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ABSTRACT
Socioeconomic disadvantage during childhood predicts an increased risk for mental health problems across the life
span. Socioeconomic disadvantage shapes multiple aspects of children’s proximal environments and increases
exposure to chronic stressors. Drawing from multiple literatures, we propose that childhood socioeconomic disad-
vantage may lead to adaptive changes in the regulation of stress response systems including the hypothalamic-
pituitary-adrenal (HPA) axis. These changes, in turn, affect the development of prefrontal cortical (PFC) circuitry
responsible for top-down control over cognitive and emotional processes. Translational findings indicate that chronic
stress reduces dendritic complexity and spine density in the medial PFC and anterior cingulate cortex, in part through
altered HPA axis regulation. Socioeconomic disadvantage has frequently been associated with reduced gray matter in
the dorsolateral and ventrolateral PFC and anterior cingulate cortex and lower fractional anisotropy in the superior
longitudinal fasciculus, cingulum bundle, and uncinate fasciculus during middle childhood and adolescence. Evidence
of socioeconomic disparities in hair cortisol concentrations in children has accumulated, although null findings have
been reported. Coupled with links between cortisol levels and reduced gray matter in the PFC and anterior cingulate
cortex, these results support mechanistic roles for the HPA axis and these PFC circuits. Future longitudinal studies
should simultaneously consider multiple dimensions of proximal factors, including cognitive stimulation, while focusing
on epigenetic processes and genetic moderators to elucidate how socioeconomic context may influence the HPA axis
and PFC circuitry involved in cognitive and emotional control. These findings, which point to modifiable factors, can be
harnessed to inform policy and more effective prevention strategies.

https://doi.org/10.1016/j.bpsgos.2023.10.004
Socioeconomic disadvantage during childhood is prevalent
and increases risk for mental health problems across the life
span (1). Socioeconomic disadvantage refers to conditions of
low economic resources and social and human capital. Com-
mon socioeconomic measures include family income and
parental educational attainment, which tend to be highly
correlated (2–4). Socioeconomic context affects mental health
on a gradient, with the risk of psychopathology especially high
among those with very low economic resources (e.g., poverty)
and declining gradually as economic resources increase (5).
Socioeconomic disadvantage is a distal factor that shapes
multiple aspects of children’s proximal environments (6) and
often increases exposure to chronic stressors, such as
neighborhood violence, family conflict, crowding/noise, and
household unpredictability (3,4,7–10). In addition to affecting
children directly, financial strain and these chronic stressors
can affect children indirectly by increasing parental stress,
which can lead to harsher, less responsive, and more unpre-
dictable parenting (3,8,9). Frequently documented socioeco-
nomic disparities in cognitive and emotional control among
children and adolescents (8,10–12) have prompted research
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into the neurobiological mechanisms that underlie these
associations.

Socioeconomic disadvantage has been repeatedly associ-
ated with altered functioning of the hypothalamic-pituitary-
adrenal (HPA) axis stress response system (13,14) and the
structure of prefrontal cortical (PFC) circuitry crucial to cogni-
tive and emotional control in children and adolescents (5).
These effects are theorized to occur as adaptations to the
environment that may be beneficial in the short term but may
impose higher risks for psychopathology in the long term
(15,16). Drawing from multiple literatures, we propose that
socioeconomic context during childhood may influence HPA
axis function and PFC circuitry responsible for cognitive and
emotional control, partially explaining socioeconomic dispar-
ities in mental health. Translational and human research
bearing on this model is reviewed.

THE HPA AXIS

Stressors or threats influence multiple physiological systems
(e.g., autonomic nervous system, neuroendocrine system,
immune system) including the HPA axis. Stressors are
Inc on behalf of the Society of Biological Psychiatry. This is an
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detected and appraised in corticolimbic circuits that signal to
increase HPA axis activation. Information is integrated by the
paraventricular nucleus of the hypothalamus to control
corticotropin-releasing hormone secretion, which stimulates
the anterior pituitary gland to secrete adrenocorticotropic
hormone, leading the adrenal cortex to synthesize and release
glucocorticoids (cortisol in humans, corticosterone in rodents)
(17). Once secreted, cortisol binds to mineralocorticoid and
glucocorticoid receptors (GRs) in multiple brain regions
including the medial PFC (mPFC), hippocampus, and amyg-
dala, which have high densities of GRs (18). As cortisol levels
rise and reach moderate-to-high concentrations, low-affinity
GRs become occupied, prompting energy-mobilizing effects
that facilitate behavioral responses to the stressor. Circulation
of glucocorticoids is controlled through a negative feedback
loop involving GRs in regions including the hypothalamus,
hippocampus, and mPFC (19–22). Elevated glucocorticoids
typically suppress HPA axis activation by occupying GRs in
these brain regions (17,20,23). Glucocorticoids are not only
produced in response to stressors but are also released across
the day to ensure basal levels sufficient for healthy functioning.
The release of basal glucocorticoids follows a diurnal rhythm,
with higher levels in the morning and then decreasing pro-
duction throughout the day, reaching minimum levels at night.

