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IMPORTANCE Low socioeconomic status (L-SES) and the experience of traumatic stressful

events (TSEs) are environmental factors implicated in behavioral deficits, abnormalities in
brain development, and accelerated maturation. However, the relative contribution of these
environmental factors is understudied.
OBJECTIVE To compare the association of L-SES and TSEs with psychopathology, puberty,
neurocognition, and multimodal neuroimaging parameters in brain maturation.
DESIGN, SETTING, AND PARTICIPANTS ThePhiladelphiaNeurodevelopmentalCohortisacommunitybased study examining psychopathology, neurocognition, and neuroimaging among participants
recruited through the Children’s Hospital of Philadelphia pediatric network. Participants are youths
aged 8 to 21 years at enrollment with stable health and fluency in English. The sample of 9498
participants was racially (5298 European ancestry [55.8%], 3124 African ancestry [32.9%], and 1076
other [11.4%]) and economically diverse. A randomly selected subsample (n = 1601) underwent
multimodalneuroimaging.DatawerecollectedfromNovember5,2009,throughDecember30,2011,
and analyzed from February 1 through November 7, 2018.
MAIN OUTCOMES AND MEASURES The following domains were examined: (1) clinical, including
psychopathology, assessed with a structured interview based on the Schedule for Affective
Disorders and Schizophrenia for School-Age Children, and puberty, assessed with the Tanner
scale; (2) neurocognition, assessed by the Penn Computerized Neurocognitive Battery; and
(3) multimodal magnetic resonance imaging parameters of brain structure and function.
RESULTS A total of 9498 participants were included in the analysis (4906 [51.7%] female;
mean [SD] age, 14.2 [3.7] years). Clinically, L-SES and TSEs were associated with greater severity
of psychiatric symptoms across the psychopathology domains of anxiety/depression, fear,
externalizing behavior, and the psychosis spectrum. Low SES showed small effect sizes (highest
for externalizing behavior, 0.306 SD; 95% CI, 0.269 to 0.342), whereas TSEs had large effect
sizes, with the highest in females for anxiety/depression (1.228 SD; 95% CI, 1.156 to 1.300) and in
males for the psychosis spectrum (1.099 SD; 95% CI, 1.032 to 1.166). Both were associated with
early puberty. Cognitively, L-SES had moderate effect sizes on poorer performance, the greatest
being on complex cognition (−0.500 SD 95% CI, −0.536 to −0.464), whereas TSEs were
associated with slightly better memory (0.129 SD; 95% CI, 0.084 to 0.174) and poorer complex
reasoning (−0.109 SD; 95% CI, −0.154 to −0.064). Environmental factors had common and
distinct associations with brain structure and function. Structurally, both were associated with
lower volume, but L-SES had correspondingly lower gray matter density, whereas TSEs were
associated with higher gray matter density. Functionally, both were associated with lower
regional cerebral blood flow and coherence and with accelerated brain maturation.
CONCLUSIONS AND RELEVANCE Low SES and TSEs are associated with common and unique
differences in symptoms, neurocognition, and structural and functional brain parameters.
Both environmental factors are associated with earlier completion of puberty by physical
features and brain parameters. These findings appear to underscore the need for identifying
and preventing adverse environmental conditions associated with neurodevelopment.
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A

