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ARTICLE INFO ABSTRACT
Keywords: Individuals face discrimination based on characteristics including race/ethnicity, gender, age, and disability.
Discrimination Discriminatory experiences (DE) are associated with poor psychological health in the general population and

Social adversity

Cortical thickness
Neurodevelopmental trajectory
Clinical high risk for psychosis
Anxiety

with worse outcomes among individuals at clinical high risk for psychosis (CHR). Though the brain is sensitive to
stress, and brain structural change is a well-documented precursor to psychosis, potential relationships between
DE and brain structure among CHR or healthy individuals are not known. This report assessed whether lifetime
DE are associated with cortical thinning and clinical outcomes across time, after controlling for discrimination-
related demographic factors among CHR individuals who ultimately do (N = 57) and do not convert to psychosis
(N = 451), and healthy comparison (N = 208) participants in the North American Prodrome Longitudinal Study
2. Results indicate that DE are associated with thinner cortex across time in several cortical areas. Thickness in
several right hemisphere regions partially mediates associations between DE and subsequent anxiety symptoms,
but not attenuated positive symptoms of psychosis. This report provides the first evidence to date of an asso-
ciation between DE and brain structure in both CHR and healthy comparison individuals. Results also suggest
that thinner cortex across time in areas linked with DE may partially explain associations between DE and cross-
diagnostic indicators of psychological distress.

1. Introduction Kessler et al., 1999; LaVeist et al., 2003; Lee et al., 2019; Pérez et al.,
2008; Thoits, 2010). Discrimination may act as an uncontrollable and

Discrimination constitutes unfair or unjust treatment on the basis of unpredictable stressor that strains psychological resources and coping

a personal characteristic that is stigmatized, including race/ethnicity, mechanisms, thereby compromising psychological well-being (Groll-
gender, sexual orientation, appearance, religion, and disability (Brown man, 2012; Pascoe and Richman, 2009; Sanders-Phillips et al., 2009;
et al., 2000; Carr and Friedman, 2005; Hatch and Dohrenwend, 2007; Williams and Mohammed, 2009) and contributing to worse physical and
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psychological health (Brody et al., 2012; Everett et al., 2016; Kessler
et al., 1999; Pascoe and Richman, 2009; Pearce et al., 2019; Schmitt
et al., 2014; Williams et al., 2003; Williams and Mohammed, 2009).
Furthermore, discrimination appears to remain associated with adverse
mental health outcomes after considering other life stressors (Thoits,
2010; Williams et al., 2003).

Prior work indicates that discriminatory experiences (DE), often
called perceived discrimination,” are associated with the severity and/or
frequency of psychotic and psychotic-like experiences (Berg et al., 2011;
Pearce et al., 2019; Shaikh et al., 2016). Among clinical high risk (CHR)
participants in the North American Prodrome Longitudinal Study 2
(NAPLS2), prior work has identified associations between DE and
negative schemas about oneself and others (Saleem et al., 2014), and
between DE and attenuated positive symptoms (APS; Stowkowy et al.,
2016). Though CHR participants reported significantly more DE,
bullying, and other forms of trauma compared with healthy comparison
(HC) participants, only DE predicted later conversion to psychosis
(Stowkowy et al., 2016). A well-documented diagnostic bias towards
racial and ethnic minorities (Schwartz and Blankenship, 2014) may
partially account for associations between DE and psychotic-like
symptoms, though these associations are also present in studies
involving participants from the same racial/ethnic background (Combs
etal., 2006; Oh et al., 2014), and in studies assessing DE based on factors
aside from race/ethnicity (Gevonden et al., 2015; Rippy and Newman,
2006). Furthermore, although CHR participants may self-report more
DE as a result of clinically-elevated paranoia, prior work indicates that
self-reported DE are more strongly associated with non-clinical paranoia
compared with clinically-significant paranoid symptoms (Combs et al.,
2006; Rippy and Newman, 2006).

Subthreshold psychotic experiences are typically transitory and only
develop into a psychotic disorder in a small proportion of cases, and thus
may be best conceptualized as a continuum of attenuated positive,
negative, and affective symptoms (e.g. depression, anxiety) (Stefanis
et al., 2002; Van Os et al., 2009; Wigman et al., 2012). Social adversity
and/or genetic vulnerability can cause symptoms to become abnormally
persistent and impairing and lead to a poor prognosis in the form of a
psychotic disorder or non-remitting subclinical symptoms (Van Os et al.,
2009). Within the domain of affective symptoms, anxiety disorders are
prominent among CHR individuals (Addington et al., 2011; Woods et al.,
2009), and 51% of CHR participants in the NAPLS2 study met criteria for
at least one anxiety disorder (McAusland et al., 2017). Though not
associated with increased conversion risk, anxiety symptoms often cause
more subjective distress than subthreshold psychotic symptoms (Fusar-
Poli et al., 2014; Haroun et al., 2006; Hartley et al., 2013; Huppert and
Smith, 2005; Lim et al., 2015; McAusland et al., 2017; Schlosser et al.,
2012). DE have been linked with transdiagnostic psychiatric symptoms
including anxiety, low mood, and low self-esteem (Kessler et al., 1999;
Pascoe and Richman, 2009; Williams and Mohammed, 2009). There-
fore, investigating links among DE and both anxiety and APS is impor-
tant for understanding outcomes among CHR individuals, given that
anxiety may be understood as a general risk indicator of persistent or
worsening psychopathology, whereas APS are specific risk indicators of
persistent or worsening core psychotic symptoms.