PFC CIRCUITRY SUPPORTING COGNITIVE AND
EMOTIONAL CONTROL

The PFC has a protracted developmental course that extends
through adolescence, making it malleable to environmental
influences for a lengthy period. Frontoparietal and frontolimbic
networks support the interrelated processes of cognitive and
emotional control, respectively (24–26). PFC regions that
support cognitive control include lateral PFC regions, which
are heavily implicated in inhibitory control and working mem-
ory, and the dorsal anterior cingulate cortex (ACC), which has
been associated with error monitoring (24,27,28). Both the
dorsolateral PFC (dlPFC) and mPFC (including ventral ACC)
have been strongly associated with emotion regulation (29). In
diffusion-weighted imaging studies, frontoparietal circuitry in-
cludes the superior longitudinal fasciculus (SLF), which con-
nects the lateral prefrontal and parietal cortices. Frontolimbic
circuitry includes the uncinate fasciculus, which connects the
ventromedial PFC and amygdala (25,30). The cingulum bundle
connects the anterior cingulate, prefrontal, parietal, and
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temporal cortices and the hippocampus and plays roles in both
cognitive and emotional control (24,25,31,32). Frontolimbic
connections allow PFC-mediated top-down control over amyg-
dala reactivity, leading to modified emotional responses
(25,33,34). Research suggests that the dlPFC signals to mPFC
regions, including the ventral ACC, which connects with the
amygdala, supporting emotion regulation (25,35).

CURRENT REVIEW

In our integrative model (Figure 1), socioeconomic disadvantage,
via increases in exposure to chronic stressors during childhood,
is proposed to lead to adaptive changes in the regulation of
stress response systems including the HPA axis, which alter the
development of PFC circuitry responsible for top-down control
over cognitive and emotional processes. Our model builds on
many earlier theories, including the allostatic load and adaptive
calibration models (15,36). After an overview of translational
work, we review the associations among socioeconomic factors,
HPA axis functioning, and PFC structure and structural con-
nectivity with parietal and limbic regions primarily in children and
adolescents. Then, we discuss the role of multiple proximal
factors, developmental timing, and racial/ethnic discrimination;
encourage research on epigenetic processes; and consider
possibilities for how socioeconomic context may influence PFC
structural development. Finally, we cover future directions and
implications for practice and policy. This review is comprehen-
sive but not exhaustive; exemplar citations are provided in the
main text, with additional information in the Supplement.

ANIMAL MODELS OF CHRONIC STRESS

It is well established in translational research that chronic
stress impacts PFC morphology. Some of this research has
employed the limited bedding and nesting (early-life scarcity)
and chronic variable stress paradigms (juvenile stress), which
increase exposure to environmental unpredictability (37–39). In
rodent models, chronic stress causes structural remodeling of
PFC neurons (36,40–44), including decreased dendritic length
and branching and spine density in pyramidal neurons in the
mPFC (e.g., Brodmann area 25) (38,40,42,43,45), indicating a
potential reduction in excitatory synapses (46). The effects of
chronic stress during early life or the peripubertal period on
PFC morphology persist over time and are associated with
reduced attentional control and working memory (37,47–56).
Emotion
regulation

Cognitive
control

Figure 1. Integrative model highlighting the role
of chronic stress and physiological stress mediators
in the neurobiological mechanisms underlying so-
cioeconomic disparities in cognitive and emotional
control. Socioeconomic disadvantage leads to
elevated exposure to chronic stressors, which may
influence multiple stress response systems (e.g.,
autonomic nervous system, hypothalamic-pituitary-
adrenal [HPA] axis, immune system) during child-
hood and adolescence, in turn impacting the
development of prefrontal cortical (PFC) and fron-
tolimbic circuitry underlying cognitive and emotional

tems are likely involved in these mechanisms. Socioeconomic disadvantage
r during childhood and adolescence. Beyond chronic stress, other proximal
not pictured here. ACC, anterior cingulate cortex; dlPFC, dorsolateral PFC;
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These effects are due in part to altered HPA axis func-
tioning. Chronic stress during early life or childhood/adoles-
cence has enduring effects on HPA axis functioning, often
causing elevated corticosterone secretion (37,57) due in part to
impaired glucocorticoid feedback control of the HPA axis. In
rodents, early-life stress decreases GR expression (e.g.,
through increased GR gene methylation) (58) in regions
including the hippocampus and mPFC that regulate feedback
(18,59). Chronic corticosteroid administration is sufficient to
cause reductions in dendritic complexity, including loss of
dendritic spines, in the mPFC, thus weakening synaptic
efficacy (38,60–63). Early-life stress also increases
corticotropin-releasing hormone expression in the hypothala-
mus, amygdala, and hippocampus. In conjunction with
glucocorticoid effects, high corticotropin-releasing hormone
levels modulate synaptic structure and may disrupt dendritic
arborization and pruning in limbic regions (37).

Chronic stress can also cause blunted HPA axis activity.
Moderators such as sex and the timing and duration of
exposure may influence whether chronic stress is found to be
associated with heightened or blunted corticosterone. Pro-
longed chronic stress exposure has been associated with
blunted HPA axis activity, including reduced corticosterone
production (39,64,65), which may be related to elevated GR
expression in the mPFC enhancing negative feedback (39).

