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Abstract

Across individuals, risk for poor health varies inversely with socioeconomic position (SEP). The
pathways by which SEP affects health have been viewed from many epidemiological perspectives.
Central to these perspectives is the notion that socioeconomic health disparities arise from an
interplay between nested, recursive, and cumulative environmental, social, familial, psychological,
behavioral, and physiological processes that unfold over the life span. Epidemiological perspectives
on socioeconomic health disparities, however, have not yet formally integrated emerging findings
from neuropharmacological, molecular genetic, and neuroimaging studies demonstrating that
indicators of SEP relate to patterns of brain neurotransmission, brain morphology, and brain
functionality implicated in the etiology of chronic medical conditions and psychological disorders.
Here, we survey these emerging findings and consider how future neurobiological studies in this area
can enhance our understanding of the pathways by which different dimensions of SEP become

embodied by the brain to influence health throughout life.
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INTRODUCTION

Privilege, power, prestige. How does the brain come to represent these and other dimensions
of socioeconomic position (SEP)? When do these brain representations emerge in life? How
do they change with age, and how do they become embodied by the cumulative life experiences
from which they are formed? Why would these representations differ so appreciably when we
reference them to ourselves, to our family and friends, and to others in the social and economic
hierarchies in which we stand? How do these representations come to affect meaningful social,
cognitive, and emotional facets of our lives? More importantly, could these representations, in
part, beget socially stratified patterns of behavior and biology that undermine equities in

physical health, psychological well-being, and even longevity across individuals? If so, would
this inform the design of brain-based preventative strategies, interventions, or social policies
aimed at reducing the human cost of chronic medical conditions and psychological disorders
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that track a socioeconomic gradient? These questions are neither new nor exhaustive, but they
remain open and pressing, as developing nations and those with economies of scale confront
ever-increasing challenges in allocating limited resources to the public and widening
socioeconomic health disparities that are arguably unjust (1).

With these broad questions in mind, this survey highlights recent findings from
neuropharmacological, molecular genetic, and neuroimaging studies that hold the potential to
enhance our understanding of how the brain links socioeconomic factors to health throughout
life. Contextually, this survey complements theoretical perspectives advocating the integration
of neurobiological and molecular research approaches to epidemiological studies of
socioeconomic health disparities (2). This survey also builds on a renewed interest in applying
brain-body medicine and health neuroscience approaches to understand how environmental,
social, psychological, behavioral, and biological factors interact to affect human health and
disease (3,4).

Before our empirical survey, we emphasize the established necessity of conceptualizing SEP
as a multidimensional and multilevel construct (Fig. 1). In doing so, we underscore the
longstanding argument that indicators of SEP can relate to diverse health outcomes by different,
but often, interacting pathways (5-7). Next, we review findings from the few studies that have
begun to identify specific neurobiological pathways that might plausibly link dimensions of
SEP to physical and mental health outcomes. More precisely, these findings link indicators of
SEP to the functionality of monoamine neurotransmitter systems and to the activity and
morphology of brain circuitries that are instrumental for i) peripheral physiological regulation;
ii) emotion, mood, and stress processes; and iii) behavioral attributes implicated in risk for
health conditions for which there are established socioeconomic disparities at the population
level. In view of this concentrated survey, we defer to other reviews for treatments of
neurobiological studies of socioeconomic factors and cognitive functioning in humans (8) and
social hierarchies and health in nonhuman animals (9,10). We close by considering open lines
of inquiry on how socioeconomic factors may become embodied by the brain to influence
health and longevity.

Neurobiological Pathways Linking SEP and Health: Multidimensional,
Multilevel, and Life Span Considerations

As reviewed elsewhere (5,10,11), there are widely documented socioeconomic health
disparities that are not entirely explained by absolute thresholds of income, education, and
occupational status, or the restricted availability of health care among those of lower SEP.
Rather, the graded association between indicators of relative SEP and aspects of health, as well
as longevity, seems to be attributable to manifold processes, particularly those by which
disfavored life circumstances and opportunities engendered by holding a comparatively lower
SEP than others affect the regulation of central and peripheral nervous system functions that
are important for emotional experience and expression, for mood regulation, for cognition, for
social information processing, and for adaptively coping with life stressors at the levels of
behavior and physiology (5,11-14). SEP is a multidimensional and multilevel construct that
is traditionally measured by different indicator variables. Furthermore, different SEP indicator
variables can be referenced to individuals, families, communities, counties, electoral wards,
provinces, and even higher levels of social organization (e.g., entire countries) (5-7).
Historically, indicators of SEP have been labeled as “objective” or “subjective” (15). Objective
SEP indicators often assess aspects of educational attainment, employment grade, income,
accumulated wealth, and asset ownership. Subjective SEP is most commonly measured by
variants of a single-item, self-anchoring scale presented to respondents as a visual “ladder” of
ordered rungs of socioeconomic ranking—rungs that are often also referenced to aspects of
education, income, and employment. This ladder, termed the MacArthur Scale of Subjective
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Social Status, is considered to assess a “cognitive averaging” of multiple dimensions of SEP,
many of which may not be adequately assessed by any single indicator of objective SEP (16).
These additional dimensions include an individual’s valuation of i) current, prior, and
anticipated financial security; ii) qualitative dimensions of educational and occupational
histories; iii) comparative standards of living and housing; and iv) possibly social prestige or
influence (17,18). It is noteworthy that the extent to which subjective and objective indicators
of SEP correlate with one another may vary appreciably among individuals, ethnic populations,
cultures, and countries (19). Moreover, our understanding of the differences and commonalities
between objective and subjective SEP indicators continues to evolve—particularly with respect
to how these types of SEP indicators may relate to neurobiological measures assessed in the
context of socioeconomic health disparities.