ssociations of environmental stress with psychopathology, cognition, and brain structure and function are
well described.1-3 However, studies typically assess low
socioeconomic status (L-SES) or traumatic stressful events
(TSEs) separately. These factors are often correlated4,5 but may
show individual differences, as suggested by evidence on
deprivation and threat.6,7
A growing body of literature reports associations between childhood adversity and psychopathology, focusing on
TSEs with depression,8,9 posttraumatic stress disorder,10,11 and,
more recently, psychosis.12-14 Cognition studies have examined SES disparities, initially with single measures of IQ and/or
educational attainment15-17 and increasingly with parameters linked to brain systems. Implicating frontoparietal dysfunction, deficits in language18-20 and executive functioning21-23
have been associated with L-SES. A meta-analysis of children’s SES and executive function noted heterogeneity among
studies, with small to medium effect sizes.24 For neuroimaging, structural magnetic resonance imaging (MRI) studies in
small samples were inconclusive regarding associations of neuroanatomical measures and SES.18 The large-scale Pediatric
Imaging, Neurocognition, and Genetics study reported that
family income and parental educational attainment were associated with the cortical area in regions implicated in language, executive functions, and spatial skills. 25 Furthermore, SES has been found to moderate age-related cortical
thinning, especially in language regions,26 and lower volume
and fractional anisotropy (FA) of white matter tracts.27
Traumatic stressful events are associated not only with
symptom severity across psychiatric disorders5,28 but also with
neurocognitive deficits29,30 and structural and functional MRI
abnormalities.31-33 Stress-sensitive brain structures, such as the
hippocampus, have lower volume,34,35 and the circuitry underlying emotion processing36 and executive function23 indicates abnormal activation. The stress acceleration hypothesis6
was recently linked to early puberty and DNA methylation age,
relative to chronological age, specifically associated with life
stressors but not with deprivation.7 Satterthwaite et al37 reported puberty associations with brain behavior and Barzilay
et al38 reported associations with psychopathology, but these
studies did not systematically assess associations with environment. Notably, the same neural aberrations associated with
cognitive deficits are implicated in psychopathology and undergo protracted maturation, motivating joint examination of
psychopathology, cognition, and brain maturation.
A conceptual framework for understanding how life
stressors derail development by affecting brain structure and
function, leading to enhanced maturation and consequent
symptoms and cognitive deficits, requires information on all
pertinent parameters within a developmental context. Such
data are a prerequisite for elucidating mechanisms through
which adversity during development leads to the evolutionary adaptive response of accelerated maturation. To our
knowledge, the associations of L-SES have not been previously compared with TSE load in the same sample across
domains. The Philadelphia Neurodevelopmental Cohort
provides this opportunity with data on environment, 39
psychopathology,40 neurocognition,41 and, in a subsample,
jamapsychiatry.com
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Key Points
Question What is the association of an adverse environment,
including low socioeconomic status and traumatic stressful events,
with psychopathology, neurocognition, and brain parameters in
puberty among children and young adults?
Findings In this community-based cohort study of 9498
participants, low socioeconomic status was associated with
reduced neurocognitive performance, and experiencing a higher
number of traumatic stressful events was associated with greater
psychopathology. Both factors were associated with multiple brain
structural and functional parameters as well as earlier maturation.
Meaning Low socioeconomic status and the experience of
traumatic stressful events are environmental aspects that appear
to have common and unique associations with the brain and
behavior, and both are associated with accelerated maturation.

multimodal neuroimaging.42 Herein we test the hypothesis
that L-SES and TSEs are associated with increased psychopathology, neurocognitive deficits, and abnormalities in parameters of brain structure and function, as well as earlier
puberty6,7 and brain maturation.43

Methods
Recruitment and clinical, neurocognitive, and neuroimaging
procedures for data acquisition, processing, and analysis in the
Philadelphia Neurodevelopmental Cohort were published previously (eMethods 1 and 2 in the Supplement).40-42 The Philadelphia Neurodevelopmental Cohort (n = 9498), aged 8 to 21
years, is a racially and economically diverse population ascertained from nonpsychiatric pediatric services (Table). Data were
acquired from November 5, 2009, through December 30, 2011,
concomitantly applying standard protocols. Procedures were approved by the institutional review boards of the University of
Pennsylvania and Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania. Written informed consent was obtained
from legal guardians; children provided written assent. This
study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.