Nonhuman primate models, such as those using variable
foraging demand paradigms, have shown similar effects and
suggested that chronic or uncontrollable stress weakens
synaptic connectivity in the dlPFC (e.g., Brodmann area 46)
(35,66). Thus, animal models, which through experimental
designs have the benefit of allowing causal inferences to be
drawn from study findings, have shown effects of chronic
stress on PFC morphology and identified altered HPA axis
function as a likely mediator of those effects.

SOCIOECONOMIC FACTORS AND PFC STRUCTURE

Consistent with these findings (36,48), in human magnetic
resonance imaging research, socioeconomic disadvantage at
both the household and neighborhood levels has been consis-
tently associated with reduced gray matter in PFC regions, as
measured by cortical volume, thickness, or surface area during
early childhood (67–70), middle childhood (14,67,69–80), and
adolescence (26,67,69,70,72,78–82) (Table 1). These associa-
tions have been found more frequently for cortical surface area
than for cortical thickness (26,70,74). In large-scale studies using
both whole-brain and region-of-interest approaches, these as-
sociations have been found in lateral PFC and mPFC regions
(70,74–79). The most consistent findings have been for the
dlPFC (rostral middle frontal gyrus), ventrolateral PFC (inferior
frontal gyrus), and ACC. Although significant findings have been
obtained during early childhood (68), including in neonates (83),
as well as prenatally (84), more work is needed on these devel-
opmental periods.

SOCIOECONOMIC FACTORS AND FRONTOLIMBIC
AND FRONTOPARIETAL STRUCTURAL
CONNECTIVITY

Socioeconomic disadvantage in childhood has also been
linked with reduced white matter organization in frontolimbic
Biological Psychiatry: Glo
and frontoparietal tracts. In diffusion-weighted imaging
studies, socioeconomic disadvantage has been repeatedly
associated with lower fractional anisotropy (FA) in the uncinate
fasciculus, cingulum bundle, and SLF during middle childhood
(85–90) and adolescence (86,88,89,91–93) (Table 2). Some
studies have yielded null findings for FA in these tracts (71,80)
or inverse associations (94). Socioeconomic disadvantage has
also been associated with indices beyond FA, such as reduced
myelin growth during adolescence (95) and lower network ef-
ficiency in prefrontal and limbic regions (96). Lower FA in the
SLF and cingulum bundle have been associated with reduced
cognitive control, including working memory (31,88). In sum,
these results provide insights into the neural networks that may
underlie socioeconomic disparities in cognitive and emotional
control. Socioeconomic disadvantage has often been associ-
ated with reduced gray matter and lower FA in PFC circuitry
crucial to cognitive and emotional control in children and
adolescents.
SOCIOECONOMIC FACTORS AND HPA AXIS
FUNCTIONING

Socioeconomic disadvantage has been studied frequently in
relation to salivary, urinary, and hair cortisol levels in children
and adolescents. Given that socioeconomic disadvantage is
associated with chronic stress, certain methods of measuring
cortisol may be better matched to these investigations than
others, such as measures that reflect long-term changes in
cortisol secretion (e.g., hair, basal salivary, urinary cortisol)
rather than acute cortisol reactivity (97). Although socioeco-
nomic factors have frequently been associated with cortisol
levels, a clear pattern of hyper- or hypocortisolism has not
been established.

Basal salivary cortisol has been measured in multiple ways
including basal levels at particular times of the day and area
under the curve (AUC) measures of total cortisol output over
the course of the day. Neighborhood and family socioeco-
nomic disadvantage have been linked with elevated basal
cortisol in some studies (98–104), lower basal cortisol in other
studies (100,105,106), and no differences in basal cortisol in
other studies (107) of children and adolescents (Table S1).
Similarly, socioeconomic disadvantage has been associated
with greater AUC in some studies (7,108) but with lower AUC in
other studies (109,110) and no differences in AUC in others
(103,111,112) (Table S2). Urinary cortisol provides an index of
cumulative levels over the course of a day or night. In a lon-
gitudinal study, exposure to poverty during childhood was
significantly associated with elevated urinary cortisol overnight
in children and adolescents (113).

Hair cortisol concentrations provide an index of cumulative
levels over the course of months. Measuring hair cortisol may
be particularly well-suited to investigation of the effects of
socioeconomic disadvantage on HPA axis function. Across
multiple studies, socioeconomic disadvantage has been
associated with higher hair cortisol concentrations in early
childhood (103,111,114–116), middle childhood (14,117), and
adolescence (118) (Table S3). However, other studies have
failed to find significant associations (119–125).

Collectively, these findings suggest that socioeconomic
disadvantage may lead to altered HPA axis activity in children
bal Open Science January 2024; 4:83–96 www.sobp.org/GOS 85
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Table 1. Associations Between Socioeconomic Factors and Prefrontal Cortex Gray Matter Structure

Authors N
Age (Range;

Mean)
Study
Design SES Measure

Cortical Gray
Matter
Measure

ROI and/or
Whole-Brain
Analysis

Associations Between SES and PFC
Structure

Direction of
Association

Barch et al. (162) 167 AD (13–19 y; mean =
15.83 y)

L Family income-to-needs ratio CV ROI Family income-to-needs ratio was not
significantly associated with dorsal ACC
or rostral MFG volume.

