LES .35*

Non-converters (n = 375)

 Age .28*

 LES .28*

Converters (n = 61)

 Age .36*

 LES .36*
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