Clinical Assessment
Psychiatric
The in-person interview based on the structured Schedule for
Affective Disorders and Schizophrenia for School-Age Children44
(GOASSESS)40 evaluated lifetime history of clinical symptoms
across major psychopathology domains. Participants were assessed dimensionally and categorically and had to have significant symptoms associated with distress and affecting functioning to score high on specific domains of anxiety/misery, fear,
psychosis, and externalizing behavior.45
Pubertal Stage
Self-reported Tanner stage,46,47which correlates with physical examination results,48 was quantified on a scale of 1 to 5
using schematic drawings of secondary sex characteristics. The
(Reprinted) JAMA Psychiatry September 2019 Volume 76, Number 9
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Table. Participant Characteristics
No. of TSEs Stratified by Sex
Male

Female

Sample Variable
Total Sample

0

1

≥2

0

1

≥2

No. of participants

2654

988

950

2735

1195

976

Age, mean (SD), y

13.01 (3.49)

14.18 (3.54)

15.66 (3.44)

13.79 (3.66)

14.87 (3.4)

16.25 (3.19)

No. (%) EA

1690 (63.7)

588 (59.5)

405 (42.6)

1626 (59.5)

634 (53.1)

355 (36.4)

No. (%) AA

701 (26.4)

280 (28.3)

444 (46.7)

795 (29.1)

408 (34.1)

496 (50.8)

No. (%) other

263 (9.9)

120 (12.1)

101 (10.6)

314 (11.5)

153 (12.8)

125 (12.8)

Parent educational attainment, mean (SD), y

14.65 (2.36)

14.30 (2.27)

13.71 (2.09)

14.52 (2.34)

14.11 (2.27)

13.47 (2.07)

SES, mean (SD)a

0.16 (0.94)

0.07 (0.97)

−0.35 (1.05)

0.12 (0.97)

−0.07 (0.99)

−0.44 (1.03)

No. of participants

345

155

165

378

189

163

Age, mean (SD), y

13.52 (3.45)

14.22 (3.31)

16 (3.02)

13.94 (3.71)

15.14 (3.1)

16.09 (2.81)

No. (%) EA

181 (52.5)

91 (58.7)

50 (30.3)

176 (46.6)

71 (37.6)

50 (30.7)

No. (%) AA

112 (32.5)

51 (32.9)

97 (58.8)

151 (39.9)

93 (49.2)

102 (62.6)

No. (%) other

52 (15.1)

13 (8.4)

18 (10.9)

51 (13.5)

25 (13.2)

11 (6.7)

Parent educational attainment, mean (SD), y

14.28 (2.47)

14.12 (2.13)

13.69 (2.18)

14.23 (2.31)

13.69 (2.19)

13.33 (2.04)

SES, mean (SD)a

−0.05 (1.00)

−0.04 (0.95)

−0.49 (1.06)

−0.13 (1.02)

−0.41 (1.06)

−0.64 (1.02)

Mean RMS

0.07 (0.04)

0.07 (0.04)

0.07 (0.04)

0.07 (0.04)

0.06 (0.04)

0.06 (0.04)

Imaging Sample

Abbreviations: AA, African ancestry; EA, European ancestry; RMS, root mean square motion estimate; SES, socioeconomic status index in SD units; TSE, traumatic
stressful event.
a

Indicates factor score calculated on data ascertained using census-based geocoding.

score (stage 5) used was based on the pubic hair item, which
is common to boys and girls.

Environmental Risk Parameters
The first environmental factor was SES, ascertained using census-based geocoding variables obtained with the participants’ addresses. Census-based variables, public in 2010 and
proximal to the enrollment period (2009-2011), included neighborhood characteristics that correlate with race and parental
educational attainment39 (eMethods 1 and eTable 1 in the
Supplement). Neighborhoods were census block groups, which
vary in size, population, and population density. Generally,
block groups contain 600 to 3000 persons, and the mean number of persons sampled per block group in the Philadelphia
Neurodevelopmental Cohort was 2.4. Second, TSEs were ascertained using GOASSESS to probe lifetime exposure to natural disasters or bad accidents; concern that someone close was
hurt badly or killed; witnessing someone getting killed, badly
beaten, or die; seeing a dead body; and/or ever experiencing
assault, including being attacked or badly beaten, threatened
with a weapon, and/or sexually assaulted. Traumatic stress load
was quantified by the cumulative number of endorsed TSEs
(range, 0-8).28