NS

Brain Development
Cooperative Group
(156)

325 EC, MC, AD (4–18 y;
mean = 11 y)

CS Family income, parental
education

CV ROI Socioeconomic factors were not
significantly associated with frontal lobe
volume.

NS

Dufford et al. (12) 34 MC (8–10 y; mean =
8.76 y)

CS Family income-to-needs ratio CV ROI Family income-to-needs ratio was not
significantly associated with IFG volume.

NS

Gur et al. (80) 1395 MC, AD (8–21 y) CS Neighborhood SES CV, gray-
matter
density

ROI Lower SES was associated with smaller
volume and gray matter density in the
frontal lobe.

1

Hackman et al. (77) 8598 MC (9–10 y; mean =
9.9 y)

CS Neighborhood disadvantage,
family income, parental
education

SA, CT Whole-brain, ROI Greater neighborhood disadvantage was
associated with smaller SA in the rostral
MFG and IFG (pars orbitalis).

1

Hair et al. (67) 389 EC, MC, AD (4–20 y;
mean = 11 y)

L Family income CV ROI Children from low-income households had
reduced volume in the frontal lobe.

1

Hanson et al. (68) 77 EC (0–5 y; mean at first
scan = 13.5 mo)

L Family income CV Whole-brain Children from lower-income families had
smaller volume in the frontal lobe.

1

Jednoróg et al. (71) 23 MC (8–10 y; mean =
9.58 y)

CS Hollingshead 2-factor index
(maternal education and
occupational status)

CV, CT, SA Whole-brain Lower SES was associated with reduced
volume in the left S/MFG.

1

Judd et al. (26) 551 AD (14–19 y; mean =
14.44 y at wave 1)

L Combined sum of income-
related variablesa, parental
education, and
neighborhood quality

SA, CT Whole-brain SES was not associated with regional SA
while controlling for total SA. When not
controlling for total SA, SES was
associated with SA in medial PFC
regions. SES was not associated with
CT. SES was associated with change
between 14 and 19 years of age in SA in
the left caudal superior frontal sulcus.

NS/1

King et al. (72) 147 for CS sample,
109 for L sample

MC, AD (9–13 y at time
1; mean = 11 y)

L Family income-to-needs ratio CV Whole-brain Interactions between family income-to-
needs ratio and sex were found. Cross-
sectionally, lower family income-to-
needs ratio was associated with reduced
volume in the right SFG, right MFG, and
left IFG in boys.

1

Lawson et al. (69) 283 EC, MC, AD (4–18 y;
mean = 11.47 y)

CS Family income, parental
education

CT ROI Lower parental education was associated
with reduced CT in the left SFG and right
ACC.

1

Lu et al. (84) 144 Prenatal (24–39
gestational wk)

CS Maternal and paternal SES
composites (maternal and
paternal education and
occupation)

CV ROI Lower maternal and paternal SES were
associated with decreased volume in the
frontal lobe in fetuses.

1

Mackey et al. (81) 58 AD (mean = 14 y) CS Free or reduced-price lunch
status; subset with family
income data

SA, CT Whole-brain Lower SES was associated with reduced
CT in the right rostral MFG and right IFG.

1

S
ocioeconom

ic
C
ontext,

S
tress,

and
P
refrontalS

tructure

86
B
iologicalP

sychiatry:
G
lob

alO
p
en

S
cience

January
2024;

4:83
–96

w
w
w
.so

b
p
.o
rg

/G
O
S

B
io
lo
g
ical

P
sychiatry:

G
O
S

http://www.sobp.org/GOS


Table 1. Continued

Authors N
Age (Range;

Mean)
Study
Design SES Measure

Cortical Gray
Matter
Measure

ROI and/or
Whole-Brain
Analysis

Associations Between SES and PFC
Structure

Direction of
Association

McDermott et al. (78) 623 MC, AD (5–25 y at first
scan; mean = 12.0 y)

L Hollingshead 2-factor index
(parental education and
occupation)

CV, SA, CT Whole-brain Lower SES was associated with reduced
SA in the MFG, SFG, OFC, and ACC.

1

Merz et al. (14) 51 MC (5–9 y; mean =
7.03 y)

CS Family income-to-needs ratio,
parental education

CT, SA ROI Lower parental education was associated
with reduced rostral and caudal ACC SA
and greater rostral and caudal ACC CT.

1 and 2

Noble et al. (82) 60 MC, AD (5–17 y; mean =
11.4 y)

CS Family income-to-needs ratio,
parental education

CV ROI No main effects of SES on left IFG or ACC
volume. A parental education-by-age
interaction was observed for left IFG
volume, such that lower SES was
associated with lower left IFG volume in
adolescence.