As illustrated in Figure 1, health disparities that track a socioeconomic gradient can be
measured from early to later periods of life, and the pathways that proximally link dimensions
of SEP to observable health disparities over the lifecourse extend from genetic to environmental
levels of analysis. The conceptual argument adopted here and elsewhere (2,7) is that the
expression of socioeconomic health disparities depends on the embodiment by the brain of
socially stratified biological, psychological, social, and environmental factors linked to health
and mortality across individuals, particularly in interaction with predisposing genetic risk and
epigenetic plasticity (20). We note that the concept of embodiment has been defined similarly
from both epidemiological and cognitive neuroscience frameworks. From an ecosocial
perspective of disease distribution, for example, Krieger (21) defined embodiment as “... a
concept referring to how we literally incorporate, biologically, the material and social world
in which we live, from in utero to death” (p. 352). Similarly, from a cognitive neuroscience
perspective, Marshall (22) defined embodiment as an organizing concept that “... places the
mind within the body and brain of an active organism which is deeply embedded in the
world” (p. 113). Considering these converging definitional frameworks, embodiment can be
viewed as a core concept or supposition for neurobiological studies of socioeconomic health
disparities, insofar as most health outcomes of interest in such studies are the distal end points
of patterns of behavior and peripheral physiology that are orchestrated by the brain, which
itself is the target of environmental and social influences throughout life (23). A corollary of
this supposition is that the brain’s embodiment of socioeconomic factors can be quantified by
measurement methods in human neuroscience, including those of neuropharmacology,
molecular genetics, and neuroimaging. In addition to others, major measures from these fields
include quantitative aspects of i) the functionality of neurotransmitter systems; ii) the
morphology of brain regions and neural circuitries; and iii) the coordinated engagement and
coupling of these regions and circuitries by cognitive and psychosocial stimuli. Moreover,
these neurobiological measures can be readily studied in association with genetic variation,
providing a basis to probe for the interacting influence of heredity and environment on the
expression of socioeconomic health disparities that emerge from brain-dependent mechanisms.
Specific neurobiological measures referred to above have been reviewed elsewhere,
particularly for researchers in the biobehavioral health sciences (3,4). As yet, however, little
research has incorporated these or other neurobiological measures in studies of socioeconomic
health disparities. By comparison, use of such measures in the field of cognitive neuroscience
has yielded early success in understanding the neurobiology of socioeconomic disparities in
cognitive development, particularly as they relate to intellectual functioning and educational
achievement (24-27). Next, we selectively survey studies that have similarly begun working
toward understanding the neurobiology of socioeconomic health disparities.
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Neurobiological Pathways Linking SEP and Health: A Putative Role for Stress
and Mood Systems of the Brain

Reviewed below are recent studies that have used neuropharmacological, molecular genetic,
and neuroimaging approaches to understand the neurobiology of socioeconomic health
disparities. These studies emphasize the functional and morphological (structural)
characteristics of emotion, mood, and stress circuitries of the brain, along with their major
modulatory neurotransmitter systems. The rationale behind this emphasis is that lower SEP
reliably occasions adverse environmental exposures, as well as social and psychological
hardships arising from the challenges of daily living, uncertainties of future prospect, and (for
some) social exclusion, marginalization, and internalized states of demoralization that are not
buffered by supportive social ties or protective psychosocial resources (5,11,14,28,29).
Furthermore, to the extent that lower SEP precipitates exposure to chronic forms of
environmental and psychosocial adversities, the brain and neurotransmitter systems linking
dimensions of SEP to health most plausibly include those that are jointly involved in i)
supporting emotional and social information processing and related behaviors; and ii)
coregulating autonomic, metabolic, neuroendocrine, and immune functions associated with
disease processes (23). Accordingly, the particular brain systems emphasized in the studies
below are cardinal components of a corticolimbic circuitry that is instrumental for coordinating
behavior with peripheral physiology in the service of adaptively coping with potentially
adverse environmental and psychosocial challenges. Also emphasized below is the monoamine
neurotransmitter, serotonin, which modulates corticolimbic functionality and morphology in
strong association with genetic influence (30). For the interested reader, there are detailed
treatments elsewhere of methods to assess the functionality and morphology of corticolimbic
brain systems, their modulation by neurotransmitters and neuropeptides, and their suspected
roles in the etiology of medical conditions and psychological disorders (3,4).

Neuropharmacological and Molecular Genetic Studies of SEP

A neuropharmacological approach to studying the neurobiology of socioeconomic health
disparities is illustrated by research on the monoamine neurotransmitter, serotonin. Serotonin-
releasing neurons originate in the raphe nuclei of the midbrain, and they project to nearly all
areas of the central nervous system, including much of the cerebral cortex and numerous
subcortical cell groups (e.g., amygdala, hippocampus, basal ganglia, thalamus, and
hypothalamus), as well as sensory and motor neurons of the spinal cord and brain stem
governing peripheral autonomic discharge (31). As a result, serotonin is capable of modulating
diverse biological and behavioral systems. One method for assessing brain serotonergic
function and its variability involves the measurement of neuroendocrine reactions to drugs that
act on serotonergic neurons or neurons with serotonin receptors (32). One such
neuropharmacological challenge, acute administration of fenfluramine, induces neuronal
release of serotonin and inhibits its reuptake. Subsequent activation of serotonin receptors in
the hypothalamus stimulates pituitary release of the hormone, prolactin, into circulation, so
that the resulting increase in plasma prolactin concentration is interpreted as an index of central
serotonergic responsivity, at least along the hypothalamic-pituitary axis (33,34).