An important question remains regarding how neural mechanisms
may link DE to illness outcomes. Brain structure is sensitive to envi-
ronmental inputs including stress due to social adversity (McEwen,
2012; McEwen and Gianaros, 2010), and contributes to cognitive and
psychological functioning in psychotic illness (Antonova et al., 2004)
and other psychiatric conditions (Blakemore and Choudhury, 2006;
Goodkind et al., 2015). Many studies to date have examined cortical

# To avoid inadvertently communicating a dichotomy between perceived and
“actual” discrimination, authors of this report prefer the term discriminatory
experiences to perceived discrimination, while acknowledging that the latter term
is widely used and accepted in the literature cited.
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volume as an index of brain structure, though its component
parts—cortical thickness and surface area—are genetically, develop-
mentally, and evolutionarily distinct (Panizzon et al., 2009; Rakic, 1995;
Raznahan et al., 2011; Wierenga et al., 2014). Specifically, cortical
thickness is a commonly used anatomical measure shown to index
neuronal density, cytoarchitecture, and hierarchical organization of the
cortex (Cahalane et al., 2012; Valk et al., 2020; Wagstyl et al., 2015).
Developmental trajectories of neuroanatomical change are often a better
marker of maturation or pathology than measures of brain structure at
any one time point (Giedd and Rapoport, 2010; Gogtay et al., 2011). Of
relevance to this report, aberrant neuromaturational changes during
adolescence and young adulthood may play a role in psychotic illness
onset (Borgwardt et al., 2008; Cannon et al., 2015; Pantelis et al., 2003;
Sun et al., 2009; Takahashi et al., 2009a, 2009b; Ziermans et al., 2012).
These prior studies have identified gray matter loss in widespread areas
of the temporal, frontal, and parietal cortex associated with conversion
to psychosis. In particular, progressive cortical volume decrease in the
right superior frontal, middle frontal, and medial orbitofrontal cortex
predicts conversion among participants in the NAPLS2 cohort (Cannon
et al., 2015). Thus, DE could contribute to risk for conversion or other
outcomes by acting as a catalyst for brain structural changes that
contribute to psychotic and/or other psychiatric illnesses.

DE may influence brain structure via stress-related signaling cas-
cades. Social defeat theory (Bjorkqvist, 2001) describes how being an
outsider in one’s social environment (e.g. experiencing stigma) induces
chronic stress and prolonged threat, which in turn cause hypothalamic-
pituitary-adrenocortical (HPA) axis activation (McEwen, 2012). Stress
exposure triggers glucocorticoid secretion (cortisol in humans), which
governs the responsiveness of the HPA axis to stress (Lupien et al.,
2009). Glucocorticoids are key for dendritic and axonal remodeling
(Meyer, 1983), and they significantly alter neuronal maturation through
impacting neuronal structure, synapse formation, and myelination, and
delaying neurogenesis (Seckl, 2008). These same processes are hy-
pothesized to be involved in determining cortical thickness in humans
(Cahalane et al., 2012; Valk et al., 2020; Wagstyl et al., 2015). Stress
sensitivity and stress-induced HPA axis activity is heightened during
adolescence and young adulthood (Lupien et al., 2009; Perlman et al.,
2007), providing a potential pathway through which DE could impact
brain structure during this developmental period. However, given that
DE remain uniquely associated with psychological health outcomes after
controlling for other stressors (Thoits, 2010; Williams et al., 2003), it
remains an open question whether associations between DE and brain
structure would follow patterns observed in studies of other types of
stress.

This report studied NAPLS2 CHR and HC participants who provided
information on lifetime DE and completed at least one magnetic reso-
nance imaging (MRI) scan. A first objective was to determine if DE
predict change over time in cortical thickness, and if demographic and
clinical factors associated with DE (e.g. gender, race/ethnicity, life
stress, clinical group, paranoia) and/or neuroanatomical change (e.g.
linear and nonlinear effects of age) moderate this relationship. Given
prior associations between social stress and brain structure among
clinical and non-clinical populations (Combs et al., 2006; Rippy and
Newman, 2006), we hypothesized that both CHR and HC participants
who experienced more DE would show steeper rates of cortical thinning
across time, even after accounting for participant characteristics that
covary with discrimination. A second objective was to determine if
cortical thickness in DE-sensitive brain areas partially mediated associ-
ations between DE and anxiety and/or APS, and how these relationships
are impacted by relevant participant characteristics. We hypothesized
that brain structure would partially mediate associations between DE
and the severity of both types of symptoms, and that mediation effects
would be stronger among stigmatized groups.
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2. Materials and methods
2.1. Subjects

Participants in NAPLS2 were evaluated at eight data collection sites
and provided consent/parental assent to participate in accordance with
Institutional Review Board-approved guidelines at each site. CHR par-
ticipants were help-seeking and either self-referred or were referred
through medical providers, educators, or social service agencies. All
CHR participants met the Criteria of Psychosis-Risk Syndromes (COPS;
McGlashan et al., 2010), assessed by the Structured Interview for
Psychosis-Risk Syndromes (SIPS). General exclusion criteria included a
lifetime history of meeting DSV-IV criteria for a psychotic disorder,
neurological disorder, substance dependence, or a full-scale IQ < 70. HC
participants were additionally excluded if they had a first-degree rela-
tive with a current or past psychotic disorder. Participant recruitment
and clinical assessments are described in detail elsewhere (Addington
et al., 2015).

Participants included in this report completed one (N = 312), two (N
= 234), or three (N = 170) MRI scans, which were typically completed at
baseline, 12-months, and 24-months. If a participant converted to psy-
chosis, as assessed by a treatment provider or a member of the study
team at a scheduled visit, they completed a final MRI scan at the time of
conversion. Exclusion criteria for this report are described in Supple-
mentary Methods. 716 participants met inclusion criteria, including 57
who ultimately converted to psychosis (CHR-C), 451 who did not
convert (CHR-NC), and 208 HC participants. Of these, 615 who
completed repeat assessments of the Scale of Psychosis-Risk Symptoms
(SOPS) and the Self-Rating Anxiety Scale (SAS) at least one month after
their initial imaging visit were included in mediation analyses (N = 45
CHR-C, 383 CHR-NC, and 187 HC). See Supplementary Table 1 for
participant demographics.