1

Noble et al. (70) 1099 EC, MC, AD (3–20 y;
mean = 11.9 y)

CS Family income, parental
education

SA, CT Whole-brain Lower family income and parental
education were associated with reduced
SA in the IFG, rostral MFG, SFG, medial
OFC, and ACC.

1

Romeo et al. (73) 65 MC (6–9 y; mean =
7.75 y)

L SES composite (maternal
education, occupational
prestige)

CT, CV Whole-brain Lower SES was associated with lower CT
and volume in the left IFG (pars
opercularis).

1

Rosen et al. (88) 49 MC, AD (6–19 y; mean =
13.7 y)

CS Family income-to-needs ratio CT ROI Family income-to-needs ratio was not
significantly associated with CT in the
MFG.

NS

Sanders et al. (79) 789 MC, AD (5–21 y; mean =
13.9 y)

CS Family income-to-needs ratio,
maternal education

CT Networks of
interest

Lower maternal education was associated
with reduced CT in the CON. Significant
age-by-maternal education interaction
for CT in the DAN such that higher
maternal education was associated with
steeper age-related decreases in CT.

1

Spann et al. (83) 37 EC (1–6 wk; mean
postmenstrual age =
42 wk)

CS Hollingshead 2-factor index
(parent education and
occupation)

CV Whole-brain Lower SES was associated with greater
volume in the right MFG and left IFG and
ACC.

2

Taylor et al. (75) 11,875 MC (9–10 y) CS Neighborhood poverty,
household income

CV ROI Lower household income and higher
neighborhood poverty were associated
with reduced volume in the MFG and
SFG.

1

Tomasi and Volkow
(74)

7784 MC (9–10 y; mean =
9.8 y)

CS Family income, neighborhood
deprivation, parental
education

CT, SA, CV ROI Lower family income was associated with
reduced volume and SA in the IFG,
MFG, SFG, OFC, and ACC.

1

Vargas et al. (76) 10,205 MC (9–11 y; mean =
9.9 y)

CS Neighborhood deprivation CT, SA ROI Higher neighborhood deprivation was
associated with greater overall PFC SA,
right SFG SA, and right rostral MFG SA;
lower SA in the bilateral frontal pole; and
lower CT in the right rostral MFG, right
SFG, right medial OFC, and left lateral
OFC.

2 and 1
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and adolescents, although null findings have been reported,
and a consistent pattern of hyper- or hypocortisolism has not
been shown. Socioeconomic disadvantage has been associ-
ated with HPA axis activity via increased exposure to chronic
stressors (106), which may explain some of the variability in
findings. Associations between socioeconomic disadvantage
and HPA axis activity may also depend on the duration of (or
time since) exposure to socioeconomic disadvantage. Child-
hood socioeconomic disadvantage may lead to increased HPA
axis activity initially that is followed by eventual downregulation
of HPA axis activity over time (13,15,126). Initial upregulation of
the HPA axis may represent an adaptation to chronic stressors
associated with socioeconomic disadvantage. Heightened
HPA axis reactivity may facilitate early detection of potential
stressors and adaptive behavioral responses in the short term
(15). This biological adaptation to stressful conditions during
childhood may lead to an increased risk for mental health
problems in the long term. Differences in findings across
studies may also result from variation in methods (e.g., saliva
samples collected only once in some studies) and the severity
of exposure (e.g., percentage of the sample in poverty). Null
results in some studies could be due to range restriction in
socioeconomic context or small sample size.
HPA AXIS FUNCTIONING AND PFC STRUCTURE AND
STRUCTURAL CONNECTIVITY

In human neuroimaging studies, cortisol levels have often been
associated with PFC structure in children and adults (Figure 2).
Similar to findings from animal models (36,60,62,63), some
studies have linked higher cortisol levels with reduced PFC
volume and thickness, with most studies having been con-
ducted in adults (Table S4). In adults, higher salivary, hair, and
serum cortisol levels have been significantly associated with
reduced lateral and medial PFC and ACC gray matter
(127–132). This pattern of results has also been found in chil-
dren and adolescents (133,134), but other studies have linked
lower cortisol levels or reactivity to reduced PFC and ACC
thickness in children (14,134). In addition, some studies have
not detected links between cortisol and PFC morphology
(135,136).

In studies of white matter microstructure in adults (131) and
children or adolescents (137,138), higher basal cortisol has
been associated with reduced FA in the cingulum bundle,
uncinate fasciculus, and SLF (Table S5). In another study,
lower hair cortisol was associated with reduced FA in the
cingulum bundle in children (94). In young adults, sex differ-
ences in the associations between cortisol reactivity and
cingulum FA were observed in one study, with positive asso-
ciations in men and negative associations in women (139).
Other studies have not found significant associations (128).