People vary markedly in serotonergic responsivity, as evaluated by fenfluramine or related
neuropharmacological challenges, and this variation reflects a moderately stable dimension of
individual differences (35,36). With respect to behavior, persons of an antagonistic disposition
and prone to aggression (particularly impulsively aggressive acts) and those with histories of
major depression or suicidal tendencies commonly show attenuated serotonergic responsivity
(e.g., a blunted prolactin response to fenfluramine), compared with individuals without these
attributes (31,34,37). In addition, low central serotonergic responsivity has many health-related
correlates, including central adiposity and physical inactivity, elevated blood pressure,
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dyslipidemia, insulin resistance (hence, the metabolic syndrome), and preclinical vascular
disease (carotid artery atherosclerosis) (38—-41). These converging observations have
encouraged speculation that dysregulation of the brain’s serotonergic system may help explain
why multiple behavioral and biological risk factors for ill health (even those suspected to have
independent etiologies) often covary in populations and aggregate (cluster) among susceptible
individuals, particularly those of lower SEP (42,43).

Less explored, however, are the origins of individual differences in brain serotonergic
functional activity, which—Ilike most complex neurobehavioral phenotypes—may include
environmental and genetic influences. Similar to humans, rhesus monkeys (Macaca mulatta)
vary in serotonergic activity, as indexed by the cerebral spinal fluid concentration of serotonin’s
principal metabolite, 5-hyrdoxyindoleacetic acid (5-HIAA), and low 5-HIAA in these animals
is associated with aggressiveness, low social affiliation, and a propensity for impulsive, high-
risk behaviors (44). In experimental studies, moreover, monkeys raised with peers and in the
absence of their mothers exhibit lower cerebral spinal fluid 5-HIAA levels than mother-reared
controls (45). Yet, the influence of early maternal deprivation on serotonergic function is not
seen in all peer-reared monkeys, but only among those carrying the “short” variant of a biallelic
length polymorphism in the regulatory region of the gene that encodes the serotonin transporter
(46). Analogous observations do not exist in humans, but two so-called objective indicators of
personal (individual-level) SEP—income and educational attainment— have been shown to
covary positively with serotonergic responsivity in nonpatient sample of midlife, community
volunteers (47). Hence, under fenfluramine challenge, individuals of lower SEP exhibit an
attenuated increase in plasma prolactin concentration relative to individuals of more
advantaged SEP. Similar to findings in rhesus monkeys, moreover, the covariation of
serotonergic responsivity and SEP is modulated by orthologous genetic variation in the human
serotonin transporter (48). In particular, individuals of comparatively lesser income and
education only show a diminished prolactin response to fenfluramine if they possess at least
one “short” (or deletion) allele of this polymorphism, which reduces transcriptional efficiency
of the transporter gene (49) (Fig. 2). In sum, functional genetic variation in one component of
serotonergic neurotransmission, the serotonin transporter, moderates the influence of both
early adversity (in monkeys) and lower objective SEP (in humans) on brain serotonergic
activity.

As noted earlier, it is increasingly recognized that the SEP of individuals, as typically inferred
from indicators of income, education, and occupational grade, only partially reflects the
spectrum of socioeconomic disparities of populations (50). Additional information is captured
when SEP is referenced to higher levels of social organization, including communities, census
tracts, and electoral wards (51-53). Such “community-level” or “area-level” indicators of SEP
vary widely, but among those most often studied are median household incomes, area-
aggregated rates of poverty and unemployment, vehicle or home ownership, density of housing
or overcrowding; as indicators of social “fragmentation,” the following are studied: percentage
of single-person households, pensioners, or unmarried individuals residing in a given
community. Thus, to the extent that indicators of objective SEP at the individual level have
been found to covary with brain serotonergic function, it may be asked whether similar
covariation exists with respect to community-level SEP.

In testing this hypothesis in the same research program linking individual-level SEP and

serotonergic function, an indicator of community-level SEP was computed as the aggregate of
several variables derived from the U.S. Census for tracts of residence, including median

residential income, proportion of households beneath the federally designated poverty level of
income, percentage of the workforce unemployed, median value of owner-occupied housing
units, median gross rent (as a percentage of income), and proportion of the population aged >
25 years lacking a high school diploma (54). Like the findings for indicators of objective SEP
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measured at the individual level (income and education), participants residing in less-
advantaged communities showed lower serotonergic responsivity (blunted prolactin response)
than residents of more advantaged communities. Individual- and community-level indicators
of SEP are moderately correlated, yet when adjusted for individual-level SEP, SEP at the
community level continued to predict fenfluramine-stimulated prolactin increases and, unlike
individual-level SEP, did so independently of genetic variation in the serotonin transporter.
This association was likewise independent of age, sex, diet, or any other measured “person”
variable related to community of residence, such as cognitive ability (intelligence quotient)
and trait conscientiousness. Limited statistical power in this study, however, precluded mixed-
effects modeling of serotonergic responsivity among individuals nested within different
communities and stratified by serotonin transporter status.

