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Socioeconomic disadvantage experienced in early development
predicts ill health in adulthood. However, the neurobiological
pathways linking early disadvantage to adult health remain unclear.
Lower parental education—a presumptive indicator of early
socioeconomic disadvantage—predicts health-impairing adult
behaviors, including tobacco and alcohol dependencies. These
behaviors depend, in part, on the functionality of corticostriatal
brain systems that 1) show developmental plasticity and early
vulnerability, 2) process reward-related information, and 3) regulate
impulsive decisions and actions. Hence, corticostriatal functionality
in adulthood may covary directly with indicators of early
socioeconomic disadvantage, particularly lower parental education.
Here, we tested the covariation between parental education and
corticostriatal activation and connectivity in 76 adults without
confounding clinical syndromes. Corticostriatal activation and
connectivity were assessed during the processing of stimuli
signaling monetary gains (positive feedback [PF]) and losses
(negative feedback). After accounting for participants’ own
education and other explanatory factors, lower parental education
predicted reduced activation in anterior cingulate and dorsomedial
prefrontal cortices during PF, along with reduced connectivity
between these cortices and orbitofrontal and striatal areas
implicated in reward processing and impulse regulation. In
speculation, adult alterations in corticostriatal functionality may
represent facets of a neurobiological endophenotype linked to
socioeconomic conditions of early development.

Keywords: anterior cingulate cortex, orbitofrontal cortex, reward
processing, social health disparities, socioeconomic position, striatum

Introduction

Socioeconomic disadvantage experienced in childhood and

adolescence confers risk for premature mortality and major

medical conditions that develop in adulthood. As evidence,

socioeconomic indicators of early disadvantage—which are

commonly referenced to parental education, occupation, and

income—are associated with higher all-cause mortality rates in

adults (for reviews, see Power, Graham, et al. 2005; Turrell et al.

2007). Indicators of early socioeconomic disadvantage are also

associated with morbidity and mortality rates that are

specifically due to cardiovascular and cerebrovascular diseases

(Lawlor et al. 2005; Galobardes et al. 2006) as well as chronic

obstructive pulmonary disease and lung cancer (Power,

Hypponen, et al. 2005). Further, indicators of early socioeco-

nomic disadvantage are associated with the adult expression of

biological risk factors and disadvantageous health behaviors

that are implicated in the pathogenesis of the latter diseases.

These risk factors include elevated levels of inflammatory

proteins (Pollitt et al. 2007; Phillips et al. 2009), accelerated

age-related declines in pulmonary function (Jackson et al.

2004), cigarette smoking, problematic alcohol use, and other

behavioral habits that precipitate metabolic dysregulation,

dyslipidemia, and obesity (Lynch et al. 1997; Poulton et al.

2002; Power, Graham, et al. 2005; Fergusson et al. 2007;

Melchior et al. 2007; Batty et al. 2008). Moreover, cumulative

epidemiological evidence indicates that the effects of early

socioeconomic disadvantage on adult morbidity and mortality,

as well as biological and behavioral risk factors for disease,

persist even after accounting for adult socioeconomic position

(please see Appendix for definition of socioeconomic position).

In aggregate, this evidence has been taken to support

lifecourse theories of social health disparities, which view

disadvantaged socioeconomic circumstances of early develop-

ment as playing a unique and formative role in shaping

trajectories of risk for diseases that later emerge in

adulthood—irrespective of the socioeconomic position that

one attains in adulthood (Ben-Shlomo and Kuh 2002; Bradley

and Corwyn 2002; Pollitt et al. 2005; Matthews and Gallo

2011). Nevertheless, the preclinical and neurobiological path-

ways by which early socioeconomic circumstances might

relate to the later expression of adult health behaviors, and

pathogenic processes remain unclear. There is broad specula-

tion that these pathways involve early environmental, social,

and familial influences on the developmental plasticity,

assembly, and long-term functioning of brain circuitries that

are important for 1) cognitive control functions and 2) self-

regulatory behaviors that proximally affect peripheral physiol-

ogy and health (Power and Hertzman 1997; Shonkoff and

Phillips 2000; Evans 2004; Shonkoff et al. 2009; McEwen and

Gianaros 2010; Taylor 2010).

Consistent with such speculation, there are electrophysio-

logical and functional neuroimaging studies demonstrating that

among children, indicators of parental socioeconomic disad-

vantage are associated with alterations in 1) baseline electro-

encephalographic activity suggestive of delayed prefrontal

cortical development (Kishiyama et al. 2009); 2) event-related

cortical potentials linked to impairments in cognitive control

functions, such as selective attention (D’Angiulli et al. 2008);

and 3) blood oxygen level--dependent (BOLD) activation

patterns in cortical areas that may relate to alterations in a range

of neurocognitive abilities that are themselves associated with

early socioeconomic disadvantage, including delays in reading

and language acquisition and higher order cognition (Noble

et al. 2005, 2007; Noble, Farah, et al. 2006; Noble, Wolmetz,

et al. 2006; Farah et al. 2008; Raizada et al. 2008; Hackman and
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Farah 2009; Raizada and Kishiyama 2010). In addition, indirect

epidemiological evidence suggests that early socioeconomic

disadvantage is associated with alterations in several cognitive

functions in adulthood, particularly those that are presumably

supported by prefrontal and networked cortical control

systems (Kaplan et al. 2001; Singh-Manoux et al. 2005). For

example, older British civil servants whose parents held

a relatively lower socioeconomic position than others, as

quantified by lower parental educational attainment and

occupational grade, have been shown to perform more poorly

on neuropsychological tests of visual and auditory memory,

verbal fluency, and executive cognitive control (Singh-Manoux

et al. 2005). Importantly, early socioeconomic disadvantage still

accounted for adult neuropsychological performance in this

cohort of civil servants after accounting for their adult

socioeconomic position. Additional evidence from midlife

community volunteers in the United States shows further that

early socioeconomic disadvantage, as indexed by lower

parental education, predicts impulsive decision making,

again independent of adult socioeconomic position (Sweitzer

et al. 2008). Yet, we are aware of no studies that have

examined whether indicators of early socioeconomic

disadvantage directly account for variation in the adult

functionality of brain circuitries—specifically ‘‘corticostriatal

brain circuitries’’—that are thought to regulate the cognitive,

decisional, and behavioral tendencies presumably conferring

risk for ill health.

It is well established that corticostriatal circuitries are

important not only for basic incentive motivation and in-

strumental learning functions but also for the higher order

cognitive control over decisions, actions, and goal-directed

behaviors that can promote or impair physical and mental

health (Groenewegen et al. 1997; Masterman and Cummings

1997; Wilkinson 1997; Haber and Knutson 2010). More pre-

cisely, signaling patterns between networked corticostriatal

brain systems are understood to reflect functions encompassing

the encoding of salient and motivationally relevant environmen-

tal stimuli in the context of anticipated actions and learning

histories to guide and behave according to decisions that are

adaptive under the circumstances, while simultaneously

suppressing actions that are maladaptive or disadvantageous

(Haber 2003; Bechara 2005; Kable and Glimcher 2009). In this

way, corticostriatal functionality is important for representing

the relative value of rewards, along with punishing stimuli, to

make decisions and flexibly regulate behavior (Haber et al.