In sum, human neuroimaging studies have revealed asso-
ciations of HPA axis activity with PFC and ACC gray matter
and FA in frontolimbic and frontoparietal tracts. Given that
most studies have been cross-sectional and correlational,
conclusions cannot be drawn about the directionality or cau-
sality of these associations. Based on findings from animal
research (36), these associations may reflect the effects of
elevated cortisol levels on PFC structure. They could also
reflect reductions in the capacity of the PFC to adequately
www.sobp.org/GOS
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Table 2. Associations Between Socioeconomic Factors and FA in Frontolimbic and Frontoparietal White Matter Tracts

Authors N Age (Range; Mean)
Study
Design SES Measure

Tract-of-Interest and/
or Whole-Brain

Analysis Associations Between SES and FA

Direction of
Association

UNC CB SLF

Bell et al. (91) 303 AD (SES measured at mean =
11.20 y, MRI at mean =
20.25 y)

L Neighborhood disadvantage,
family income

Tracts-of-interest Greater neighborhood disadvantage was
associated with reduced quantitative
anisotropy in the CB and UNC. Lower
family income was associated with lower
quantitative anisotropy in the CB.

1 1 NA

Dufford and
Kim (85)

27 MC (8–10 y; mean = 8.66 y) CS Family income-to-needs ratio,
maternal education

Whole-brain Lower family income was associated with
lower FA in the left UNC, CB, and SLF.

1 1 1

Dufford et al.
(92)

43 MC, AD (SES measured at 9,
13, 17, and 24 y; 20–27 y at
scan)

L Family income-to-needs ratio Whole-brain Lower childhood income-to-needs ratio
was associated with reduced FA in the
bilateral UNC, CB, and SLF.

1 1 1

Gullick et al.
(86)

42 MC, AD (7–13 y; mean =
10.4 y)

CS Parental education Whole-brain Lower parental education was associated
with lower FA in the right anterior inferior
fronto-occipital fasciculus and left SLF.

NS NS 1

Gur et al. (80) 1395 MC, AD (8–21 y) CS Neighborhood SES Tracts-of-interest Neighborhood SES was not significantly
associated with FA.

NS NS NS

Jednoróg et al.
(71)

23 MC (8–10 y; mean = 9 y) CS Hollingshead 2-factor index
(maternal education and
occupational status)

Whole-brain No significant correlations were found
between SES and white matter
properties.

NS NS NS

Li et al. (90) 8842 MC (9–11 y; mean = 9.9 y) CS Neighborhood disadvantage,
household income, parental
education

Tracts-of-interest Higher neighborhood disadvantage and
lower parental education were
associated with lower FA in the SLF.

NS NS 1

Ozernov-
Palchik et al.
(87)

125 MC (5–7 y; mean = 5.58 y) CS Maternal and paternal
education

Tracts-of-interest Maternal and paternal education were not
significantly associated with FA in the
SLF or CB. Lower parental education
was correlated with lower FA in the UNC
after controlling for gender.

1 NS NS

Rosen et al.
(88)

43 MC, AD (6–19 y; mean =
13.7 y)

CS Family income-to-needs ratio Tract-of-interest Lower family income-to-needs ratio was
associated with lower FA in the right and
left SLF.

NA NA 1

Simon et al.
(94)

51 MC (5–9 y; mean = 7 y) CS Family income-to-needs ratio;
parental education

Tract-of-interest Lower family income-to-needs ratio and
parental education were both associated
with higher FA in the dorsal cingulum.

NA 2 NA

Ursache et al.
(89)

1082 EC, MC, AD (3–21 y; mean =
12.21 y)

CS Family income, parental
education

Whole-brain, tract-of-
interest

Lower family income was related to lower
FA in the right parahippocampal
cingulum.

NS 1 NS

Vanderauwera
et al. (93)

35 AD (13–14 y; mean = 13.7 y) CS Parental education Tracts-of-interest Lower paternal education was associated
with lower FA in the left UNC.

1 NA NA

1 indicates significant positive association, and 2 indicates significant negative association.
AD, adolescence; CB, cingulum bundle; CS, cross-sectional; EC, early childhood; FA, fractional anisotropy (the degree of directionality of water diffusion); L, longitudinal; MC, middle childhood; MRI, magnetic

resonance imaging; NA, not applicable because not measured; NS, not significant; SES, socioeconomic status; SLF, superior longitudinal fasciculus; UNC, uncinate fasciculus.
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Figure 2. (A) Stress-induced increases in
hypothalamic-pituitary-adrenal axis activation
culminate in the release of glucocorticoids, which
bind to receptors in multiple regions of the devel-
oping brain, including the medial prefrontal cortex
(PFC), anterior cingulate cortex (ACC), amygdala,
and hippocampus. (B) Similar to findings from
nonhuman animal models, associations between
altered cortisol levels and PFC and ACC structure
have been found in studies of humans. Findings
across multiple literatures suggest that frontolimbic
circuits may be especially vulnerable. Figure created
using BioRender.com. ACTH, adrenocorticotropic
hormone; AVP, arginine vasopressin; CRH,
corticotropin-releasing hormone.
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regulate HPA axis activity, especially in studies of adults.
Although more work is needed, the findings from this literature
complement results showing that cortisol levels mediate as-
sociations between socioeconomic disadvantage and PFC
function in children (109).
OVERALL SUMMARY AND DISCUSSION

Socioeconomic disadvantage has often been associated with
reduced gray matter in the rostral middle frontal gyrus, inferior
frontal gyrus, and ACC and lower FA in frontolimbic and
frontoparietal tracts in children and adolescents (70,74–76,85).
These circuits are heavily involved in cognitive and emotional
control, which are transdiagnostic processes found to underlie
multiple psychiatric disorders (140). Animal research points to
altered HPA axis regulation as part of the mechanistic pathway
potentially underlying these associations, and human research
spanning various lines of inquiry is consistent with this
possibility.