In aggregate, two multilevel (individual and community) indicators of objective SEP covary
with interindividual variation in serotonergic responsivity, even though interpreting the
directionality of such covariation is precluded by cross-sectional evidence in samples that are
appreciably smaller in size than many epidemiological studies. Furthermore, we note that, at
the time the above-mentioned studies were conducted, recently validated indicators of
subjective SEP, which are discussed below, were not available. Hence, the extent to which
indicators of subjective SEP covary with serotonergic responsivity and serotonin transporter
status remains unknown. Finally, we recognize that serotonergic neurotransmission and its
variability among individuals (and undoubtedly, variation in other neurotransmitter systems)
likely affect health and disease risk only to the extent that they modulate (bias) the activities
of functional brain circuitries supporting psychological and biological processes, such as
emotional experience and expression, mood regulation, behavioral motivations, and
autonomic, metabolic, immune, neuroendocrine, and cardiovascular regulation (43). Because
neuroimaging methods provide investigational access to these circuitries, it is possible to study
the neurobiological factors associated with indicators of SEP more directly than permitted by
neuropharmacologic and molecular genetic approaches alone.

Neuroimaging Studies of SEP

One neuroimaging approach useful for studying the neurobiology of socioeconomic health
disparities is illustrated by research on SEP and corticolimbic brain morphology. There is
longstanding evidence from animal models that chronic social stressors can remodel the
structure of several brain regions—particularly corticolimbic regions within the medial
prefrontal cortex, amygdala, and hippocampus (23,55). At the cellular level, and depending on
the particular region, this remodeling can involve alterations in the branching complexity of
neuronal dendrites, the expression of dendritic spines and spine synapses, the acetylation of
microtubule subunits within neurons, the phosphorylation of microtubule-associated neural
proteins, the proliferation of new neurons (neurogenesis), and the loss of neurons (55). Many
of these cellular and structural changes—»broadly referred to as forms of neuroplasticity—have
been related not only to alterations in gross brain morphology (e.g., the regional volume or
concentration of gray matter) but also disruptions in higher-order cognitive abilities, mood
states, and bidirectional signaling between brain circuits and major peripheral physiological
stress response axes (23). Although the mechanisms by which chronic stressors affect forms
of neuroplasticity are incompletely understood, they are thought to reflect alterations in central
levels of glucocorticoids, extracellular excitatory and inhibitory amino acids (e.g., glutamate
and y-aminobutyric acid), neurotrophic factors (e.g., brain-derived neurotrophic factor and
insulin-like growth factor), adrenal steroids, and corticotrophin-releasing factor—all of which
interact with serotonergic and other monoaminergic transmitter systems implicated in
cognitive processes, emotion- and mood-related behaviors, as well as stress regulatory
functions (56).
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Hence, in the translational context of animal research on chronic stress and neuroplasticity, it
is plausible that dimensions of comparatively lower SEP could covary with quantitative aspects
of regional brain morphology. In support of this speculation, a recent cross-sectional structural
neuroimaging study (57) demonstrated that individuals who subjectively report holding a lower
SEP—as reflected by lower scores on the MacArthur Scale of Subjective Social Status—show
areduced gray matter volume in the rostral area of the anterior cingulate cortex, a corticolimbic
brain region involved in experiencing and regulating emotions and orchestrating behavioral
and physiological reactivity to psychosocial stressors (3). In this study, a neuroanatomical
method called voxel-based morphometry (58) was applied to structural brain images obtained
in a healthy community sample of 100 adults (88% Caucasian, 56% women). Primary results
from this study, illustrated in Figure 3, showed that lower subjective SEP was associated with
reduced cingulate gray matter volume after accounting for several demographic factors,
depressive symptoms, dispositional forms of negative emotionality, and even individual- and
community-level indicators of objective SEP (assessed by family income, educational
attainment, and U.S. Census Bureau variables, respectively). Interestingly, neither individual-
nor community-level indicators of objective SEP themselves covaried with cingulate gray
matter volume, providing provisional evidence that objective and subjective indicators of SEP
may show unique patterns of association with neurobiological measures at the level of the
brain. Moreover, neither individual- nor community-level indicators of objective SEP showed
an association with regional gray matter volume in whole-brain analyses, which were executed
with correction for multiple statistical testing. In aggregate, this evidence seems to parallel
epidemiological findings that different indicators of SEP are not interchangeable and that they
may reflect different pathways by which socioeconomic factors relate to behavioral, biological,
and health-related outcomes (6). Furthermore, it is noteworthy that reduced volume of the
anterior cingulate cortex has been linked to stress and mood-related functions of relevance to
understanding socioeconomic health disparities, including stressor-evoked cardiovascular
reactivity (59), hypothalamic-pituitary-adrenal axis functioning (60,61), and depressive
symptomatology (62,63).