Neurocognitive Assessment
The Penn Computerized Neurocognitive Battery provided
measures of accuracy and response time for executive function, episodic memory, complex cognition, and social
cognition.41,49,50 To examine efficiency, accuracy and median response time were given as z scores. The response time
z score was multiplied by −1 (so that higher numbers indicate faster response times), and the mean of these 2 z scores
was calculated for efficiency.
968

Neuroimaging
All MRIs were acquired on the same 3-T scanner (Total Imaging
Matrix Trio; Siemens).51 Image quality procedures were applied across modalities,52-54 and an accurate multiatlas labeling procedure, with joint label fusion as implemented in
Advanced Normalization Tools, provided whole-brain
anatomical parcellation. 55 Parameters examined were
associated with normative and pathological behavior. Brain
structure was quantified by brain volume, gray matter density (GMD), diffusion tenor imaging–based mean diffusivity
for white and gray matter regions, and FA for white matter
tracts. Brain function was quantified by cerebral blood flow
(CBF) measured with arterial spin–labeled MRI and restingstate functional MRI measures of regional homogeneity (ReHo)
and amplitude of low-frequency fluctuations (ALFF), the
main functional MRI parameters linked to development
and performance.

Statistical Analysis
Data were analyzed from February 1 through November 7, 2018.
To reduce data dimensionality, the dependent measures selected were (1) clinical factor scores, including mood/anxiety,
fear, externalizing behavior, and psychosis spectrum 45 ;
(2) neurocognitive factor scores, including executive function, episodic memory, complex cognition, and social
cognition49,50; and (3) sectional neuroimaging values, including white matter, cerebellum, basal ganglia/striatum, and limbic, frontal, parietal, temporal, occipital, and FA for white matter tracts.56,57 These regions were quantified for volume, GMD,
mean diffusivity, FA, CBF, ReHo, and ALFF. Notably, GMD is not
available for white matter, nor is FA available for gray matter or
CBF available for cerebellum (due to inadequate coverage of the
arterial spin labeling sequence). Each dependent measure was
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entered into mixed-model repeated-measures analysis with continuous SES and TSEs as the main risk factors of interest; age,
sex, and race as fixed factors; and the within-modality values
(clinical factor scores, neurocognitive domains, and brain section) as within-individual factors. Significant interactions were
followed by appropriate contrasts in which individuals at the
low SES tertile (L-SES) were compared with the remaining
sample (not L-SES; ie, middle and high SES tertiles combined),
and individuals with at least 2 TSEs were compared with those
with 1 or 0 TSEs (eTable 2 in the Supplement provides demographic characteristics of these groups). The proportion reaching stage 5, which is the dependent measure for puberty, was
analyzed with logistic regression. To examine whether SES and
TSEs are associated with accelerated brain maturation, we first
trained a random forest regression58 to estimate adulthood
(dichotomous age, 8-17 vs ≥18 years) in the benign sample (no
TSEs and not L-SES), using all sectional brain parameters. This
model was then applied to the whole sample (all environment
types) to obtain an estimated age category (adult vs not adult).
These values (adult brain vs not) were then entered into a logistic regression using age, sex, race, TSEs, and SES (all 2-way
interactions). A significant age × L-SES or age × TSEs interaction (in the appropriate direction) would indicate premature
brain aging in the TSE or L-SES group. The differences between groups in significance of proportions was determined
using the Fisher z test (https://www.socscistatistics.com/tests/
ztest/Default2.aspx). For all statistical tests, a 2-sided P < .05 was
used, unless correction for multiple comparison is indicated.