Socioeconomic disadvantage has been associated with
altered cortisol secretion (either higher or lower levels) in
childhood and adolescence (14,100,106,109,141). Initial in-
creases in cortisol secretion and reactivity are thought to be
adaptive changes that enhance detection of stressors in the
short term and facilitate behavioral responses (15). Chronic
stress may initially cause higher cortisol secretion, which
eventually leads to lower cortisol secretion (13,126). Altered
cortisol secretion has been associated with reduced gray
matter in the PFC and ACC regions (14). These stress-related
pathways may be especially salient for socioeconomic differ-
ences in the structure of the ventromedial PFC, ventral ACC,
and limbic system (25,66). Reduced gray matter partially re-
flects reduced dendritic complexity, including spine density
(36,61,62,142), which can lower synaptic connectivity (42).

Although fewer studies have been conducted on white matter
microstructure, altered cortisol secretion has also been
90 Biological Psychiatry: Global Open Science January 2024; 4:83–96
associated with FA in frontoparietal and frontolimbic tracts. FA
as measured using diffusion-weighted imaging may reflect
multiple processes (e.g., myelination, axonal packing) and
cannot be attributed to any specific cellular mechanism
(48,143,144). Chronic stress and elevated glucocorticoid levels
lead to structural changes in glial cells (oligodendrocytes, as-
trocytes, microglia) that can reduce myelination in the PFC
(48,145).

Research is needed that investigates the epigenetic pro-
cesses that mediate the effects of childhood socioeconomic
context on PFC structure, which may involve altered GR gene
methylation (58), including research that employs epigenome-
wide approaches. Childhood socioeconomic disadvantage
may alter the expression of genes involved in glucocorticoid
signaling, inflammation, and neuronal development, for
example, impacting the development of PFC circuitry and
leading to persistent reductions in cognitive and emotional
control. In addition, associations between childhood socio-
economic disadvantage and HPA axis function are likely
moderated by genetic factors, such as polymorphisms in
genes involved in the HPA axis stress response (e.g., FKBP5
genotype) (146). Research is needed to examine interactions
between childhood socioeconomic disadvantage and genetic
factors in the prediction of PFC structure and function,
including studies that use genome-wide methods.

Socioeconomic disadvantage is a distal factor associated
with multiple proximal factors that may play roles in these
associations (6). Unpredictability as a specific dimension of
stress exposure often characterizes socioeconomically
disadvantaged environments (8,15) (e.g., household instability,
residential changes, changes in household composition,
parental unemployment, changing parental work schedules,
less frequent family routines). Reduced cognitive and linguistic
stimulation (e.g., deprivation) is another major pathway through
which socioeconomic disadvantage has been proposed to
affect the development of cognitive control (2–4,9,10).
www.sobp.org/GOS
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Socioeconomic disadvantage has been consistently associ-
ated with reduced cognitive and linguistic stimulation including
lower levels of linguistic input at home, limited access to ma-
terial resources such as books and toys, and fewer opportu-
nities to visit libraries and museums (2,3,9). Animal models
have shown that lower cognitive stimulation reduces dendritic
complexity and spine density in PFC and hippocampal neu-
rons and decreases myelination (147,148). Similar results have
been reported in human studies. For example, lower cognitive
stimulation has been associated with reduced dlPFC thickness
in children and adolescents (88). Exposure to both frequent
chronic stressors and fewer cognitively enriching activities
likely has stronger and differential effects on the HPA axis and
PFC than exposure to one or the other. In animal models, for
example, environmental enrichment reverses the effects of
chronic stress on HPA axis regulation and PFC function
(65,148,149). Future studies should examine multiple di-
mensions of proximal exposures, along with the severity of
those exposures, when aiming to explain socioeconomic dis-
parities in PFC structure and function.

The factors that mediate socioeconomic differences in brain
structure fall along a dimension of more proximal (e.g., parent-
child interactions) to more distal (e.g., neighborhood qualities),
and whether these exposures are more proximal or more distal,
along with their duration and severity, likely affects children’s
outcomes. At the most proximal level, parent-child interactions
and relationship quality have powerful effects on the HPA axis
during early childhood (150). While financial strain may in-
crease parental stress, which in turn leads to lower parental
warmth and responsiveness, many parents are able to provide
supportive parenting to their children, even in circumstances of
economic hardship. High levels of parental warmth and
responsiveness have been found to reduce the effects of so-
cioeconomic disadvantage on the developing HPA axis (151)
and PFC structure and function (95,152,153).