1995; Rolls 2000; Schultz et al. 2000; Heimer and Van Hoesen

2006).

Anatomically, corticostriatal circuitries include networked

areas of the dorsal, lateral, medial, parietal, and cingulate

cortices, in addition to striatal regions of the basal ganglia

(Ferry et al. 2000; Schultz et al. 2000; Middleton and Strick

2002; Haber 2003; Haber et al. 2006; Heimer and Van Hoesen

2006; Haber and Knutson 2010). Functionally, corticostriatal

circuitries are modulated by ascending projections from

midbrain dopaminergic cell groups (Jentsch et al. 2000; Haber

and Knutson 2010). Within the basal ganglia, ventral and dorsal

striatal targets of these ascending midbrain projections also

receive input from cortical control regions and feed back onto

cortical regions to form topographically organized circuits or

‘‘functional loops’’ that integrate aspects of cognitive, sensori-

motor, and motivational information (Haber et al. 1995; Haber

2003). Importantly, a functional balance between activity in

striatal regions and regulatory cortical inputs appear to be

involved not only in registering the motivational salience of

environmental stimuli but also abetting goal-directed decisions

and actions as well as forming reward-dependent habits

(Schultz et al. 2000; Breiter et al. 2001; Delgado et al. 2004;

Voorn et al. 2004; Balleine et al. 2007; Delgado 2007). Thus, in

the context of adult health and health-related behaviors,

variation in corticostriatal functionality has long been impli-

cated in vulnerability to conditions that have been linked to

early socioeconomic disadvantage in the aforementioned

epidemiological studies, namely, addictive behaviors and

impulsive or disadvantageous decision making (Jentsch and

Taylor 1999; London et al. 2000; Martin-Soelch et al. 2001;

Volkow et al. 2004; Bechara 2005; Diekhof et al. 2008; Potenza

2008).

In extension, behavioral correlates of corticostriatal func-

tionality have been increasingly understood to stem not only

from heritable factors (e.g., genetic variation in dopaminergic

neurotransmission, Yacubian et al. 2007; Dreher et al. 2009;

Forbes et al. 2009) but also from environmental influences over

neurodevelopment. Indeed, there is growing in vivo neuro-

imaging evidence that corticostriatal circuitries show marked

developmental plasticity, likely reflecting maturational changes

in cell proliferation, synaptogenesis, dendritic pruning and

arborization, and myelination (Barnea-Goraly et al. 2005; Kelly

et al. 2009; Ostby et al. 2009). Moreover, given the protracted

course of prefrontal cortical development relative to reward-

related striatal regions, there has been a recent empirical

focus (e.g., May et al. 2004; Galvan et al. 2006; Van Leijenhorst,

Moor, et al. 2010; Van Leijenhorst, Zanolie, et al. 2010) on the

notion that childhood and adolescence correspond to periods

of vulnerability in which experience-dependent imbalances or

disturbances in the interplay between prefrontal and cortical or

‘‘top-down’’ regulatory inputs to downstream striatal regions

may increase risk for impulsive decision making, maladaptive

risk taking, and adopting health-impairing habits that will have

long-term mental and physical health consequences over the

life span (Chambers et al. 2003; Fareri et al. 2008; Ernst and

Fudge 2009; Geier and Luna 2009; Marsh et al. 2009; Cohen

et al. 2010).

Hence, in view of separate, but converging, lines of

epidemiological and neurodevelopmental evidence, it is reason-

able to question whether early socioeconomic factors are

associated with alterations in adult corticostriatal functionality.

To address this question, we tested whether lower parental

education, a widely used indicator of early socioeconomic

disadvantage, would be associated with alterations in adult

corticostriatal activation to positive feedback (PF) and negative

feedback (NF) stimuli signaling monetary gains and losses. We

also tested whether parental education would be associated

with alterations in the correlated activity (both functional and

effective connectivity) between those corticostriatal regions

that varied in activation as a function of parental education,

focusing specifically on prefrontal and networked striatal

regions. Next, we tested whether associations between

parental education and corticostriatal activation or connectiv-

ity could be alternatively explained by multilevel indicators of

adult socioeconomic position, adult demographic factors, or

adult dispositional factors that may affect reward processing.

And finally, we explored whether other indicators of parental

socioeconomic position (occupation and perceived family

economic status) could explain additional variation in measures
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of adult corticostriatal functionality after first accounting for

parental education. If more advantaged socioeconomic circum-

stances of childhood and adolescence are associated broadly

with early environmental, social, and familial influences on the

maturation and long-term functioning of cortical systems

important for 1) top-down control functions and 2) self-

regulatory behaviors that proximally affect peripheral

physiology and health in adulthood, then adults from more

advantaged socioeconomic backgrounds could be expected to

show greater cortical activation in prefrontal regions when

processing PF stimuli signaling monetary rewards—particularly

in association with markers of stronger functional and effective

connectivity between networked corticostriatal brain systems.

Materials and Methods

Participants
Participants were 76 adults (aged 31--54 years, 41 women) recruited

from a parent epidemiological study, the Adult Health and Behavior

(AHAB) Project. AHAB is a community-based registry of 1379 adults

from Southwestern Pennsylvania, United States, who completed

assessment protocols for diverse behavioral and biological factors

predictive of chronic mental and physical illnesses. A sample of AHAB

participants also completed the neuroimaging protocol described

below. To 1) maintain consistent between-family comparisons re-

garding parental education and 2) avoid the confounding effect of

parental absence, the present sample of 76 participants were limited to

those raised in intact families by 2 biological parents. All participants in

this sample were further screened to exclude those with any current

Diagnostic and Statistical Manual of Mental Disorders, Fourth

Edition (DSM-IV) Axis-I psychiatric disorder (including substance,

alcohol, mood, or anxiety disorders) determined by structured clinical

interview (First et al. 1996), any cardiovascular or cerebrovascular

disease affecting cerebral blood flow or metabolism, any current

chronic health condition, and any medication regimen that could

confound study findings. Participants’ average IQ was 115.7 (standard

deviation [SD]: 10.9; range: 83--139), as estimated by the vocabulary and

matrix reasoning subtests of the Wechsler Abbreviated Scale of

Intelligence (WASI) (Wechsler 1997). Please refer to Supporting

Information for further recruitment and screening methods and to

Supplementary Table S1 for participants’ demographic and related

health characteristics. All participants consented to study protocols,

approved by The University of Pittsburgh Institutional Review Board.

Measurement of Parental and Participants’ Own (Adult)
Education
Participants reported their biological mothers’ and fathers’ educational

attainment, defined as the highest level of education attained by the

time the participants were aged 18 years. Educational attainment for

each parent was coded as: no high school diploma; high school diploma

or some technical training; some college without a degree; associate’s

degree; bachelor’s degree; master’s degree; or doctoral degree.