Results

berty at an earlier chronological age was higher for participants
with L-SES and those who experienced at least 2 TSEs. Main
effects for SES and TSEs were −1.23 and 0.57, respectively.

Environment and Neurocognitive Domains
eFigure 1 in the Supplement shows the scatterplot of SES and
TSEs. Only SES had a significant association with neurocognitive performance across domains (eTable 5 in the Supplement). Significant interactions of SES × domain (P < .001)
and TSEs × domain (P < .001) were found, and the 3-way
SES × TSEs × domain interaction (P = .01) indicated that each
environmental factor was differentially associated with neurocognitive domains (Figure 1C). Low SES was associated with
lower overall efficiency, but this association was diminished
for memory relative to other domains. The strongest association with L-SES was with complex cognition (−0.500 SD; 95%
CI, −0.536 to −0.464). Traumatic stressful events were not associated with overall performance, but the group with at least
2 TSEs had poorer complex cognition (−0.109 SD; 95% CI,
−0.154 to −0.064) and better memory (0.129 SD; 95% CI, 0.084
to 0.174). eTable 6 in the Supplement shows results for accuracy and speed separately, and eFigure 2 in the Supplement
illustrates associations (z scale) by TSE categories. A significant 5-way interaction (sex × SES × TSE × domain × race) indicated that z scores for trauma were similar across groups, with
relative sparing of memory compared with executive function and complex cognition and more severe decline for
L-SES. However, for males with African ancestry and benign
SES, TSEs were even associated with enhanced performance
in these functions (eFigure 3 in the Supplement).

Environment and Neuroimaging Parameters

Environment and Clinical Measures
Symptom Dimensions
A total of 9498 participants were included in the analysis (4906
[51.7%] females and 4592 [48.3%] males; mean [SD] age, 14.2 [3.7]
years). All main variables had significant associations with symptom severity across domains (eTable 3 in the Supplement).
Notably, TSEs had greater effect sizes than SES. Low SES had small
and uniform effect sizes (approximately 0.200 SD) across psychopathology domains and were highest for externalizing (0.306 SD;
95% CI, 0.269-0.342), whereas even 1 TSE was associated with
moderate effect sizes (approximately 0.400 SD), and at least 2
TSEs had large effect sizes (>0.800 SD), with mood/anxiety having the highest score in females (1.228 SD; 95% CI, 1.156-1.300)
and psychosis spectrum having the highest score in males (1.099
SD; 95% CI, 1.032-1.166) (Figure 1A). The significant SES × TSEs
interaction indicated that the associations for TSEs were stronger than those for L-SES, especially mood/anxiety and psychosis spectrum relative to fear. A sex × TSEs × symptom domain
interaction indicated that in females, higher symptom severity
with TSE load was pronounced for mood/anxiety and psychosis
spectrum, whereas in males, externalizing behavior was more
pronounced (Figure 1A).
Puberty Stage
Age interacted with SES and TSEs (eTable 4 in the Supplement).
As illustrated in Figure 1B, the proportion of youth completing pujamapsychiatry.com
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Neuroimaging parameters (eTable 7 in the Supplement) showed
main associations or region interactions for nearly all parameters for SES and TSEs. For volume, there was a main interaction of SES and TSEs by section. Low SES was associated with
lower volume across regions, including white matter and all gray
matter regions, with small effect sizes (0.200-0.400 SD)
(Figure 2). Traumatic stressful events had no association with
white matter or cerebellar volumes, but were associated with
lower volumes in specific regions, which scaled with TSE load
to reach moderate effect sizes (>0.400 SD) in limbic and frontal regions. For GMD, findings were opposite for SES and TSEs:
L-SES was associated with lower GMD (small effect sizes of approximately 0.200 SD), whereas TSE load was associated with
higher GMD (moderate effect sizes of approximately 0.400 SD
for ≥2 TSEs). For mean diffusivity, L-SES and TSEs were associated with lower values in basal ganglia and limbic regions; however, L-SES was associated with higher values in temporal and
occipital cortex (small effect sizes of approximately 0.200 SD),
whereas TSE load was associated with higher values in cerebellum and parietal cortex (effect sizes of approximately 0.400 SD).
For CBF, L-SES was associated with mildly reduced values across
regions, whereas TSEs showed reduced white matter and cortical perfusion that scaled with load (small effect sizes of ≤0.400
SD). For resting-state functional MRI, reduced ReHo and ALFF
were associated with L-SES and most pronounced in frontoparietal regions, whereas TSEs were associated with lower
(Reprinted) JAMA Psychiatry September 2019 Volume 76, Number 9
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Figure 1. Association of Socioeconomic Status (SES) and Traumatic Stressful Events (TSEs) With Clinical, Puberty, and Cognitive Domains
A Symptoms domain
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cortical ReHo that scaled with the TSEs load and was most pronounced for frontoparietal regions. Finally, for FA, there was no
association with SES, but TSEs were associated with elevated
values in several tracts, which scaled with TSE load and reached
970