2.2. Procedures

2.2.1. Demographic information

Participants self-reported their age, gender, race, and ethnicity. All
participants reported their gender as either male or female. Participants
reported their ethnicity as Hispanic or non-Hispanic and reported their
racial background from one of 10 categories: First Nations, East Asian,
Southeast Asian, South Asian, Black, Central/South American, West/
Central Asia and Middle East, White, Native Hawaiian/Pacific Islander,
or Multiracial. Based on the sample sizes within each group, participant
race/ethnic was categorized as either non-Hispanic white (N = 371) or
as a racial minority and/or Hispanic (N = 345) for the purposes of this
report. Detailed information on the number of participants of each race
and ethnicity is provided in Supplementary Table 2.

2.2.2. Rating scales

DE were assessed at baseline using a modified self-report measure
(Janssen et al., 2003) in which participants reported lifetime discrimi-
nation due to skin color, ethnicity, gender, age, appearance, disability,
sexual orientation, religion, or other characteristics. Total DE scores
were calculated as the number of types of discrimination endorsed, with
possible scores ranging 0-9. The DE score distribution was right skewed
(Supplementary Fig. 1) and therefore scores were compressed to a 0-6
scale, with scores 7, 8, and 9 rescored to 6, to avoid heteroskedasticity in
regression analyses. Supplementary Table 3 shows the proportion of
participants who endorsed each type of discrimination.

The SAS is a self-report scale measuring anxiety that manifests as
motor, autonomic, cognitive, and central nervous system symptoms
(Zung, 1971). The SOPS is a 19-item scale embedded within the SIPS
(McGlashan et al., 2010) that assesses four domains of attenuated psy-
chotic symptoms—Positive, Negative, Disorganization, and General
Symptoms. Due to well-documented associations with DE, APS are
considered as outcome measures (Pl-unusual thought content/
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delusional ideas, P2-suspiciousness/persecutory ideas, P3-grandiose
ideas, P4-perceptual abnormalities, P5-disorganized communication).

Cumulative life events stress (LES) was considered as a moderator in
all analyses. LES scores were calculated by summing ratings of subjec-
tive stress across a modified list of events on the Life Events Scale
(Dohrenwend et al., 1978).

2.2.3. MRI processing and quality

MRI acquisition parameters, inter-scanner reliability estimates, and
quality control procedures are published in detail elsewhere (Cannon
et al., 2015). Briefly, in terms of reliability, eight healthy subjects (4
males, 4 females) were scanned twice on successive days at each of the
eight sites. Between-site and test-retest reliabilities were calculated
using intraclass correlations and reliability estimates were excellent
across scanners (Cannon et al., 2015). As part of NAPLS2 study design,
two high resolution MRI scans were obtained at each assessment time-
point for each subject; the better of the two images was selected through
visual inspection and underwent visual quality control to assess artifact
due to motion, skull strip errors, segmentation or intensity normaliza-
tion failures, white and pial surface misplacements, and topological
defects.

T1 structural MR images were processed with FreeSurfer v5.3." This
process involves automatic whole-brain segmentation and surface-based
cortical reconstruction in which surface-based thickness measures were
extracted from each scan by calculating the shortest distance from each
point on the gray/white matter boundary to the pial surface of each
cortical vertex (Fischl et al., 2002; Fischl and Dale, 2000). T1 images
were further processed using FreeSurfer’s longitudinal pipeline (Reuter
et al., 2012). This pipeline registers each MR image to an unbiased
within-subject template utilizing robust, inverse consistent registration
(Reuter et al., 2010), which increases statistical power for detecting
subtle changes in brain morphology over time (Reuter et al., 2012).
Participants’ thickness maps were resampled from native subject space
to a common space (fsaverage5) containing 10,242 vertices per hemi-
sphere and 15 mm full-width half-maximum (FWHM) smoothing was
applied, a level previously reported for surface-based analyses (Reuter
et al., 2015).

2.3. Statistical analyses

Vertex-wise cortical thickness was analyzed using a FreeSurfer
MATLAB toolbox designed for spatiotemporal linear mixed effects
(LME) modeling (Bernal-Rusiel et al., 2013a, 2013b). Initial discovery
analyses were conducted to determine the relationship between DE at
baseline and cortical thickness change over time. Briefly, a likelihood
ratio test was applied to compare a model with one random effect
(random subject-specific intercept) to one with two random effects
(random subject-specific intercept and random subject-specific slope).
DE, time in months from first scan, and scanner were included as fixed
effect predictors. The null hypothesis of no interaction between DE and
time was tested, and vertex-wise FDR correction was applied using a
built-in function in the FreeSurfer toolbox to correct for multiple com-
parisons across vertices and hemispheres. After determining that there is
not a significant interaction between DE and time, relationships between
DE and cortical thickness were further visualized at baseline and across
time. This was accomplished by plotting baseline cortical thickness
(averaged across all vertices significantly associated with DE) by the
number of discriminatory experiences, with a separate best fit line for
each clinical group, and by plotting cortical thickness across time, with a
separate best fit line for each number of DE (0-6).

Further analyses examined the effects of variables hypothesized to
moderate associations between DE and cortical thickness using a region
of interest (ROI) from each hemisphere comprised of vertices associated

b FreeSurfer can be accessed at: https://surfer.nmr.mgh.harvard.edu.
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with DE. These regions are hereafter referred to as the left ROI and right
ROI for simplicity. A separate region was evaluated per hemisphere,
given that FreeSurfer statistical analyses are performed separately by
hemisphere and there are well-documented functional differences be-
tween hemispheres (Esteves et al., 2021; Toga and Thompson, 2003). A
ROI approach was used for moderation and mediation analyses rather
than a vertex-wise approach to permit complex model fitting and com-
parison methods optimized for LME models. However, to establish if the
spatial pattern of effects differs when moderator variables known to
covary with DE and brain structure were considered, vertex-level LME
models including age, gender, race/ethnicity, and clinical group were
conducted in a supplementary analysis.