Race/Ethnicity

Socioeconomic status is closely intertwined with race/ethnicity
in the United States (2,4). Children from socioeconomically
disadvantaged families are also often from racial/ethnic mi-
nority backgrounds and additionally exposed to chronic stress
stemming from systemic racism, prejudice, and discrimination.
Exposure to systemic racism and discrimination and socio-
economic disadvantage may have distinct effects on HPA axis
regulation and PFC structure. For example, racial/ethnic dis-
parities in hair cortisol concentrations persisted after control-
ling for socioeconomic factors in children (114), and exposure
to racial discrimination was associated with lower FA in the
cingulum and SLF in Black women (154). In a study using
machine learning, when a wide range of predictors were
included in the model, race (Black vs. non-Black) was not an
important predictor of total brain volume in infants (155).
Further research is needed to disentangle the effects of racial/
ethnic discrimination and socioeconomic disadvantage on
HPA axis regulation and PFC development in children.

Developmental Trajectories

During typical development, cortical volume and surface area
increase into middle childhood and early adolescence and then
decrease during subsequent phases of adolescence (143,156).
Biological Psychiatry: Glo
Cortical thickness increases during the first 2 years of life and then
decreases during early and middle childhood and adolescence
(143). These trajectories are likely due in part to synaptogenesis
followed by synaptic pruning. In diffusion-weighted imaging
studies of typical development, FA increases steeply during the
first few years of life and then more slowly throughout childhood
and adolescence, due in part to myelination (31,143,144).

Some evidence suggests that socioeconomic disadvantage
may accelerate cortical thinning throughout childhood and
adolescence (144,157), including in frontoparietal circuitry
(158). Chronic stress and reduced cognitive stimulation may
accelerate cortical thinning due in part to increased synaptic
pruning. Early-life stress may prompt accelerated frontolimbic
development as an adaptation to the environment that confers
benefits in the short term (16). Longitudinal studies are needed
to investigate these possibilities. Most studies conducted to
date have used cross-sectional designs, which are limited in
their ability to support inferences about development (5,143).

Developmental Timing

Early childhood is the most frequently identified postnatal
sensitive period of enhanced malleability of the HPA axis to
environmental experiences (150). Animal models highlight the
peripubertal period as another possible sensitive period
(49,55,56). During puberty, the effects of chronic stressors on
the HPA axis may relate to reduced gray matter in the PFC.
These effects likely depend on early experiences and genetic
factors. For example, elevated exposure to chronic stressors
during puberty may exacerbate the effects of early-life adver-
sity on HPA axis regulation and PFC development (13,150).
Conversely, puberty also offers an opportunity for positive
environments to counteract effects of early-life socioeconomic
disadvantage.

Sex Hormones

Translational models indicate that sex may moderate the effects
of chronic stress on HPA axis function (57,65) and frontolimbic
morphology (41,159,160), and sex differences have been found in
some human studies (96,105,123,161). The hypothalamic-
pituitary-gonadal axis, which is responsible for pubertal eleva-
tions in testosterone and estrogen, interacts with the HPA axis
(13,162). The way in which socioeconomic disadvantage impacts
both the HPA and hypothalamic-pituitary-gonadal axes (e.g.,
through pubertal timing) may have implications for the develop-
ment of PFC circuitry involved in cognitive and emotional control
(79). For example, early poverty has been found to reduce in-
creases in testosterone levels from school age to adolescence,
which was associated with smaller hippocampal volume and
more difficulty with emotion regulation (162). Cortisol reactivity
may also interact with increases in gonadal hormones during
puberty, leading to changes in PFC structure and sex differences
in risk for affective psychopathology. Future studies are needed
to elucidate the role of the hypothalamic-pituitary-gonadal axis in
these mechanisms.

IMPLICATIONS FOR PRACTICE AND POLICY

The biological embedding of early socioeconomic context re-
inforces the need for policies that support families with low
levels of socioeconomic resources. Addressing the structural
bal Open Science January 2024; 4:83–96 www.sobp.org/GOS 91
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determinants that lead to childhood socioeconomic disad-
vantage is necessary to ensure equitable opportunities for
mental health across the life span. Social safety net programs,
including cash transfers, health insurance, and nutritional
assistance for low-income families, vary in their generosity (2).
Evidence suggests that policies that reduce economic hard-
ship could bolster children’s brain development and mental
health (2,163). In a randomized controlled trial, providing low-
income families with unconditional cash transfers was found
to support infant brain function (163).

CONCLUSIONS

Converging evidence points to the key roles of the HPA axis
and PFC in the mechanisms underlying socioeconomic dis-
parities in cognitive and emotional control. Socioeconomic
disadvantage is associated with elevated exposure to chronic
stress, which in animal models when experienced early in life
exerts pronounced and lasting effects on PFC structure and
function in part through effects on the HPA axis. Socioeco-
nomic disadvantage has frequently been associated with
altered cortisol levels and reduced PFC gray matter in children,
with these adaptive changes thought to confer short-term
benefits in a stressful environment. Cultivating supportive en-
vironments for children by reducing economic hardship is
critical to promoting brain development and long-term mental
health. Public policies that assist families with low socioeco-
nomic resources should be a priority to ensure that all children
have strong foundations for health and well-being.
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