Although consistent with the general notion that some dimensions of comparatively lower SEP
(e.g., as reflected by lower subjective SEP) covary with quantitative aspects of brain
morphology, limitations of these structural neuroimaging observations are that they were
obtained from modally Caucasian, well-educated, higher-income, and healthy individuals
without psychiatric, neurological, cerebrovascular, or cardiovascular diseases. Therefore, the
racial composition, socioeconomic distribution, and general health of this sample constrain
extrapolations to the general population. Moreover, it may be problematic to detect a
relationship between subjective SEP and volumetric differences in other putatively stress-
sensitive corticolimbic brain areas, such as the amygdala and hippocampus, when studying
otherwise healthy individuals compressed at the upper end of the socioeconomic distribution
(as reflected by objective indicator variables). In extension, it is likewise possible that restricted
variance in objective SEP indicator variables measured at the individual and community levels
could partly explain an apparent absence of association between these dimensions of SEP and
regional brain morphology. Finally, it is conceivable that future longitudinal studies could
better capture the cumulative aspects of subjective and objective SEP over time, which may
better predict regional volumetric changes across the brain. In point, cumulative longitudinal
reports of chronic psychological stress have been associated with reduced hippocampal gray
matter volume in our prior work (64).

Despite the above limitations, reduced gray matter volume in the anterior cingulate cortex
seems to be a structural neural correlate of one dimension of SEP (lower subjective SEP), which
may plausibly relate to mental or physical health outcomes via mechanisms of neuroplasticity.
Conceptually, though, a relationship between lower subjective SEP and reduced cingulate gray
matter volume could be interpreted from an alternative vulnerability perspective (56).
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Specifically, genetically and/or developmentally altered regional gray matter volume in
corticolimbic brain areas could bias individuals to view themselves subjectively as holding a
lower SEP than others. There is evidence that exposure to early life stressors predicts reduced
cingulate volume in adulthood (65), possibly increasing psychological vulnerability and
sensitivity to perceived adverse psychosocial conditions or life stressors. In addition, it has
recently been found that individuals carrying the short allele of the promoter polymorphism of
the serotonin transporter gene show an approximate 25% reduction in cingulate gray matter
volume in comparison with carriers of the alternate, long allele (66), an effect that seems to be
conserved across primates (67). Hence, it will be important for future studies to account for
the interactive influence of developmental and genetic factors on normative variation in
regional gray matter volume in association with subjective and objective dimensions of SEP
—particularly in light of the observations reviewed earlier on the influence of genetic variation
in the human serotonin transporter on the association between individual SEP and serotonergic
responsivity.

Extending the structural imaging work above, there is recent functional neuroimaging evidence
that another corticolimbic area subject to serotonergic modulation, the amygdala, may link
stress-related processes to health within the context of childhood socioeconomic factors. In
particular, social information processing models emphasizing a lifecourse perspective posit
that individuals who mature in disadvantaged socioeconomic environments may develop an
early sensitivity to social threats, leading to dysregulated forms of emotional processing and
recurrent stress responses that increase risk for ill health in later life (68—70). This postulate
parallels the notion that risk trajectories for ill health may be developmentally “embedded” in
the brain and in biobehavioral stress-response systems by early and unfavorable socioeconomic
circumstances (2,71,72). Consistent with this notion, a recent neuroimaging study (73) showed
that low subjective parental SEP, a putative indicator of socioeconomic disadvantage during
childhood and adolescence, is uniquely associated with greater amygdala reactivity to
threatening (angry) facial expressions but not to neutral or surprised facial expressions (Fig.
4). Notably, this association was observed among individuals who had not yet attainted an
adult SEP (i.e., had not yet finished schooling or entered an occupation), and it was not
explained by several potential confounding factors, including sex, ethnicity, dispositional
emotionality, recent symptoms of depression and anxiety, parental educational attainment, and
the participants” own ratings of their subjective SEP.

Given that the amygdala is i) instrumental for registering the emotional salience of social and
environmental information, ii) critical for regulating the neuroendocrine and autonomic stress-
response axes, and iii) sensitive to early life stress, increased amygdala reactivity to angry or
otherwise threat-related facial expressions could reflect a neural “embedding” or
“embodiment” of experiences associated with early socioeconomic disadvantage that influence
sensitivity to perceived social threats—possibly affecting stress regulatory peripheral systems
influencing health or disease vulnerability in later life. Consistent with such speculation,
amygdala reactivity has been linked to stressor-evoked cardiovascular reactivity (59) and
preclinical atherosclerosis (74).

Most recently, amygdala reactivity has been shown to covary with concurrent changes in the
neural representation of social hierarchies in humans. In a study by Zink and colleagues (75),
functional magnetic resonance imaging was used to identify neural responses correlated with
perceived social rank within the context of an interactive social context involving exposure to
both stable and unstable social hierarchies. Interestingly, in the context of an unstable social
hierarchy, viewing a superior ranking individual engaged the amygdala and areas of the medial
prefrontal cortex involved in social information processing. Here, it is interesting to note that
chronic exposure to unstable social groups has been found to accelerate the development of
coronary artery atherosclerosis among otherwise well-protected (normotensive,
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normocholesterolemic) male cynomolgus monkeys; however, it is equally important to note
that the atherogenic effects of social instability among these monkeys pertained to social
groupings and not to social hierarchies themselves, as relative social ranks were conserved in
the groups of redistributed (unstable) memberships (76). Hence, the above human
neuroimaging findings are significant in that they are beginning to translate animal studies on
the role of the amygdala and networked brain areas in potentially linking brain-dependent stress
processes to candidate neurobiological mechanisms associated with socioeconomic gradients
in mental and physical health.

CONCLUSIONS

Recent neuropharmacological, molecular genetic, and neuroimaging studies are starting to
contribute to our neurobiological understanding of socioeconomic health disparities. Future
work building on these studies will require interdisciplinary collaborations between
neuroscientists, behavioral geneticists, social and biological psychologists, epidemiologists,
and policy and intervention researchers who share an interest in the pathways by which
socioeconomic factors may become “embodied” by the brain to influence health throughout
life (2). Below, we consider some open lines of inquiry for which there are immediate and
promising opportunities to pursue this shared interest.