moderate effect sizes (≥0.400 SD) for anterior thalamic radiation, cingulate gyrus–cingulum bundle, inferior frontooccipital fasciculus, superior longitudinal fasciculus, and
uncinate fasciculus (Figure 2A).
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Figure 2. Association of Socioeconomic Status (SES) and Traumatic Stress Events (TSEs) With Multimodal Regional Brain Parameters
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A,Mean(SEM)residualizedvaluescomparegroupswithandwithoutadversityandcontrolling for age, sex, and race for each region by modality for SES and TSEs. Whiskers
indicate 95% CIs in the benign (control) group and SEM in the adverse (low SES and
allTSA)groups.B,Subtractionimagesbasedonmagneticresonanceimagingshowthe
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IIF SLF

UF

html). ALFF indicates amplitude of low-frequency fluctuations; ATR, anterior thalamic
radiation; CBF, cerebral blood flow; CGC, cingulate gyrus–cingulum bundle;
CGH, cingulate gyrus proximal to hippocampus; CST, corticospinal tract; FA, fractional
anisotropy; FO_mn, forceps minor; FO_mj, forceps major; GMD, gray matter density;
IFO, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; MD, mean
diffusivity; ReHo, resting state functional magnetic resonance imaging measures of
regional homogeneity; SLF, superior longitudinal fasciculus; and UF, uncinate
fasciculus. There is no graph for FA and SES because this effect size was not significant.
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Figure 3. Estimated Brain Age Relative to Chronological Age
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Environment and Brain Maturation
Low SES and TSEs were associated with accelerated brain maturation as indicated by higher proportions of individuals misclassified as adults at age bins younger than 18 years (eTable 8
in the Supplement). The association with SES was more pronounced in males (Figure 3). A structural equation model was
specified, with all outcomes of interest regressed on all independent variables of interest (eResults and eTable 9 in the
Supplement), and the correlation matrix among the dependent measures is shown in eTable 10 in the Supplement.

Participants were stratified into
groups with low socioeconomic
status (SES) compared with benign
SES and groups with at least
2 traumatic stressful events (TSEs)
compared with 0 TSEs.

peared earlier for girls (age range, 10-13 years) than boys (age
range, 14-17 years). These findings support a prior report7 on
advanced maturation associated with threat events. We found
similar associations with SES, and the discrepancy could be due
to measures used; although our measure of TSEs aligns with
the previous threat exposure measure, our SES parameters
differ from the previous deprivation measure in that ours are
geocoding based, whereas Sumner et al 7 relied on selfreports with partial overlap of items.

Associations With Neurocognitive Domains

Discussion
This study compared SES and TSE associations across behavioral and multimodal brain parameters in a sufficiently powered community youth sample, enabling examination of individual differences. We found evidence for common and unique
associations with accelerated puberty and brain maturation.