Consistent with prior epidemiological studies, analyses of neuro-

imaging data were performed using the higher of the 2 parents’

education to capture the probable socioeconomic advantages afforded

to a particular family (e.g., Karlamangla et al. 2005; Taylor et al. 2006).

To further achieve an approximate distributional balance for the

purpose of creating matched comparison groups, participants were

divided into 1) those from households in which neither parent attained

a postsecondary or higher college degree (i.e., no high school diploma,

high school diploma, or some technical training) and 2) those from

households in which at least one parent attained a postsecondary or

higher degree (i.e., at least an associate’s or higher degree). Hereafter,

these groups are nominally referred to as the lower (n = 43) and higher

(n = 33) parental education groups (for group characteristics, see

Supplementary Tables S1 and S2).

Participants’ own adult educational attainments were assessed and

coded according to the same educational categories applied to their

parents. By comparison, the 2 parental education groups did not differ

in their own educational attainments according to the above coding

scheme at a conventional statistical significance level, v2 = 2.46, P = 0.12

by Fisher’s Exact Test. However, when adult education was recoded

into binary form, as was done for parental education (e.g., holding less

than a postsecondary degree vs. a postsecondary or higher degree),

there was a trend percentage difference between the groups, such that

those in the higher parental education group were more likely than the

lower parental education group to have attained at least a post-

secondary degree (28/33 vs. 29/43), v2 = 2.98, P = 0.08 by Fisher’s Exact

Test. Accordingly, an adult education variable coded according to

having 1) less than a postsecondary degree and 2) having a post-

secondary or higher degree was included a covariate (control variable)

in all analyses.

Measurement of Other Socioeconomic, Demographic, Behavioral,
and Dispositional Factors
We evaluated the influence of alternative explanatory factors (potential

confounders) that might, in part, account for observed associations

between parental education and corticostriatal activation and connec-

tivity. These included participants’ annual household income, a com-

posite indicator of community-level socioeconomic position, age, sex,

self-reported frequency of alcohol use, depressive symptoms, and

dispositional reward responsiveness (for summaries of these variables

and parental education group comparisons, see below and Supplemen-

tary Table S1).

Participants’ current (adult) pretax household income in US dollars

was coded as: <$10 K; $10--14 999 K; $15--24 999 K; $25--34 999 K; $35--
49 999 K; 50--64 999 K; 65--79 999 K; and >$80 K. To compute an

indicator of adjusted income, reported earnings were weighted by the

number of occupants currently residing in the participants’ households.

An indicator of community-level socioeconomic position was derived

from US Census Bureau variables measured at the level of census tracts,

which in this sample geographically subsumed blocks and groups of

blocks comprising 71--2784 households. For all tracts, the following

variables were extracted from the year 2000 U.S. census report (available

at http://factfinder.census.gov/): 1) median household income (in 1999

U.S. dollars); 2) percentage of adults over 25 years of age holding

a bachelor’s degree or higher; 3) proportion of households with incomes

falling beneath the federally designated poverty line; and 4) percentage

of households with a female head of household, with no spouse present,

and one or more children under 18 years of age (i.e., single mother

households, as a proportion of all households with 2 or more residents).

Following our prior reports (Manuck et al. 2005; Petersen et al. 2006),

census variables were standardized (by z-score transformation) and

averaged (after inverse coding the latter 2 variables) to compute

a community-level socioeconomic indicator variable. As a result, higher

community-level socioeconomic indicator scores were taken to reflect

socioeconomic advantage at the tract level. One participant did not

provide a zip code and was assigned the mean z-score value of 0.

Frequency of alcohol use, a potentially confounding reward-related

health behavior that could affect corticostriatal functionality, was

computed as the average number of drinks consumed per week, as

estimated over the 4 weeks prior to testing. Depressive symptoms, also

possibly associated with alterations in positive affect or reward

processing, were assessed using the Beck Depression Inventory (BDI;

Beck et al. 1961). Self-reported dispositional reward responsiveness,

which arguably could be associated with activation to PF stimuli

signaling monetary gains in our paradigm, was assessed from the reward

responsiveness subscale of the Behavioral Activation System--Behavioral

Inhibition System inventory (Carver and White 1994). Prior to analysis,

BDI and alcohol use values were natural log transformed.

For completeness of reporting and exploratory purposes, 2 other

indicators of parental socioeconomic position were evaluated. First, the

maximum occupational status attained by either parent was computed

from the job-coding catalog of the Hollingshead Index of Social Position

(Hollingshead and Redlich 1958). Second, an indicator of perceived

family economic status was derived from a scale that asked participants

whether they considered their families to have been poor (0), of average

income (1), or well-to-do (2) when they were aged 13--17 years (for

summaries of these indicators, see Supplementary Tables S2 and S3).
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Measurement of Early Family Environments
Also for completeness of reporting and to characterize the potential

parental socioeconomic correlates of participants’ early family environ-

ments (see Discussion), we conducted exploratory correlation analyses

using scores from the subscales of the Family Environment Scale (FES)

(Moos RH and Moos BS 1981), as modified by Plomin et al. (1988). On

the FES, participants rated their early family environments for their

degree of relationship quality (conflict and cohesion), organization, and

cultural--intellectual orientation (see Supplementary Table S3). In

addition, a composite indicator of parental and adult supervision

between the ages of 10 and 17 was derived from a customized early

environmental inventory (see Supplementary Table S3). Composite

supervision scores showed significant associations in expected

directions with FES subscale scores, but supervision scores did not

differ between the 2 parental education groups. Nor did they correlate

significantly with any other measure of parental socioeconomic

position in this sample (Supplementary Table S3). Hence, it appears

unlikely that findings reported below can be attributed to early neglect

or lack of early adult supervision in this sample.

Corticostriatal Activation Protocol
To elicit corticostriatal activation during a single functional magnetic

resonance imaging (fMRI) run of 342 s, participants completed

a standardized protocol comprised of receiving PF and NF in the

context of gaining or losing a monetary reward. In this blocked-design

fMRI protocol, participants performed a variant of a card-guessing game

developed by Delgado et al. (2000), which we have detailed previously

(Hariri et al. 2006). For this guessing game, participants were

pseudorandomly presented with trials that signaled winning (PF) or

losing (NF) a monetary reward to be received at the end of the game.