Separate LME analyses were conducted in R using the Ime4 package
(Bates et al., 2014) to assess whether the relationship between DE and
thickness in the left and right ROIs remained significant after accounting
for each of the following seven moderators: 1) age at first scan, 2) age?,
3) gender, 4) race/ethnicity (coded as non-Hispanic white vs. racial
minority and/or Hispanic), 5) clinical group (HC, CHR-NC, CHR-C), 6)
baseline LES, and 7) baseline paranoid thinking (P2 SOPS score). Age,
age?, gender, race/ethnicity, and clinical group were included as mod-
erators based on well-documented relationships with DE and/or cortical
thickness. Given that the typical developmental trajectory of cortical
thickness is nonlinear within the age range examined in this study
(12-36 years) (Giedd et al., 1999; Tamnes et al., 2017), non-linear age
effects were assessed by adding a term for age at baseline squared. To
assess whether DE and cortical thickness are associated after accounting
for other forms of stress, LES was included as a moderator. Finally,
baseline P2 SOPS scores were included as an additional moderator due
to the potential for a bidirectional relationship between DE and para-
noia. All models included time from baseline and MRI scanner as
covariates. A final, composite model including DE and all significant
moderators was constructed based on the results of likelihood ratio tests,
and FDR correction was applied to account for comparisons across the
left and right ROIL. Though income level is an additional psychosocial
stressor and socioeconomic status is associated with DE (Watson et al.,
2002; Wickham et al., 2014; Williams et al., 2012), income was not
considered as a primary moderator due to a high rate of missing data
(140 participants included in this report, many of whom were minors,
did not report household income). Model comparison procedures are
described in detail in Supplementary Methods and final models with and
without income are compared in Supplementary Table 8.

Mediation analyses explored the hypothesis that cortical thickness in
the left and/or right ROIs (assessed at each participant’s first scan)

Table 1
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partially mediates associations between lifetime DE and APS or anxiety
symptoms assessed close to one year from baseline (mean 10.6 months
for APS, mean 10.7 months for anxiety). Mediation analyses were con-
ducted in R using the mediation package (Tingley et al., 2014). Signifi-
cant moderators of the relationship between DE and thickness at first
scan were determined using likelihood ratio testing (as described above)
and were included in the best fit equation for the mediator (left ROI or
right ROI). Significant moderators of the relationship between DE and
each outcome measure (anxiety, APS) were included in the best fit
equation for that outcome variable (indirect and direct paths). A
different set of moderators for the mediator and outcome equations was
considered, given the assumption that different moderators may impact
each variable (Pearl, 2014). Significance of mediation effects was
assessed using 95% confidence intervals based on 10,000 Monte Carlo
simulations drawn from a quasi-Bayesian approximation as an alterna-
tive to bootstrapping (see Supplementary Methods). FDR correction was
applied to mediation results to account for multiple comparisons across
hemispheres and outcome measures.

After determining that the right ROI significantly mediates the as-
sociation between DE and anxiety symptoms, post-hoc analyses were
conducted to determine which particular region(s) within the right ROI
may primarily contribute to this association. Since the right ROI en-
compasses functionally and structurally distinct elements of cortex, a
parcellation that divided each cortical hemisphere into 34 gyral-based
regions of interest by making use of prior knowledge of structur-
e—function relationships was applied to the right hemisphere (i.e.
Desikan-Killiany parcellation; Desikan et al., 2006). The number of
vertices in the right ROI was calculated for each Desikan-Killiany region,
and the top five regions (i.e. regions encompassing the greatest number
of vertices from the right ROI) were further analyzed by testing if mean
thickness in each region significantly mediated the association between
DE and anxiety, following the mediation procedures described above.
Post-hoc mediation analyses assessing change from baseline to follow-up
in outcome measures were conducted in supplementary analyses, to
clarify whether DE and cortical thickness relate to symptom change as
well as individual differences in symptom measures.

A final objective was to determine how each moderator variable of
interest affects the strength of the mediation relationship between DE,
right ROI thickness, and anxiety. Mediation effects were further
analyzed by setting each moderator of interest to a different value (e.g.
comparing the mediation model with gender set to female vs. gender set
to male) using the mediation package in R. In these supplementary an-
alyses, all seven moderator variables of interest (listed above) were

Associations between DE and demographic and clinical characteristics. All statistics indicate the relationship between discriminatory experiences (DE) and the
characteristic listed (t-test, F-test, or Spearman’s correlation). DE scores ranged from 0 to 6. Baseline (BL) measures were calculated for all 716 study participants;
follow-up measures were calculated for participants who completed at least one assessment following their first imaging visit (N = 615). P-value terms: ns p > 0.05; * p

<0.05 " p <0.01; " p < 0.001.

Characteristic Statistic
Gender Mean male = 2.1, mean female = 2.9, T = -5.0, ™~
Race/Ethnicity Mean non-Hispanic white = 2.1, mean racial minority and/or Hispanic = 2.7, T = -6.2, "

Clinical Group (HC, CHR-NC, CHR-C)

Spearman’s rho (r)
Age at First Scan

Life Events Stress
Income

Anxiety (BL)

Anxiety (Follow-up)
Positive Symptoms (BL)
Positive Symptoms (Follow-up)
P1 (BL)

P2 (BL)

P3 (BL)

P4 (BL)

P5 (BL)

sk

Mean HC = 1.7, Mean CHR-NC = 2.7, Mean CHR-C = 2.9, F = 21.1,
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included in the mediation model, in order to assess how each moderator
variable impacted direct and indirect effects. Moderated mediation was
completed for each moderator variable separately and is described in
further detail in Supplementary Methods.

3. Results
3.1. DE are associated with demographic indicators and clinical outcomes

Demographic characteristics of healthy control (HC), and CHR par-
ticipants who ultimately converted to psychosis (CHR-C) and did not
convert (CHR-NC) are presented in Supplementary Table 1. Groups did
not differ significantly by gender, race/ethnicity, or income. The
average number of MRI scans completed varied by clinical group (HC >
CHR-NC > CHR-C). On average, participants in the CHR-NC and CHR-C
groups were older than HC participants and experienced greater LES,
APS, and anxiety. Relationships between DE and demographic and
clinical outcomes were assessed to determine how DE relate to stigma-
tized identities (Table 1). Female, racial/ethnic minority, and CHR
converter and nonconverter participants reported experiencing more
DE. Age and LES were both positively associated with DE, whereas
higher income was associated with lower DE.