Associations With Clinical Features
Psychopathology Domains
Adverse SES and TSEs were associated with elevated psychopathology, more pronounced for TSEs. Low SES had a small
effect size, highest for externalizing behavior, yet even 1 TSE
had moderate effect sizes for increased symptoms, and at least
2 TSEs had large effect sizes, especially for mood/anxiety and
psychosis spectrum. The association of TSEs with greater
mood/anxiety psychopathology aligns with reports in
adults.59-61 Furthermore, although L-SES had similar associations in males and females, females showed larger effect sizes
of trauma, especially mood/anxiety relative to externalizing
behavior. These results confirm earlier reports8,9 but show the
relative association of L-SES compared with high TSEs.
Puberty Stage
The associations of chronological age with proportion of
puberty was observed in L-SES and TSEs. As expected, given
earlier physical maturation of girls,62 the association ap972

Adverse SES and TSEs were associated with altered cognitive
performance, but SES showed larger effect sizes than TSEs. The
association of L-SES with poorer cognitive performance is well
established for general and specific domains,18-22 and our study
indicated overall decreased performance across neurocognitive domains, with relative sparing of memory. In contrast, TSEs
were associated with a small reduction in efficiency on complex cognition tests and a small elevation in episodic memory
performance. The improved memory is consistent with studies indicating that traumatic experiences can accelerate learning and memory in rodents,63 as well as with a meta-analysis
of human research64 suggesting that stress disrupts some episodic memory processes while enhancing others. Notably, no
SES × TSE interaction indicates that the association of TSEs is
similar across social strata.

Associations With Brain Parameters
Socioeconomic status and TSEs were associated with effects
in multiple brain parameters. For volume, both were associated with lower values, although the associations for SES were
more widespread, including in white matter and cerebellum,
whereas TSE-associated differences were limited to frontolimbic regions. This pattern supports earlier studies.65,66 For GMD,
L-SES and TSEs showed uniform associations across regions
but in opposite directions; L-SES was associated with lower
GMD whereas TSEs were associated with higher GMD. Such a
dissociation could reflect the more chronic nature of SES
adversity relative to the acute effects of specific trauma.
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Reduced volume combined with reduced GMD characterizes
brain changes associated with senescence-related neurodegenerative processes,67 whereas reduced volume and increased GMD characterizes developmental brain changes in
childhood and adolescence.68 Thus, the TSE associations are
consistent with accelerated biological maturation.7 Examining volume and GMD before and after exposure to stress could
illuminate this issue. For example, we found reduced volume
and increased GMD in preliminary data from winter-over expeditions to Antarctica.69 Such changes in brain anatomical
parameters may reflect adaptation to TSEs.6,70
Socioeconomic status and TSEs showed regionally specific
association with mean diffusivity, measuring constraints of water movement in the brain. Low SES and TSEs were associated
with lower mean diffusivity in basal ganglia and limbic regions,
but L-SES was associated with higher mean diffusivity in temporooccipital cortex, whereas TSEs were associated with higher mean
diffusivity in cerebellum and parietal cortex. Fractional anisotropy, measuring white matter microstructural organization, was
not associated with SES, but a significant interaction of TSEs ×
white matter tract revealed higher FA values in anterior thalamic
radiation, cingulate gyrus–cingulum bundle, inferior frontooccipital fasciculus, superior longitudinal fasciculus, and uncinate fasciculus. Lifespan trajectories of mean diffusivity and FA
are nonlinear.71 Late adolescence is associated with a decline in
mean diffusivity and rise in FA, followed by a relative stability into
senescence, when mean diffusivity rises and FA declines. Our
results are consistent with reports that TSEs and SES appear to
accelerate this overall pattern of biological aging in a regionally
dependent manner.72,73 The accelerated decline of mean diffusivity associated with significant TSEs is most evident in brain
structures undergoing protracted white matter development,
including deep brain structures (eg, anterior thalamic radiation,
cingulate gyrus–cingulum bundle). However, developmentally
stable brain regions,71 such as those within the occipital, temporal, and parietal cortices, show a pattern consistent with accelerated biological aging. The timing of adverse SES or TSE burden
likely interacts with critical neurodevelopmental processes that
accelerate biological alterations of brain connectivity.
Socioeconomic status had significant associations with all
functional parameters, with lower CBF, ReHo, and ALFF. The
CBF associations were more pronounced for temporoparietal
cortex, whereas those for ReHo and ALFF were more pronounced in frontoparietal cortex. Traumatic stressful events
were associated with markedly lower CBF compared with
L-SES, with greatest associations in basal ganglia and temporal cortex. Lower ReHo was seen in the high-trauma group and
was especially pronounced in limbic and frontoparietal cortex. The results suggest that L-SES and TSEs are associated with
reduced cerebral perfusion and associated activation coherence. The finding of altered resting state coherence is consistent with reports on associations with adversity.70,74