On each trial, participants had 3 s to guess (via button press) whether

the value of a forthcoming visually presented playing card would be

higher or lower than the value 5, with guesses made by index and

middle finger button presses, respectively. After a guess, the value of

the card was presented for 500 ms. The card value was then followed

by PF (a green upward arrow for a ‘‘correct’’ guess, signaling reward) or

NF (a red downward arrow for an ‘‘incorrect’’ guess, signaling loss) for

an additional 500 ms. After receiving feedback, participants viewed

a crosshair fixation for 3 s, yielding a total trial length of 7 s. In all,

participants completed 9 blocks of 5 trials as follows: 3 blocks of

predominantly PF (75% correct guesses), 3 blocks of predominantly NF

(25% correct guesses), and 3 interleaved blocks of control (C) trials. For

C trials, participants made alternating button presses during the

presentation of an ‘‘X’’ (3 s), followed by an asterisks (500 ms) and

a yellow circle (500 ms). As explained previously (Hariri et al. 2006), an

incongruent trial was randomly presented within each feedback block

(e.g., 1 of 4 trials during PF blocks was incorrect, resulting in NF) to

prevent participants from anticipating specific feedback for each trial

and to maintain engagement, motivation, stimulus saliency, and

unpredictability—thus decreasing the likelihood of habitation. All

feedback and C blocks were preceded by a 2 s instruction (‘‘guess

number’’ or ‘‘press button,’’ respectively), resulting in total block

lengths of 38 s each. All participants were unaware of the fixed

outcome probabilities associated with feedback blocks, and they were

falsely led to believe that their performance would determine net

monetary gains. Instead, all participants received US $10.

Neuroimaging Data Acquisition
Neuroimaging data were acquired on a 3-T Siemens MAGNETOM

Allegra head-dedicated scanner. For spatial normalization of BOLD

images, T2-weighted structural images were acquired prior to the

corticostriatal activation protocol (time repetition [TR]/time echo [TE]:

6530/95 ms; flip angle 150�; 34 axial oblique slices; field of view [FOV]

200 mm; in-plane resolution 0.8 3 0.8 mm; slice thickness 3 mm [no

gap]). BOLD images were then acquired during the protocol with

a gradient-echo echo planar imaging (EPI) sequence that encompassed

the entire cerebrum and majority of the cerebellum (TR/TE: 2000/25

ms; flip angle 70�; 34 axial oblique slices; FOV 200 mm; in-plane

resolution 3.125 3 3.125 mm; slice thickness 3 mm [no gap]; 4 initial

discarded volumes). BOLD image quality was enhanced through fast

gradients (slew rate 400 T/m/s), which minimized echo spacing and

reduced EPI geometric distortion. Before data acquisition, a reference

BOLD image was obtained and inspected for artifacts (e.g., ghosting),

ensuring signal quality across the acquisition volume, particularly in

slices encompassing the orbitofrontal cortex (OFC) and striatum.

Neuroimaging Data Preprocessing
Neuroimaging data were preprocessed and analyzed with statistical

parametric mapping software (SPM2; http://www.fil.ion.ucl.ac.uk/

spm). For preprocessing, BOLD images were realigned to the first

image of the series, coregistered to each participant’s T2-weighted

structural image, normalized to the International Consortium for Brain

Mapping 152 template (Montreal Neurological Institute [MNI]), and

smoothed with an 8-mm Gaussian kernel.

Analysis of Parental Education and Corticostriatal Activation
After preprocessing, contrast images reflecting 4 types of feedback-

related BOLD activation were estimated for each individual. These

included: 1) PF > NF, 2) PF > (C), 3) NF > PF, and 4) NF > C. These

contrasts permitted a determination of whether activation differences

between the parental education groups generalized across types of

feedback or were specific to activation patterns differentially elicited

by monetary gains PF versus losses NF. For this purpose, PF, NF, and C

blocks were modeled with rectangular waveforms that were convolved

with the default SPM hemodynamic response function. Contrast images

were then generated by general linear model (GLM) estimation. Prior

to estimation, voxel-wise low-frequency BOLD signal drift was removed

by high-pass filtering (128 s cutoff); serial BOLD signal autocorrelations

were also corrected with a first-order autoregressive model.

To determine the covariation between parental education and

corticostriatal BOLD activation at the group level, individual contrast

images were submitted to second-level, mixed effects GLMs in SPM2. In

the models, parental education was entered as an explanatory factor of

interest, with participants’ own (adult) education entered as a covariate.

The covariation between parental education and corticostriatal

activation across individuals was then tested with control for multiple

statistical testing in whole-brain analyses. To this end, we maintained

a corrected false-positive detection rate of P < 0.05 for parental

education analyses by employing a voxel-wise threshold of P < 0.001,

which was combined with a cluster (k) extent threshold that was

determined individually by the spatial correlations between BOLD

signal changes in neighboring voxels for each of the following mixed-

effects parametric maps: 1) k = 77 contiguous voxels for PF > NF, 2) k =
85 for PF > C, 3) k = 77 for NF > PF, and 4) k = 89 for NF > C. The

number of contiguous voxels needed to maintain these corrected false-

positive detection rates was empirically determined by the spatial

smoothness (in full-width at half-maximum [FWHM]) of each contrast

map and 2000 iterative Monte Carlo simulations implemented in the

software program AlphaSim (Forman et al. 1995; Ward 2000).

Analysis of Parental Education and Functional Connectivity
In an orthogonal and separate set of functional connectivity analyses, we

tested whether parental education covaried with temporally correlated

BOLD signal changes between the only 4 brain areas that showed

significant reward-related (PF > NF and PF > C) activation differences

between the parental education groups, as revealed by the BOLD

activation analyses detailed above (see Results and Fig. 1). For these

connectivity analyses, we first used MarsBaR to extract a BOLD signal

time series from the following areas for each participant: 1) Brodmann

area (BA) 32 of the perigenual anterior cingulate cortex (pACC, x, y, z

coordinates: –2, 40, –2), 2) BA45 of the lateral prefrontal cortex (LPFC,

–42, 18, 20), 3) BA10 of the dorsomedial prefrontal cortex (dMPFC, 0, 60,

26), and 4) BA39 of the inferior parietal cortex (IPC, –44, –60, 32).

Specifically, a BOLD signal time series was extracted and computed as

the first principal component of the aggregate BOLD signal from all

voxels within in the cluster corresponding to the above areas that met

corrected statistical thresholds in mixed-effects analyses. Extracted time

series were then mean centered, drift corrected, and computationally

inspected for outliers. To this end, any values >3 SD of the mean of the
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time series were replaced by averaging 2 surrounding values. These

corrected time series were then entered as regressors in individual GLM

design matrices in SPM2. In the design matrices, BOLD signal variance

attributable to task conditions were partitioned by entering a regressor

corresponding to the feedback and C blocks, which was convolved with

the SPM default hemodynamic response function. Hence, connectivity

values generated from this approach are taken to reflect so-called

intrinsic or task-independent functional coupling between brain regions

(see below). Furthermore, given that functional connectivity analyses are

prone to confounding by cardiac, respiratory, and other nonspecific

sources of noise, we extracted a cerebrospinal fluid time series from the

fourth ventricle (x, y, z coordinates: 0, –43, –26), and we included this

series as a nuisance regressor in all individual GLM matrices (Van Dijk

et al. 2010). Also included as nuisance regressors were the 6-directional

movement parameters defined by spatial realignment in image prepro-

cessing. Finally, for all individual-level connectivity analyses, voxel-wise

low-frequency BOLD signal drift was high-pass filtered (128 s cutoff), and

BOLD signal autocorrelations were corrected with a first-order

autoregressive model. For each individual, this procedure yielded

a functional connectivity map identifying areas where BOLD signal

changes cross-correlated with signal changes in the 4 cortical seeds

described above, net the contributions of experimental condition

(feedback) variation.