First, higher-level social factors, social interactions, and forms of social information processing
that are important for health are presumably represented and enabled by brain circuitries that
are instrumental not only for adaptive interpersonal behaviors but also peripheral physiological
regulation. These brain circuitries, collectively referred to as the “social brain,” include areas
of the prefrontal cortex (particularly cingulate, orbital and medial areas), insula, amygdala,
hippocampus, and temporoparietal junction, along with networked cell groups in the midbrain
and brain stem (77). The development and functioning of these circuitries are modulated by a
complex interplay of endogenous neuropeptides, monoaminergic and cholinergic
neurotransmitters, and genetic and epigenetic substrates explicated in animal and some human
studies (2,23,55). What is unknown, however, is how the life experiences engendered by
dimensions of SEP over the life span affect the functionality and morphology of these
circuitries and their underlying molecular substrates, particularly in the context of delineating
the neurobiological pathways by which SEP relates to emergent and brain-dependent social
processes. These processes could include brain-dependent representations of social networks,
the availability of social support and psychosocial resources, and the neural encoding of
potentially threatening social information (e.g., racial or gender stereotyping, discrimination,
social exclusion, or marginalization)—all of which are implicated in health and longevity via
peripheral physiological mechanisms. As examples, the perceived availability of psychosocial
resources has been associated with a blunted neuroendocrine (cortisol) response to stress,
which may be mediated by a down-regulation of amygdala or subcortical limbic activity via
prefrontal control mechanisms (78,79). Building on this evidence, it could be asked whether
dimensions of SEP relate to i) the neural correlates or representations of psychosocial resources
and related aspects of social information processing, and ii) associated peripheral physiological
stress responses.

Second, particular dimensions of SEP have long been associated with more proximal
determinants of health behaviors, psychosocial and biological disease risk factors, and clinical
outcomes and events. In early development, childhood, and adolescence, these determinants
include parental resources and nurturance patterns, early environmental exposures, enriching
educational experiences, and peer group affiliations—all of which can affect brain
development and plasticity within the broader context of genetic influence (80). In later life,
proximal determinants linked to dimensions of SEP presumably include aspects of financial
security, employment, autonomy, dispositional attributes of self-esteem, mood, and impulse
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control, health literacy and knowledge, and supportive social ties or networks (11). To the
extent that these proximal determinants mediate or link dimensions of SEP with health
behaviors, risk factors, and clinical outcomes, then their measurement should be included in
multilevel and longitudinal neurobiological studies of socioeconomic health disparities. In this
way, novel targets for interventions and more mechanistic accounts of SEP = health
associations could be established.

Third, much of the research on socioeconomic health disparities has emphasized associations
between dimensions of SEP and markers of autonomic, metabolic, neuroendocrine, and
immune activity (81). It is likely that alterations in peripheral physiology play a primary role
in initiating or exacerbating many pathophysiological changes predictive of adverse health
outcomes. Importantly, there are strong bidirectional (efferent and afferent) feedback loops
between the brain and peripheral physiological regulatory systems, which have recently been
conceptualized as brain-body “information transfer systems” (3,4). It is well established from
animal models that alterations in these feedback loops affect not only the function but also the
morphology of several corticolimbic brain systems, as well as the cognitive, emotional, mood,
and stress processes they support (23,55). Unknown at present, however, are i) how dimensions
of SEP affect patterns of feedback and feedforward signaling between the brain and peripheral
physiological systems; and ii) how altered forms of these signaling patterns relate to particular
health outcomes over the life span. Addressing these gaps in existing knowledge will require
future neurobiological research to integrate multidimensional and multilevel indicators of SEP
and peripheral physiology in the context of predicting disease risk and development (3).

Fourth, SEP is by no means a static construct, insofar as many individuals will experience
upward or downward shifts in their socioeconomic circumstances throughout life. Asked from
a lifecourse perspective, how might mobility changes in SEP affect the functionality of the
neurotransmitter and brain systems reviewed herein? Would the impact of these mobility
changes depend on genetic or environmental influences that have been studied previously in
association with particular health disparities? Moreover, beyond individual-level
socioeconomic factors that may change with time, economic and social inequalities at the level
of communities, which may also change over time, strongly predict a range of health outcomes,
including all-cause mortality and age-adjusted deaths attributable to such specific causes as
cardiovascular and respiratory diseases, stroke, some forms of cancers, accidents, suicide, and
violence (51,53). And short of death, the socioeconomic aspects of communities are associated
with many health-related risks, such as sedentary life-styles, cigarette smoking and alcohol
abuse, as well as cardiometabolic risk factors, systemic inflammation, and preclinical
atherosclerosis. Disadvantaged communities engender many adversities germane to disease
risk, such as restricted access to medical care, incommaodious housing, nutritional deficiencies
and exposure to environmental toxins, and social norms promoting the acquisition of health-
impairing habits. Yet, because there is presently little direct evidence that these factors entirely
account for community-level effects on disease and mortality (51,82), it remains unclear how
cross-sectional or longitudinal variation in the socioeconomic aspects of communities
influence the health of their residents. One arguable possibility is that the pathogenicity of
community environments is exerted through neurobiological mechanisms more closely
reflecting psychological, as opposed to material, burdens of relative deprivation. In extension,
we noted earlier in this review that serotonergic neurotransmission and its variability among
individuals (and undoubtedly, variation in other neurotransmitter systems) affect psychological
and physical health risk by modulating activities of functional corticolimbic circuitries
subserving psychological and biological processes, such as emotional experience, behavioral
motivation (e.g., in relation to health-impairing attributes of habit and life-style), and
autonomic, metabolic, neuroendocrine, and immune functions. In view of this assumption, it
could be asked in future neuroimaging work with sufficient sampling for mixed-statistical
modeling (e.g., individuals nested within communities) whether community-level indicators
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of SEP associated with serotonergic function relate to the activity or morphology of
corticolimbic circuitries important for social information processing and peripheral
physiological regulation, particularly in the context longitudinal disease prediction.