Brain Maturation
We examined whether SES and TSE associations with early puberty, evident in physical maturation, are also seen in brain
parameters. Results supported the accelerated development
hypothesis for SES and TSEs in that a higher proportion of the
jamapsychiatry.com
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L-SES and high-TSE groups were misclassified as having adult
brain parameters in the younger chronological age bins. Thus,
our study provides evidence that accelerated maturation, considered an adaptive response to environmental deprivation,6,70
may be reflected in altered brain structure, function, and
connectivity that could mediate behavioral deficits.

Limitations
We report cross-sectional data with a restricted range of measures
in each domain. Although it is parsimonious to posit that adverse
SES and TSEs cause the differences in behavior and brain parameters, other chains of causality cannot be ruled out. Our community sample was not ascertained for stress exposure or the
seeking of psychiatric help. Therefore, we have limited information on timing and duration of stressors. To control type I error,
we restricted granularity of measures analyzed, preventing the
discovery of more specific associations. This choice was necessitated by the aim to examine SES and TSE associations across
domains and modalities, each consisting of multiple measures.
Our findings could motivate additional analyses of measures
showing the most pronounced associations. Another limitation
of the study is that physical maturity was established by a single
item from a self-report measure rather than by physical examination. It was not feasible in this large-scale study to conduct
physical examination, but self-report correlates moderately with
physical examination results,48 and pubic hair is common to boys
and girls. Finally, our sample, while diverse, included mostly
urban and suburban participants and deviates from the US racial
composition, which may limit generalizability.

Conclusions
This study establishes associations of adverse SES and TSEs with
psychiatric symptom severity, puberty, cognition, and brain
structure and function parameters. Adverse SES and TSEs were
associated with moderate to large differences in symptom severity, with TSEs showing large effect sizes, especially in females.
Both were associated with early puberty and cognitive deficits
in complex cognition. However, L-SES showed additional deficits in executive and social cognition performance, whereas TSEs
were associated with better memory. Both showed some similar effects on regional brain parameters—reduced volume, CBF,
and ReHo—but also some unique effects; in particular, L-SES was
associated with lower GMD and TSEs with higher GMD. A multivariate brain-age measure showed accelerated neurodevelopment associated with L-SES and with TSEs. The relationship
among these associations remains to be elucidated, along with
how they combine to manifest in the evolutionarily adaptive accelerated maturation. We examined pertinent factors (sex, race,
and age), providing the context and parameters for mechanistically elucidating common and unique associations of adverse
SES and TSEs, and the sample has been genotyped so that such
models can be probed. The results underscore the marked and
pervasive associations of adverse SES and TSEs with symptoms,
cognition, and brain structure and function and highlight the
need to identify, ameliorate, and mitigate exposome conditions
contributing to these associations.3,75
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