To determine the covariation between parental education and

functional connectivity at the group level, individual connectivity maps

generated from each of the 4 seeds described above (pACC, LPFC,

dMPFC, and IPC) were submitted to GLMs in SPM2. In each GLM,

parental education was entered as an explanatory factor of interest,

with participants’ own (adult) education entered as a covariate. We

specifically tested for covariation between parental education and

functional connectivity across individuals in targeted region-of-interest

(ROI) analyses that focused on prefrontal and ventral and dorsal striatal

regions implicated in reward processing (see Introduction). For these

analyses, we maintained a corrected false-positive detection rate of P <

0.05 within the search volumes of all ROIs by employing voxel-wise and

combined cluster extent thresholds determined by the spatial

smoothness (in FWHM) of each second-level parametric map and

2000 iterative Monte Carlo simulations implemented in AlphaSim

(Ward 2000). Detailed information regarding all anatomical masks used

for ROI analyses and the statistical thresholds employed are given in

Supplementary Figure S1. We emphasize that the connectivity values

derived from our analyses do not reflect the strength of the directional

(effective) associations between brain regions that can be quantified by

more advanced approaches (Friston 1994). Hence, to extend our

functional connectivity findings reported below, we executed a focused

set of dynamic causal modeling (DCM) analyses described next.

Analysis of Parental Education and Effective Connectivity
The functional connectivity analyses described above and reported

below revealed a significant and unique covariation between parental

education and the coupling between fMRI BOLD signal activity in

prefrontal and striatal regions across our task paradigm, irrespective of

the effects of variations in the monetary gain (PF) and loss (NF)

conditions. Specifically, lower parental education covaried across

participants with a reduced functional connectivity between 1) the

dMPFC and ventral striatum and 2) the pACC and orbital regions of the

medial and bilateral prefrontal cortex (see Fig. 2). As noted above, these

functional connectivity analyses, however, do not allow for inferences

about the strength of the directional (effective) connectivity exhibited

between these regions, particularly in association with the modulatory

influence of processing PF stimuli signaling monetary gains. Accord-

ingly, we executed bilinear DCM within SPM following published

guidelines on model development and DCM parameter inference

(Friston 1994; Penny et al. 2004; Stephan et al. 2010) (We note that

DCM analyses were conducted following the suggestion of an

anonymous reviewer who noted the inferential limitations of functional

connectivity analyses, particularly with respect to the modulatory

influence of the PF condition.). DCM provides for quantitative

inferences about the strength of the directional interactions between

brain regions, as constrained within the framework of neuroanatomical

networks that are specified a priori and that have predefined forward

and backward connections between regions. By this approach, the

a priori networks we tested were informed and constrained by the

functional connectivity findings reported herein. These included

a dMPFC and ventral striatum network (two regions) and a pACC--

OFC network (4 regions). In DCM, parameter estimates are labeled as

Figure 1. Higher parental education predicted greater activation of the pACC (BA32) and LPFC (BA45) to stimuli signaling monetary gains (PF) compared with monetary losses
(NF) (panel A), along with greater activation of the dMPFC (BA10) and IPC (BA39) to stimuli signaling monetary gains compared with a control condition (panel C). Data shown in
panels A and C are clusters where parental education was associated with activation to PF at whole-brain corrected statistical significance thresholds implemented in mixed-
effects parametric analyses with covariate control for personal (adult) educational attainment (see Materials and Methods). MNI coordinates for peaks within each labeled cluster
and corresponding statistics are as follows: Panel A, pACC (�2, 40, �2, t73 5 4.51, z5 4.22, k 5 109) and LPFC (�42, 18, 20, t73 5 4.35, z5 4.09, k5 80); Panel C, dMPFC
(0, 60, 26, t73 5 4.55, z 5 4.26, k 5 167) and IPC (�44, �60, 32, t73 5 5.86, z 5 5.29, k 5 107). Shown in panels B and D are mean (±standard error) extracted contrast
parameter estimates corresponding to BOLD activation values for each of the 4 clusters shown in panels A and C. Participants in the higher parental education group had
a biological mother or father who attained a postsecondary or higher degree. Participants in the lower parental education group did not have a biological mother or father who
attained a postsecondary or higher degree (see Materials and Methods).
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‘‘intrinsic’’ and ‘‘modulated.’’ Intrinsic parameters are taken to reflect

connectivity estimates that are independent of the effects of task

conditions, whereas modulated parameters are taken to reflect

connectivity estimates that are associated with the change in effective

connectivity induced by an experimental manipulation or task condition,

such as the PF condition of our task paradigm.

DCM thus estimates neuronal state changes from observed fMRI

signal activity per unit of time in regions of a predefined network by the

following equation:

dz

dt
=
�
A + +

m

1

uK B
K
�
z +Cu;

where, dz/dt is an N-dimensional time series vector corresponding to

estimated neuronal state ‘‘changes’’ for N regions within a network. In

addition, z is an N-dimensional time series vector corresponding to

modulatory neuronal activity within network regions, and u is an M-

dimensional time series vector corresponding to experimental condi-

tion variation. Furthermore, neuronal activity represented by z

(presumably generating fMRI signal variation) is estimated by a so-

called hemodynamic Balloon expansion model (Friston 1994, 2009).

Finally, A corresponds to a matrix, (aij)N 3 N in which aij represents the

strength of the intrinsic (task independent) connectivity from region i

to j; Bk corresponds to a matrix,
�
bK
ij Þ

N3N
, in which bK

ij represents the

modulatory influence of an experimental condition, k, on the intrinsic

connectivity from region i to j, with k = 1 . . . M (or the total number of

experimental conditions); and where C is a matrix, (cik)N 3 M, in which

cik corresponds to the direct input to region i attributable to variation

in a given experimental condition k (e.g., processing monetary gains

during PF). By this differential equation approach, DCM parameter

estimates are thus comprised of the additive contributions of intrinsic

connectivity between regions (A), the bilinear effects of a modulatory

task condition (Bk), and the direct input into the proposed network

(C). For our DCM analyses, we used the same extracted fMRI BOLD

signal time series from the same dMPFC and ventral striatum ROIs

described above, comprising one network and also from the same

pACC and OFC ROIs described above, comprising a second network

(coordinates for each region are provided in Fig. 2). For all participants,

we used Bayesian selection procedures to compare 3 different model

prototypes for each of these 2 networks. The first prototype assumed

that the PF condition modulated the strength of the forward (or top-

down) effective connectivity from the dMPFC to the ventral striatum

and from the pACC to the medial and bilateral OFC regions. The second

prototype assumed that the PF condition modulated the strength of the

backward (or ‘‘bottom-up’’) effective connectivity from the ventral

striatum to the dMPFC and from the medial and bilateral OFC regions to

the pACC. The final prototype assumed that the PF condition

modulated both the forward and backward (top-down and bottom-up

or bidirectional) effective connectivity between all regions in both

networks. Across prototypes, we set the intrinsic connections between

regions to be bidirectional, as informed by our functional connectivity

findings and by known reciprocal projections between these areas,

which have been established in human and animal studies (Ferry et al.