Fifth, we believe that future questions regarding the neurobiology of socioeconomic health
disparities should rely on a methodological integration of neuropharmacology and
neuroimaging approaches. Hence, it could be asked whether the reduced serotonergic
responsivity observed among individuals of lower SEP might explain some of differential
corticolimbic (e.g., amygdala) reactivity seen in the neuroimaging work reviewed above. In
point, the amygdala plays a key role in detecting stimuli of biological significance, including
threat-related cues, and is readily engaged by facial displays of negative affect (83). Moreover,
heightened activation of the amygdala in response to such stimuli is associated with personality
traits that predispose individuals to experience states of negative affect and aroused or
dysphoric mood (e.qg., trait anxiety, neuroticism) (84,85). It is noteworthy that socioeconomic
disadvantage also increases vigilance for threat (86), the neural representation of which might
similarly involve a relative hyperresponsivity of the amygdala. In addition to the observation
that lower subjective parental SEP predicts greater amygdala reactivity to anger-related facial
expressions in young adults (87), there is corroborating evidence that adolecents’ subjective
ratings of their families’ social status covaries not only with threat-related amygdala reactivity,
but also reactivity of two brain systems implicated in the processing of social distress and
exclusion: the dorsal anterior cingulate cortex and anterior insula (88). Recall, however, that
elsewhere we have found both individual- and community-level indicators of low objective
SEP to be associated with a blunted central serotonergic responsivity, as indexed by
neuropharmacologic challenge (48,54). Serotonin-releasing neurons project in abundance to
the amygdala, and pharmacologic interventions that enhance serotonergic neurotransmission
dampen the amygdala response to affective stimuli in both healthy and depressed individuals
(89 -95). Conversely, lowering the central availability of serotonin transiently by acute
tryptophan depletion increases amygdala reactivity to fear-related facial expressions in threat-
sensitive individuals (96), as does regulatory variation in the serotonin transporter gene—the
same polymorphic variation that we found to modulate serotonergic activity as a function of
individual-level indicators of objective SEP (97). Hence, we speculate that the covariation of
SEP with brain serotonergic responsivity and the association of serotonergic responsivity with
aspects of cardiovascular risk may be partly mediated via the influences of this
neuromodulatory system on components of emotional processing and ensuing autonomic and
neuroendocrine responses. Again, such speculation could only be tested by the integration of
neuropharmacology and neuroimaging approaches nested within larger epidemiological
designs.

Finally, progress in our neurobiological understanding of socioeconomic health disparities will
depend on advances in the measurement and interpretation of different indicators of SEP. More
precisely, indicators of objective SEP have been interpreted as reflecting access to material
and social resources, which can be indexed by quantitative or qualitative observations at
multiple levels of social organization and over the life span. Indicators of subjective SEP may
similarly reflect resource- and asset-based constructs, but they are thought to result from
psychosocial appraisal processes that are incompletely understood. Importantly, the most
common referents included in instruments for the measurement of subjective SEP (e.g., as
included in variants of the MacArthur Scale of Subjective Social Status) are the same as those
conventionally used to assess objective SEP. In other words, subjective SEP instruments often
ask respondents to use aspects of education, income, and employment grade as referents for
social comparisons. Thus, it may be that subjective indicators of SEP measure the same
constructs captured by objective SEP indicators. However, measures of subjective SEP could
conceivably also reflect socioeconomic attributes other than income, education, and occupation
—particularly if respondents use referents other than those indicated in the instructional set of
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a given scale or instrument. If these referents include “objective” indicators that can be
empirically verified or observed (e.g., accumulated wealth), it is possible that subjective SEP
indicators are “better” measures of SEP than any objective indicator of SEP that is limited to
just one or more of the conventional aspects of SEP (education, income, occupation) (19). In
this case, one might expect subjective SEP indicators to predict health outcomes or covary with
neurobiological measures of interest over-and-above or apart from objective SEP indicators—
not because they are qualitatively different, but because subjective SEP indicators may
aggregate over a greater number of “objective” referents than instruments of objective
measurement tapping only one or a few aspects of SEP. However, subjective indicators of SEP
also ask respondents for an appraisal of their social ranking compared with others, whereas
objective SEP indicators can only be used to compare individuals within a range of measured
observations in a particular sample. Hence, any single observation of objective SEP will not
reflectindividuals’ appraisals of their positional status as being “higher” or “lower” than others
in terms of social ordering. Nor would a single indicator of objective SEP capture the kinds of
asymmetrical socioeconomic relationships that people may perceive (or could potentially
form) with others—appraisals that are perhaps based on a *“cognitive averaging” of multiple
objective SEP referents (e.g., occupations perceived as positions of power over others, or one’s
sense of having financial resources to purchase goods and services that others cannot afford)
(17). In this regard, subjective indicators of SEP may not entirely measure the same construct
(s) as objective SEP indicators. In sum, these measurement and interpretive nuances need to
be resolved, or at least refined, to better inform our understanding of the potentially
distinguishing or overlapping neural correlates of SEP or of the putative neurobiological
pathways linking SEP and health.