APS assessed at baseline and follow-up were moderately positively
associated with DE. Though prior theoretical and empirical work has
suggested a bidirectional relationship between self-reported DE and
paranoia (i.e. P2 on the SOPS) (Pearce et al., 2019), this relationship at
baseline was not significantly stronger than the association between DE
and other positive symptoms (Fisher’s Z >=1.56, p > 0.11) except for
grandiose ideas (i.e. P3 on the SOPS; Fisher’s Z = 2.9, p = 0.003). Results
indicated that DE and anxiety symptoms at baseline and follow-up were
also moderately positively correlated. Relationships between DE and
symptom measures remained significant after accounting for all mod-
erators of interest (age, agez, gender, race/ethnicity, clinical group, LES,
and baseline P2 SOPS scores; Anxiety: T = 6.50, p < 0.001 at baseline, T
= 6.04, p < 0.001 at follow-up; APS: T = 3.44, p < 0.001 at baseline,” T
= 4.68, p < 0.001 at follow-up).

3.2. DE are associated with thinner cortex across time

Likelihood ratio tests indicated that a random subject-specific
intercept model fit the data significantly better than a model including
a random intercept and random slope. Therefore, vertex-level linear
mixed effects (LME) analyses of cortical thickness change consisted of a
random subject-specific intercept, with DE, months from first scan, and
scanner as fixed effects. Model fit did not improve when the interaction
of DE and time from first scan was included, indicating that the rate of
cortical thickness change is not significantly associated with DE. After
applying a strict threshold (p < 0.01, FDR corrected), DE were found to
be associated with thinner cortex across time in the bilateral insula,
superior, and middle temporal cortex, as well as aspects of the left
hemisphere inferior frontal gyrus, inferior and superior parietal cortex
and precuneus, and right hemisphere lingual, fusiform, and posterior
cingulate cortex (Fig. 1a). Vertex-level maps including age, gender,
race/ethnicity, and clinical group are provided in Supplementary Fig. 2
and are visually similar to those presented in Fig. 1a. Whole-brain,
unthresholded statistical maps indicated a pattern of lower cortical
thickness associated with more DE across time in almost all cortical
areas (Fig. 1b). Relationships between more DE and lower baseline
cortical thickness were consistent across clinical groups (Fig. 1c). DE
remained associated with lower cortical thickness at each timepoint but
was not associated with the rate of cortical thickness change (Fig. 1d), as

¢ Baseline P2 SOPS scores are a component of the baseline APS calculation
and therefore were not included as a moderator in the relationship between DE
and baseline APS.
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indicated by a null interaction term between DE and time.

3.3. Demographic indicators moderate the relationship between DE and
cortical thickness

Additional LME analyses assessed how demographic and symptom
measures moderated the relationship between DE and the mean thick-
ness across all vertices significantly associated with DE in the left and
right hemisphere (left and right ROIs). Testing individual moderator
variables through likelihood ratio tests indicated that the best fit model
included the fixed effects described in Table 2. In both ROIs, age, agez,
gender, and race/ethnicity significantly moderated the association be-
tween DE and thickness. Higher age, female gender, and racial/ethnic
minority status were each associated with lower cortical thickness across
time in the brain areas linked with DE. Importantly, the relationship
between more DE and lower cortical thickness in both ROIs remained
significant after accounting for these variables. Overall, cortical thick-
ness decreased with time from baseline. Examining the moderating ef-
fects of age and age? indicated that thickness decreased more steeply in
the left and right ROIs from approximately ages 12-22 and then grad-
ually began to slow (Supplementary Fig. 3). LES, clinical group, and
baseline paranoia (P2 SOPS scores) did not relate to thickness in right or
left ROI and excluding them from the model did not significantly impact
model fit. Among the subset of participants with data available on
household income, including income as a moderator did not improve
model fit (Supplementary Table 8). The best-fit model presented in
Table 2 was further assessed among only HC participants (N = 208),
given that diagnostic group did not significantly moderate the associa-
tion between DE and left or right ROI thickness. DE were significantly
associated with lower thickness over time in the left ROI (unstandard-
ized estimate () = -0.01, p < 0.05) but not the right ROI (§ = -0.005, p
= 0.14) among HC participants.

3.4. Brain structural change partially mediates associations between DE
and anxiety

Further analyses were conducted to determine if brain structure in
areas associated with DE at first scan partially mediated relationships
between DE and anxiety and/or APS at follow-up. Likelihood ratio tests
indicated that participant age, age?, race/ethnicity, gender, and scanner
significantly moderated associations between DE and right/left ROI
thickness at first scan (Supplementary Table 4). Clinical group, baseline
P2 SOPS scores, race/ethnicity, and age were significant moderators of
the relationship between DE and anxiety (Supplementary Table 5). In a
mediation model including scanner and these moderators, thickness in
the right ROI partially mediated associations between DE and anxiety
(Fig. 2). Specifically, more DE were associated with lower cortical
thickness in the right ROI, which in turn was linked with higher anxiety.
Moderated mediation analyses indicated that the value of any given
moderator did not impact the strength of direct or indirect effects
(Supplementary Table 6). Thickness in the left ROI did not significantly
mediate associations between DE and anxiety (Supplementary Fig. 4),
and therefore the effects of individual moderators were not assessed.

Thickness in neither the right ROI (Fig. 3) nor the left ROI (Supple-
mentary Fig. 5) mediated associations between DE and APS at follow-up
in a model including scanner and all moderator variables of interest.
Likelihood ratio tests indicated that the relationship between DE and
APS was moderated by clinical group and baseline P2 SOPS scores
(Supplementary Table 7). Baseline and follow-up outcome measures
were significantly correlated (Pearson’s R = 0.70, p < 0.001 for anxiety;
Pearson’s R = 0.35, p < 0.001 for APS) and for both outcomes, the
difference in scores across timepoints was not associated with left/right
ROI thickness. More DE were associated with an increase in APS from
baseline to follow-up, but DE were not associated with change in anxiety
symptoms (Supplementary Table 9).