2000; Öngür and Price 2000; Haber 2003; Heimer and Van Hoesen

2006; Haber and Knutson 2010). Finally, to achieve model parsimony

(Stephan et al. 2010), we assumed that the modulatory input into these

networks was from the dMPFC (first network) and from the pACC

(second network), recognizing that activity changes in these cortical

regions were themselves driven by multimodal sensory relays (primary

inputs). Model prototype comparisons and final selections were

informed by considering model complexity and accuracy, as estimated

by the natural logarithm of model evidence provided by the Akaike

Information Criterion (AIC) and the Bayesian Information Criterion

(BIC) associated with each prototype for each participant (Penny et al.

2004). More precisely, comparisons between model prototypes i and j

were based on the Bayes factor (BF) of the AIC and BIC for models i and

j, where BFij is computed as the ratio of the probability (p) of the data

(y) given the model (m),
pðyjmi Þ
pðyjmjÞ. In this way, model prototype i has

been suggested to be superior to model j if BFij > 3 (Penny et al. 2004;

Stephan et al. 2010). In comparing model prototypes, we found that the

forward (top-down) model prototype was superior to the bidirectional

prototype for 93% and 99% of the participants for the first (dMPFC--

ventral striatum) and second (pACC-OFC) networks, respectively.

Furthermore, the backward (bottom-up) model prototype was superior

to the bidirectional model prototype for 97% and 99% of the participants

for the first (dMPFC--ventral striatum) and second (pACC-OFC) net-

works, respectively. Finally, the backward (bottom-up) model prototype

was superior to the forward (top-down) model prototype for only 4%

Figure 2. Higher parental education predicted a greater functional connectivity between the pACC (BA 32) and 3 regions of the OFC, encompassing BA47 of the right and left
OFC and BA11 of the medial OFC (panel A). Higher parental education also predicted a greater functional connectivity between the dMPFC (BA10) and the left ventral striatum
(panel C). Panels A and C illustrate statistical parametric maps from ROI analyses revealing areas of the OFC (A) and ventral striatum (C) where parental education was associated
positively with functional connectivity for each seed shown after covariate control for participants’ own education. Parametric maps are displayed at ROI-volume corrected
statistical thresholds (see Materials and Methods). MNI coordinates for peaks within each cluster and corresponding statistics are as follows: Panel A, pACC-lateral orbitofrontal
cortex (LOFC) (�40, 30, �14, t73 5 3.42, z 5 3.28, k 5 113), pACC-medial orbitofrontal cortex (MOFC) (�4, 36, �14, t73 5 3.85, z 5 3.66, k 5 122), and pACC-right
orbitofrontal cortex (ROFC) (34, 32, �14, t73 5 5.14, z 5 4.73, k 5 295); Panel C, dMPFC-ventral striatum (�22, 10, �2, t73 5 2.87, z 5 2.78, k 5 49). Panels B and D
illustrate the mean (±standard error) extracted connectivity coefficients for the clusters profiled in A and C as a function of the parental education groups described in Figure 1
and in the Materials and Methods.
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(n = 3) of the participants for both the first (dMPFC--ventral striatum)

and second (pACC-OFC) networks, respectively. Accordingly, we

selected for further analysis the forward (top-down) DCM models for

both the first (dMPFC--ventral striatum) and second (pACC-OFC)

networks of interest. Importantly, our selection of the top-down model

was confirmed at the group level using a Wilcoxon signed-rank sum test

procedure, which was comprised of pairwise nonparametric tests of AIC

and BIC values (Penny et al. 2004). Hence, in comparing forward,

backward, and bidirectional model prototypes, the forward (top-down)

model was superior in all comparisons for both networks, all z-values >

4.98, asymptotic Ps < 0.001.

In accordance with our a priori focus on the covariation between

parental education and the modulatory influence of processing monetary

gains (as induced by the PF condition), statistical testing and correspond-

ing inferenceswere limited to the DCMeffective connectivity parameters

reflecting the normalized forward (top-down) dMPFC0ventral striatum

and pACC0OFC pathways defined by the above selection procedures.

Thus, we tested whether the strength of the effective connectivity

between the above regions, as modulated by the PF condition, covaried

with parental education, net potential confounders. For these tests, we

executed hierarchical regression analysis described next.

Hierarchical Regression Procedures
We executed analyses outside of SPM to test whether parental education

covaried with BOLD activation values (contrast parameter estimates in

Fig. 1) and functional and effective connectivity values (shown in Fig. 2

and Fig. 3) after accounting for several potential confounders. For these

analyses, we executed 3-step hierarchical regressions using the

Statistical Package for the Social Sciences 18.0 (SPSS) to partition the

variance in activation and connectivity values that was accounted for by

parental education (entered in step-2 of themodels), over-and-above the

potential confounders of participants’ own (adult) educational attain-

ment, age, sex, family income, community-level socioeconomic position,

alcohol use, depressive symptoms, and self-reported reward responsive-

ness. We further tested whether 2 additional indicators of parental

socioeconomic position (maximum parental occupational grade com-

puted from the Hollingshead scale and perceived familial economic

status) entered on step 3 of the hierarchical models could account for

any remaining variance in BOLD activation or connectivity values after

first accounting for confounders and parental education variables

entered on steps 1 and 2, respectively. The additional parental

socioeconomic indicators were entered last in the models to protect

against multicollinearity effects and because educational attainment is

likely to precede and determine occupational opportunities and

corresponding levels of income across individuals. In the regressions,

the test statistic was theDR2 from step 1 to step 2 to step 3 of themodels.

Results

Parental Education and Corticolimbic Activation

In whole-brain analyses, higher parental education predicted

a greater activation of 4 cortical areas to PF stimuli signaling

monetary gains, as revealed by contrasts comparing positive to NF

(signaling monetary losses) conditions and PF to C conditions

(Fig. 1). These areas included BA32 of the pACC, BA45 of the

LPFC, BA10 of the dMPFC, and BA39 of the IPC. Notably, these

findings were obtained with covariate control for participants’

own (adult) educational attainment. Moreover, in subsequent

hierarchical regression analyses including several confounders

(adult educational attainment, age, sex, family income, commu-

nity-level socioeconomic position, alcohol use, depressive

symptoms, and reward responsiveness), parental education

continued to predict BOLD activation values (cluster-level

contrast parameter estimates) when these confounding factors

were entered on step 1 of the models (pACC: F1,65 = 23.32, DR2 =

24%, P < 0.001; LPFC: F1,65 = 19.92, DR2 = 21%, P < 0.001, dMPFC:

F1,65 = 30.84,DR
2 = 29%, P < 0.001; IPC: F1,65 = 25.87,DR

2 = 27%, P
< 0.001). Moreover, neither the maximum occupational status

attained by either parent nor the perceived economic status of

participants’ families accounted for variation in pACC, LPFC,

dMPFC, or IPC BOLD activation values above and beyond that

already accounted for by parental educational attainment, all step

3 DR2 values < 1.7%, Fs < 1, Ps > 0.44.

In contrast to the above findings for PF activation, parental

education did not predict activation to NF, as revealed by the

NF > PF and NF > C contrasts. Furthermore, parental education

did not predict activation to PF or NF when our analyses were

restricted to the ventral or dorsal striatal ROIs defined in

Supplementary Figure S1, even when the ROI thresholds were

lowered to a lenient Puncorrected < 0.01, k = 0. It is unlikely that

the latter null findings resulted from a failure of the fMRI task

paradigm to engage the striatum because marked ventral and

dorsal striatal activation was revealed to both the PF and NF

conditions across all participants in whole-brain main effects

analyses employing corrected statistical thresholds (for sum-

maries of the main effects of our task paradigm, see

Supplementary Table S4, Figs S2 and S3).

Finally, in whole-brain and ROI analyses, we did not find

evidence for ‘‘negative’’ associations between parental educa-

tion and corticostriatal activation (e.g., regions where individ-

uals in the ‘‘lower’’ parental education group showed ‘‘greater’’

activation to PF or NF). In summary, these findings indicate that

higher parental education uniquely predicted greater cortical

BOLD activation to PF stimuli signaling monetary gains and not

to NF signaling monetary losses.

Parental Education and Corticostriatal Functional
Connectivity

As shown in Figure 2, higher parental education predicted

a more positive functional connectivity between the pACC and

Figure 3. Higher parental education predicted a comparatively stronger directional
(effective) connectivity from the dMPFC (BA10) to the ventral striatum, as modulated
by PF stimuli signaling monetary gains. At upper right is an illustration of the PF-
modulated feedforward pathway from the dMPFC to the ventral striatum, which was
estimated across participants by DCM (see Materials and Methods). At lower left are
the normalized, covariate-adjusted, and z-score standardized (±standard error) DCM
connectivity coefficients for the dMPFC0ventral striatum pathway as a function of
the parental education groups (as in Figs 1--2). Variables used for covariate adjustment
by multiple regression were participants’ own (adult) educational attainment, age, sex,
family income, community-level socioeconomic position, alcohol use, depressive
symptoms, and dispositional reward responsiveness (see Materials and Methods).
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3 regions of the OFC, namely, 2 bilateral orbitofrontal areas

corresponding to BA47 and one ventromedial area corre-

sponding to BA11. As for the activation findings above, these

connectivity findings were obtained with covariate control for

participants’ own (adult) educational attainment. Moreover, in

hierarchical regression analyses including potential confound-

ing factors (adult educational attainment, age, sex, family

income, community-level socioeconomic position, alcohol use,

depressive symptoms, and reward responsiveness), parental

education continued to predict interindividual variation in

functional connectivity for each pair of regions when these

confounding factors were entered on step 1 of the models

(pACC—right BA47: F1,65 = 34.28, DR2 = 32%, P < 0.001;

pACC—left BA47: F1,65 = 20.31, DR2 = 22%, P < 0.001,

pACC—medial BA11: F1,65 = 13.71, DR2 = 15%, P < 0.001).

Finally, neither the maximum occupational status attained by

either parent nor the perceived economic status of partic-

ipants’ families accounted for interindividual variation in pACC

functional connectivity above and beyond that already

accounted for by parental educational attainment, all step 3

DR2 values < 2.1%, Fs < 1, Ps > 0.39.

As also shown in Figure 2, higher parental education

predicted a more positive functional connectivity between

the dMPFC and the left ventral striatum at the anatomical

border of the ventral putamen. Again, in hierarchical regres-

sions including the same potential confounding factors as

above, parental education continued to predict variation in

dMPFC--ventral striatum connectivity when these confounding

factors were entered on step 1 of the models (dMPFC--ventral

striatum: F1,65 = 7.02, DR2 = 7.4%, P = 0.01). Also as above,

neither the occupational status attained by either parent nor

the perceived economic status of participants’ families

accounted for additional variation in dMPFC--ventral striatum

above and beyond that already accounted for by parental

educational attainment, step 3 DR2 = 0.2%, F < 1, P = 0.92.

In contrast to the connectivity findings corresponding to the

pACC and dMPFC seeds, we observed no significant associa-

tions between parental education and connectivity corre-

sponding to the LPFC and IPC seed regions shown in

Figure 1. It is unlikely that this pattern of null results could

be attributed to a lack of statistical power or a failure of these 2

regions to show significant patterns of functional connectivity

in our task paradigm, as whole-brain random-effects analyses on

all participants revealed marked connectivity for all 4 of the

seed regions used for parental education analyses (see

Supplementary Table S5 and Figs S4--S7). Finally, and as for

the activation findings reported above, in whole-brain and ROI

analyses, we did not find evidence for negative associations

between parental education and functional connectivity

patterns across our 4 seed regions (e.g., regions where

individuals in the lower parental education group showed

greater functional connectivity).

Analyses of Participants’ Own (Adult) Education and
Corticostriatal Functionality

We note that participants’ own (adult) educational attainment

was used as a nuisance variable (covariate of no interest) in

whole-brain and ROI analyses of the associations between

parental education and adult fMRI BOLD activation and

connectivity. Nonetheless, it could be asked whether higher

adult education, itself, was associated with corticostriatal

activation or connectivity in overlapping or nearby regions

where we observed statistically significant effects for parental

education (e.g., those regions illustrated in Figs 1 and 2). In

addressing this question, we found no evidence of overlapping

regional associations between activation or connectivity with

parental and adult educational attainment. Hence, when we

employed the same voxel-wise significance and cluster extent

thresholds that were employed for the parental education

analyses above, there were no suprathreshold positive (or

negative) associations between personal education and 1)

BOLD activation for any of the task contrasts or 2) connectivity

patterns for any of the 4 cortical seeds, which remained the

case even when we used the MNI coordinates reported in

Figures 1 and 2 for small-volume corrections (for illustration,

see Supplementary Fig. S8 for glass brain depictions of whole-

brain personal education analyses executed at lenient and

uncorrected statistical significance and extent thresholds).

Hence, it appears that our observations regarding parental

education are unique from the contributions of participants’

own educational attainments.

Parental Education and Effective Connectivity

Higher parental education predicted a stronger directional

(effective) connectivity from the dMPFC to the ventral striatum,

as modulated by PF stimuli signaling monetary gains. This finding

was revealed by a hierarchical regression analysis, which

included parental education as a step 2 predictor variable that

was entered after the step 1 covariates of participants’ own

(adult) educational attainment, age, sex, family income,

community-level socioeconomic position, alcohol use, depres-

sive symptoms, and self-reported reward responsiveness, F1,64 =
4.11, DR2 = 5.4%, P < 0.05 (see Fig. 3) (An influential outlier case

from the lower parental education group, which exceeded 3 SD

of the mean modulated dMPFC0ventral striatum effective

connectivity parameter value was omitted from analysis. In-

cluding this case in the model changed the association between

parental education and modulated dMPFC0ventral striatum

effective connectivity to F1,65 = 2.93, DR2 = 3.8%, P = 0.09.).