At minimum, addressing these interdependent questions and pursuing these lines of inquiry
with the cross-disciplinary integration of epidemiological and health neuroscience methods
holds promise for more than just adding new “biomarkers” to the study of socioeconomic health
disparities. Rather, we believe that such integrative methodology can provide unique
information about the embodiment of socioeconomic factors by the brain and the
neurobiological pathways linking SEP to health throughout life.

Glossary
5-HIAA 5-hyrdoxyindoleacetic acid
SEP socioeconomic position
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Figure 1.

Conceptual schematic illustrating the multidimensional and multilevel aspects of
socioeconomic position (SEP). By convention, objective and subjective indicators of monetary,
occupational, educational, and other dimensions of SEP discussed in the present article can be
measured at the individual and higher levels of social organization. In the context of
epidemiological research, these SEP indicators can be linked to disparities in i) health damaging
behaviors adopted by an individual, an individual’s family, or an individual’s proximal social
contacts; ii) putative biomediators of disease risk; iii) risk factors for psychological disorders;
iv) risk factors for often comorbid chronic medical conditions; and v) markers of
pathophysiology and preclinical conditions that are predictive of disease end points. The
interacting mechanisms by which SEP affects health disparities are thought to encompass those
spanning from genetic to environmental levels of analysis. The present survey emphasizes the
role of stress, emotion, and mood circuitries and modulatory neurotransmitter systems of the
brain as candidate neurobiological pathways that may embody socioeconomic factors and link
genetic to environmental mechanisms to health disparities.

Psychosom Med. Author manuscript; available in PMC 2010 July 14.

L T W .




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gianaros and Manuck

log-Peak PRL[fen]

2.0

4.5

2.4

2.5

2.2

p. i |

2.0

1.9

1.8

Page 19

1 "1 High SEP

—d

—

pa—

L/L L/S S/S
5-HTTLPR

Figure 2.

Allelic variation in the regulatory region of the serotonin transporter gene moderates an
association between personal socioeconomic indicators and central nervous system
serotonergic responsivity. In this study, 139 adults (n = 75 men and 64 women) were
administered a neuroendocrine challenge to assess central serotonergic responsivity (plasma
prolactin [PRL] response to the serotonin releasing agent, fenfluramine [fen]). Objective
socioeconomic position (SEP) was estimated by income and years of education. Regression
analyses showed serotonergic responsivity to be predicted by the interaction of serotonin
transporter genotype and SEP (p = .018). Hence, individuals of lower income and lesser
education had lower peak PRL concentrations post administration of fenfluramine than those
higher on these dimensions, but only if they possessed at least one “short” allele of the serotonin
transporter gene. Mean baseline-adjusted, log-peak PRL[fen] concentrations are shown as a
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function of long/long (L/L), long/short (L/S), and short/short (S/S) genotypes among individuals
of higher and lower SEP, as defined by median division of the distribution of SEP scores. For
reference, comparison values of PRL concentration, back-transformed to the unit of PRL
measurement (ng/mL), are listed on the right ordinate (here, standard error bars can be
interpreted only with respect to the scale of log-transformed scores). 5-HTTLPR = serotonin-
transporter-linked promoter region. Reprinted with permission from Manuck and colleagues
(48).
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Figure 3.

Lower subjective socioeconomic position (SEP), as reflected by a lower self-reported ranking
on the MacArthur Scale of Subjective Social Status, was associated with reduced gray matter
volume in the perigenual area of the anterior cingulate cortex (pACC) in a cross-sectional
neuroimaging study discussed in this article. For illustration, panel A shows the 10-point
MacAurthur social ladder scale used to assess subjective SEP. In panel B, a statistical parametric
map of color-scaled t values is overlaid on an anatomical template brain. This map illustrates
the pACC area where lower subjective SEP was associated with reduced gray matter volume
across individuals. Plotted along the y-axis in panel C is the standardized (Z score) gray matter
volume values for pACC area profiled in panel B. Plotted along the x-axis are ladder rankings
from the scale illustrated in panel A (1 = “Worst Off”; 10 = “Best Off”). *p < .001. Reprinted
with permission from Gianaros and colleagues (57).
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Figure 4.

Lower subjective parental socioeconomic position (SEP) predicted greater amygdala reactivity
to angry faces in a functional neuroimaging study of young adults. A) Modified versions of the
MacArthur Scales of Subjective Social Status used to assess subjective parental SEP. B)
Statistical parametric maps projected onto an anatomical template. The maps profile amygdala
areas where lower subjective parental SEP predicted greater reactivity to angry faces. C) Plots
depicting standardized subjective parental SEP scores (x-axis) and mean-centered,
standardized reactivity values derived from left (L, open circles, dashed line) and right (R,
closed circles, solid line) amygdala areas in B. Inset in C illustrates exemplar trial of angry
faces used to elicit amygdala reactivity. Reprinted with permission from Gianaros and
colleagues (73).
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