Post-hoc analyses were conducted to further examine mediation
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Fig. 1. Associations between DE and longitudinal cortical thickness. A) False discovery rate (FDR)-corrected maps indicate that discriminatory experiences (DE) are
associated with lower cortical thickness across time in aspects of both brain hemispheres, described in detail in the text. B) Unthresholded maps indicate that DE are
associated with lower cortical thickness across widespread areas of cortex. Note: unstandardized betas equal the change in cortical thickness (in mm) per one unit
increase in DE. C) At baseline, across vertices identified as being significantly associated with DE (part A), more DE are associated with lower cortical thickness and
this pattern remains stable across clinical groups (HC, CHR-NC, and CHR-C). D) More DE are associated with lower cortical thickness at each timepoint and the rate of

cortical thinning remains consistent across each number of DE.

Table 2

Significant moderators of the relationship between DE and longitudinal cortical
thickness. Unstandardized parameter estimates along with standard error values
are presented for the best fit model predicting left ROI and right ROI thickness
from discriminatory experiences (DE), time from first scan, scanner, and sig-
nificant moderators of interest. P-values for fixed effects are calculated using the
Kenward-Roger method (Halekoh and Hgjsgaard, 2014) and are FDR corrected
for multiple comparisons across hemispheres. In both hemispheres, DE, time (in
months) from first scan, age at first scan, agez, gender, race/ethnicity, and
scanner were significant predictors of cortical thickness. Likelihood ratio tests
indicated that other moderators of interest (LES, clinical group, baseline P2
SOPS scores) did not improve model fit. P-value terms: ns p > 0.05; * p < 0.05; *
p < 0.01; ™ p < 0.001.

Fixed Effect

Left ROI
Estimate (SE), p-value

Right ROI
Estimate (SE), p-value

Discriminatory Experiences

Age at First Scan
2

—0.01 (0.00), "
-0.03 (0.01), ™"

—0.01 (0.00), ™
—0.03 (0.01), ™"

Age 0.00 (0.00), * 0.00 (0.00), ™

Gender —0.02 (0.01), * —0.02 (0.01), "
Race/Ethnicity —0.03 (0.01), ™" —0.03 (0.01), ™"

Time from first scan —0.002 (0.00), " —0.002 (0.00), ™
Scanner Estimates vary by scanner  Estimates vary by scanner

F=6.44" F=3091,"

effects in the right ROI with respect to anxiety. The five Desikan-Killiany
(Desikan et al., 2006) regions containing the highest number of vertices
from the right ROI were tested as mediators of the relationship between
DE and anxiety (Table 3), including the same moderators determined to
be significant in mediation analyses for the right ROI (see above and
Supplementary Tables 3 and 4). The right middle temporal gyrus (MTG)
significantly mediated the relationship between DE and anxiety symp-
toms, whereas thickness in the other four regions (right insula, lingual
gyrus, superior temporal sulcus, and lateral occipital cortex) did not.

4. Discussion

The results of this study extend prior work demonstrating associa-
tions between DE and multiple demographic, stress-related, and symp-
tom characteristics (Table 1) by illuminating a potential mechanistic
contributor to these associations in the form of cortical thinning. Spe-
cifically, we found that DE are associated with lower thickness across
time in bilateral cortical areas (Fig. 1). Relationships between DE and
thinner cortex are moderated by several demographic variables
(Table 2). This report also demonstrates that baseline thickness in the
right hemisphere region associated with DE partially mediates the
relationship between lifetime DE and anxiety symptoms—but not
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Right ROI
(Scan 1)

Discriminatory Experiences
(Baseline)

-0.10*

Anxiety Symptoms
(Follow-Up)

+significant moderators

0.25*** 1 0.24***

(c/c)

indirect effect = 0.02* ; 95%CI [0.003, 0.03]

p values * < 0.05, **<0.01, ***<0.001

Fig. 2. Cortical thickness in the right ROI partially mediates the association between DE and anxiety symptoms. Estimates indicate standardized beta coefficients.
Lifetime discriminatory experiences (DE) negatively predicted cortical thickness in the right ROI at first scan, and right ROI thickness negatively predicted symptoms
of anxiety at follow-up. Significant moderators of each component of the mediation model are listed in the text. P-values reflect FDR corrected estimates accounting
for multiple comparisons across hemispheres and outcome measures. ¢ = total effect; ¢’ = direct effect.

APS—assessed at follow-up (Figs. 2 and 3) when considered in
conjunction with relevant moderator variables. Furthermore, the value
of individual moderators does not impact the strength of mediation ef-
fects. Post-hoc analyses suggest that the right MTG may preferentially
contribute to the observed mediation between DE and anxiety (Table 3).
Relationships among DE and demographic and clinical characteris-
tics replicate prior work indicating that female, racial/ethnic minority,
and mentally ill individuals experience higher levels of stigma (Anger-
meyer and Dietrich, 2006; Cechnicki et al., 2011; Everett et al., 2016;
Pavalko et al., 2003; Pearce et al., 2019; Schmitt et al., 2014). Associ-
ations between lower income and more DE are also consistent with past
findings (Watson et al., 2002; Wickham et al., 2014; Williams et al.,
2012). DE and LES were moderately correlated, in line with work sug-
gesting that DE are social stressors that have unique properties and re-
lationships with health (Thoits, 2010; Williams and Mohammed, 2009).
Age was positively correlated with DE in this report. Given the age range
of participants (12-36 years old), this finding is unlikely to reflect age-
based discrimination found among older adults (Barnes et al., 2008),
and instead likely reflects older participants having been exposed to
potentially discriminatory events across a longer time period. This
report replicates associations between DE and APS among NAPLS2
participants (Stowkowy et al., 2016) and extends findings of an associ-
ation between DE and anxiety symptoms (Pascoe and Richman, 2009;
Schmitt et al., 2014) to a sample of both CHR and HC participants.
Cortical thickness decreased across time in this report, and findings
replicate well-documented associations between age and reductions in
cortical thickness across adolescence and young adulthood (Gogtay
et al., 2004). In line with prior work (Giedd et al., 1999; Tamnes et al.,

2017), cortical thickness declined more steeply across adolescence
compared with early adulthood, indicated by significant linear and non-
linear age effects in linear mixed effects models. Of note, non-significant
interactions between DE and time indicate that DE are not associated
with a differentially steeper rate of cortical thinning. However, DE have
stronger adverse effects on mental health in early life compared with
adulthood (Schmitt et al., 2014) and the impacts of early life stress on
brain structure and mental health outcomes vary across development
(Gee and Casey, 2015; Lupien et al., 2009). Thus, it is possible that DE
experienced earlier in life impact rates of cortical maturation outside the
time span of this study.

Associations between DE and cortical thickness are also moderated
by gender and race/ethnicity. Specifically, this report replicates findings
of steeper rates of cortical thinning in females across adolescence in
social brain areas including right temporal and left temporoparietal
regions (Mutlu et al., 2013). Results also indicate that racial/ethnic
minority status is associated with lower cortical thickness in brain areas
associated with DE. Relationships between race/ethnicity and brain
structure likely reflect, at least in part, epigenetic and environmental
factors associated with the construct of race/ethnicity, including stress
and reduced access to resources, which impact the underlying neuronal
processes hypothesized to influence cortical thickness (Akdeniz et al.,
2014; Galanter et al., 2017.; Williams et al., 2003; Williams and Stern-
thal, 2010). Nevertheless, this report is not poised to investigate
nuanced relationships between race/ethnicity and brain structure and
we caution against over-interpreting these results.

Cumulative life event stress (LES) did not significantly moderate
associations between DE and cortical thickness, despite both theoretical
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Right ROI
(Scan 1)

Discriminatory Experiences
(Baseline)

0.03, ns

Positive Symptoms
(Follow-Up)

+significant moderators

0.12***/0.12***

(c/c)

indirect effect = 0.00, ns ; 95%CI [-0.01, 0.00]

p values * < 0.05, **<0.01, ***<0.001

Fig. 3. Cortical thickness in the right ROI does not mediate the association between DE and APS. Estimates indicate standardized beta coefficients. Lifetime
discriminatory experiences (DE) negatively predicted cortical thickness in the right ROI at first scan, but right ROI thickness did not predict attenuated positive
symptoms (APS) at follow-up. Significant moderators of each component of the mediation model are listed in the text. P-values reflect FDR corrected estimates
accounting for multiple comparisons across hemispheres and outcome measures. ¢ = total effect; ¢’ = direct effect.

(Thoits, 2010; Williams and Mohammed, 2009) and empirical (Table 1)
overlap between DE and other stressors. Though the left ROI contains a
small portion of dorsolateral prefrontal cortex, and both ROIs contain
temporal and parietal areas previously associated with stress exposure
(Brito and Noble, 2014; Hanson et al., 2013; Jednordg et al., 2012;
Noble et al., 2012), overall, regions associated with DE do not reflect
those most typically associated with stressful life events. Brain areas
associated with DE also do not overlap with aspects of cortex previously
associated with conversion to psychosis in the NAPLS2 study sample
(Cannon et al., 2015). Clinical group status and baseline paranoid
thinking (e.g. P2 SOPS scores) do not moderate associations between DE
and left or right ROI thickness, and thickness in these areas does not
mediate associations between DE and APS. Weaker associations between
DE and cortical thickness among HC participants are likely explained in
part by the lower average number of DE experienced by this group.
Taken together, these findings may suggest that DE are not associated
with brain structure linked to core features of psychosis. However, it is
important to note that DE are intercorrelated with the moderators
examined in this report. Thus, cortical thickness in areas linked with
conversion or core psychotic symptoms could be influenced by de-
mographic and clinical variables that are interrelated with DE.

The overlap between DE and other psychosocial factors is an
important theoretical and empirical consideration in this report. In
addition to more discriminatory experiences, within the United States
racial and ethnic minorities experience income, education, and other
resource disparities (Williams et al., 2016), all of which have been
demonstrated to impact brain structure as well as mental health (Brito
and Noble, 2014; Kim et al., 2018). Women experience higher rates of

discrimination, but also experience more life stress (Bale and Epperson,
2015; Hatch and Dohrenwend, 2007) and psychological distress
(Rosenfield and Mouzon, 2013) which are also linked with brain
structure and long-term mental health (Lupien et al., 2009; McEwen,
2012). Furthermore, participant identities (e.g. race/ethnicity, gender)
intersect (Cho et al., 2013), impacting the number of types of DE
experienced (Collins, 2002; Samuels and Ross-Sheriff, 2008) and the
severity of adverse mental health outcomes (Grollman, 2012). In
acknowledgement of the strong relationships between DE and other
psychosocial factors, all analyses in this report tested if age, gender,
race/ethnicity, LES, clinical group, and baseline paranoia moderated the
relationship between brain structure and/or symptom outcomes. Sta-
tistically accounting for these moderating factors at the ROI level sug-
gests that links among DE, cortical thickness, and symptom outcomes
are not fully explained by other psychosocial factors, though the con-
ceptual connections between DE and these variables remain important
to consider. In vertex-level discovery analyses, including age, gender,
clinical group, and race/ethnicity as moderators reduced—but did not
eliminate—the significant relationship between DE and cortical thick-
ness, but did not substantially alter the visual pattern of effects (Sup-
plementary Fig. 2). This finding is likely due in part to the shared
variance between DE and these moderators. Of note, moderated medi-
ation analyses (Supplementary Table 6) indicate that mediation effects
are not dependent on the value of any given moderator variable—for
example, testing how the right ROI mediates associations among DE and
anxiety among males vs. females, or non-Hispanic white participants vs.
racial/ethnic minority participants, or HC vs. CHR participants does not
yield statistically different patterns. These findings suggest that
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Table 3

Post-hoc analyses testing thickness in Desikan-Killiany regions of interest as
mediators of the relationship between DE and anxiety. Table shows the five
Desikan-Killiany (Desikan et al., 2006) regions containing the highest number of
vertices from the right ROI Vertices in the right ROI comprised between 16 and
54 percent of the total vertices in each Desikan-Killiany region. Thinner cortex in
the right middle temporal gyrus (MTG) was associated with higher anxiety
scores at follow-up, whereas thickness in the right insula, lingual gyrus, banks of
the superior temporal sulcus (STS) and lateral occipital cortex was not associated
with anxiety. ¢ = total effect; ¢’ = direct effect. P-value terms: ns p > 0.05; * p <
0.05; “ p < 0.01; ™ p < 0.001.

Mediation
Statistics

Number of
Vertices from
Right ROI

Desikan-Killiany
Atlas Region (right
hemisphere)

Number of Right
ROI Vertices/Total
Vertices in Region
(%)

Insula 85 26.4%

indirect
effect: 0.00,

ns
CIL: [-0.01,
0.01]
Middle temporal 72 22.6% c/c =
gyrus 0.25""/
024"
indirect
effect: 0.01*
CL: [0.00,
0.02]
28.2% c/c
0257/
0.25"
indirect
effect: 0.00,
ns
CIL: [-0.01,
0.01]
c/c =
025"/
0.25""
indirect
effect: 0.01,
ns
CI: [0.00,
0.02]
c/c =
02577/
0.25"™"
indirect
effect: 0.00,
ns
CL: [-0.01,
0.01]

Lingual gyrus 70

Banks of the STS 69 53.9%

Lateral occipital 59 16.0%

cortex

discrimination merits consideration as a separate predictor of neural and
symptom outcomes, beyond its overlap with demographic and psycho-
social factors.

Several brain areas associated with DE in this report have previously
been linked with anxiety symptoms. Converging evidence from prior
work indicates that anxiety disorders and subclinical symptoms of
anxiety are associated with thinner cortex in dorsolateral and ventro-
medial prefrontal, rostral anterior cingulate, superior frontal, insula,
precuneus, and temporal areas of cortex (Besteher et al., 2020; Feurer
et al., 2021; Frick et al., 2013; Gold et al., 2017; Liu et al., 2019; New-
man et al., 2016; Suffren et al., 2019; Zhang et al., 2020). In this report,
the left and right ROIs both contain aspects of the insula, precuneus, and
lateral temporal regions, and the left ROI contains a small portion of
ventrolateral prefrontal cortex. Right hemisphere temporal areas
(including the MTG, which partially mediates associations between DE
and anxiety in this report), have also been preferentially linked with
social cognitive abilities (Schurz et al., 2014). DE may contribute to
social cognitive deficits by negatively affecting schemas about oneself
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and the world (Borders and Liang, 2011; Brondolo et al., 2018; Landau
et al., 2010; Mendoza-Denton et al., 2002), as found previously among
CHR individuals (Saleem et al., 2014). Schema activation likely involves
activation and connectivity among multiple brain areas involved in
detecting threat, memory, and social cognition, including aspects of the
left and right ROI in this report (e.g. MTG, posterior STS) (Chen et al.,
2017; Gilboa and Marlatte, 2017; Mar, 2011; McKenzie et al., 2014; Tse
et al.,, 2011; van Kesteren et al., 2012). Social cognitive processes have
been theorized as a mechanism through which DE impacts mental health
(Brondolo et al., 2018), and are impaired in individuals with both
anxiety and psychotic disorders (Alvi et al., 2020; Bora et al., 2009;
Frith, 1992; Washburn et al., 2016). However, directly analyzing social
cognitive abilities was beyond the scope of this study and future work is
needed to study reltionships among DE, brain structure, and social
cognition.

Of note, anxiety was highly consistent from baseline to follow-up,
whereas APS were more variable. Additionally, neither DE nor cortical
thickness were associated with change over time in anxiety scores once
significant moderators were considered (Supplementary Table 9). These
findings may suggest that relationships between DE, cortical thickness,
and anxiety are relatively stable across time amidst fluctuations in
psychotic-like symptoms. The clinical high-risk syndrome only develops
into a psychotic disorder in a small percentage of individuals (11% of
CHR participants in this report). However, individuals who do not
convert to psychosis may still experience longstanding affective symp-
toms (e.g. anxiety, depression) (Van Os et al., 2009). Further work
examining how DE relates to the duration of anxiety symptoms among
CHR and non-CHR individuals would be useful in understanding the
extent to which DE impacts long-term outcomes.

There are several limitations to the present study. First, DE were
measured using retrospective self-report and did not consider the fre-
quency or intensity of discriminatory events (Grollman, 2012; Paradies,
2006; Williams et al., 2003). Additionally, CHR participants may
perceive more discrimination as a result of clinically-elevated paranoia,
which has been linked to perceptions of social scrutiny and social threat
(Kay et al., 1987; Pearce et al., 2019). However, self-reported DE were
not more strongly associated with paranoia compared with other posi-
tive symptoms (Table 1), and baseline P2 SOPS scores were considered
as a covariate in all analyses. Lastly, to clarify the extent to which the
relationship between DE and anxiety identified in this report is unique to
CHR individuals, future work will benefit from examining how observed
relationships generalize in other samples.

5. Conclusions

Among CHR and HC adolescents and young adults, more lifetime
discriminatory experiences are associated with thinner cortex across
time, even after considering demographic and clinical factors associated
with discrimination. Participant age, gender, and race/ethnicity—but
not life stress, clinical group, or symptoms of paranoia—moderate as-
sociations between DE and cortical thickness over time. Thickness of
right hemisphere cortical areas associated with DE partially mediates
associations between DE and anxiety, but not attenuated positive
symptoms, suggesting that brain structure associated with DE relates
more closely with general risk indicators of psychological distress, as
opposed to specific symptoms of psychotic disorders.
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