Furthermore, neither the maximum occupational status attained

by either parent nor the perceived economic status of

participants’ families accounted for additional variance in

modulated dMPFC0ventral striatum effective connectivity

above and beyond that already accounted for by parental

educational attainment, F < 1, DR2 = 0.5%, P = 0.82.

In contrast to the above dMPFC0ventral striatum effective

connectivity finding, parental education did not predict

effective connectivity at a conventional level of statistical

significance from the pACC to the medial or bilateral

orbitofrontal cortices, as modulated by PF stimuli signaling

monetary gains and after covariate control for age, sex, family

income, community-level socioeconomic position, alcohol use,

depressive symptoms, and self-reported reward responsiveness,

Fs < 3.2, step 2 DR2 values < 4.4%, Ps > 0.08. Furthermore,

pACC0OFC effective connectivity changes, as modulated by

PF, also did not covary significantly with parental occupation or

reported family economic status when these variables were

added to step 3 of the hierarchical models, Fs < 1.7, step 3 DR2

values < 4.6%, Ps > 0.19. In aggregate, these findings indicate

that the covariation between parental education and the

connectivity between pACC and OFC regions did not appear

to be modulated by the PF task condition at a conventional

level of statistical significance.

Cerebral Cortex April 2011, V 21 N 4 903

Supplementary Table S3
Figs. S2
S3
Supplementary Fig. S8


Discussion

Midlife adults whose parents attained a lower level of education

than those of other study participants showed reduced

activation to PF stimuli signaling monetary gains in 4 cortical

areas: the pACC, dMPFC, LPFC, and IPC. Also among adults

whose parents attained a lower level of education, 2 prefrontal

areas in particular—the pACC and dMPFC—showed a reduced

functional connectivity with areas of the OFC and ventral

striatum. Furthermore, adults with less educated parents

exhibited a reduced strength in the directional or effective

connectivity from the dMPFC to the ventral striatum, as

modulated by PF stimuli signaling monetary gains. Finally,

other indicators of parental socioeconomic position (occupa-

tion, perceived family economic status) did not explain

additional variation in corticostriatal activation or connectivity

after first accounting for potential confounders and parental

education. Critically, none of the findings regarding parental

education were explained by our participants’ own socioeco-

nomic position (as reflected by their education, income, and

community of residence) or other factors plausibly related to

alterations in reward processing and corticostriatal functional-

ity. All together, these findings suggest that a presumptive

indicator of early socioeconomic disadvantage, lesser parental

educational attainment, is associated with individual differ-

ences in the activation and connectivity of corticostriatal brain

areas in adulthood. As such and in recognition of the study

limitations noted below, these findings may provide insight into

the preclinical and neurobiological pathways linking early

socioeconomic disadvantage to latent risk for the development

of later adult health outcomes that are associated with the

expression of reward-related behaviors.

Our first set of findings indicates that adults from lower

parental educational backgrounds show reduced activation to

monetary gains (signaled by PF) in cortical areas implicated in

several reward-related processes, including regulating and

suppressing impulsive decisions (pACC); representing abstract

or secondary rewards (dMPFC); maintaining reward-related

information in working memory (LPFC); and computing the

probability of future reward-related outcomes (IPC) (for

reviews, see London et al. 2000; Rolls 2000; Schultz et al.

2000; Martin-Soelch et al. 2001; Kringelbach and Rolls 2004;

Volkow et al. 2004; Bechara 2005; Fareri et al. 2008; Ernst and

Fudge 2009; Geier and Luna 2009; Haber and Knutson 2010).

While we cannot specify the precise processes engaged by our

task paradigm, it would appear at minimum that adults from

lower parental educational backgrounds show a reduced

cortical response to reward-related stimuli. Speculatively, this

could suggest that aspects of early socioeconomic disadvantage

are associated with lasting developmental alterations in cortical

(and possibly executive) aspects of reward processing. We note

here that the corticostriatal activation patterns observed across

all of our participants agree with those observed in prior

studies employing variants of the same task, particularly those

in which each trial has signaled monetary feedback in event-

related designs (e.g., Delgado et al. 2000; for summaries, see

Supplementary Table S4 and Figs S2 and S3). The corticostriatal

activation patterns we observed also accord with those

observed using other incentive-based paradigms involving

reward-related stimuli (e.g., Breiter and Rosen 1999; Knutson

and Cooper 2005). However, unlike previous studies, each trial

in our paradigm was not associated with a specific monetary

outcome (i.e., gaining or losing a specified amount of money).

Rather, each trial provided PF or NF, which reflected the

‘‘accuracy’’ of the participant’s guess that would determine

a later monetary reward. Thus, our paradigm limits our ability

to identify patterns of activation associated with trial-by-trial

monetary outcomes, which might be related more closely to

interindividual variation in parental education. Furthermore,

our blocked paradigm precludes an analysis of corticostriatal

activity uniquely associated with ‘‘anticipatory’’ and ‘‘outcome’’

processes engaged during each trial. Thus, employing event-

related paradigms that better allow for the dissociation of

anticipation and outcome processes may help further evaluate

the relation between parental education and specific aspects of

reward-related corticostriatal functionality in adulthood. Fur-

thermore, we note that the PF condition also provided

potentially reinforcing feedback about achievement, possibly

engaging processes associated with differential sensitivity to

success. Thus, another potential limitation of this study is that

we did not obtain subjective ratings at the time of neuro-

imaging that would have allowed us to better determine the

meaning of the task to our participants, particularly with

respect to individual differences in sensitivity to achievement

success. Hence, the absence of such ratings leaves open the

possibility that our findings may partly reflect a reduced

sensitivity to achievement success among those from lower

parental educational backgrounds, which could be investigated

through different experimental and assessment paradigms.

Finally, we recognize that the associations between parental

education and corticostriatal activation could reflect a non-

specific association between early socioeconomic circum-

stances and the processing (both anticipation and feedback)

of any type of motivationally salient stimulus (cf., Zink et al.

2003, 2004). However, we note that parental education only

predicted cortical activation in response to PF conditions

(associated with monetary gains) and not to NF conditions

(associated with monetary losses). Hence, lower parental

education does not appear to be linked to diffuse ‘‘hypores-

ponsiveness’’ to salient environmental stimuli.

Our second set of findings indicates that individuals from

lower parental educational backgrounds show a reduced

functional connectivity between the pACC and both medial

and lateral areas of the OFC as well as between the dMPFC and

ventral striatum. It is noteworthy that electrophysiological and

neuroimaging studies in children suggest that early socioeco-

nomic disadvantage is associated with developmental alter-

ations in prefrontal areas, which have been speculated to affect

the maturation of top-down or executive control functions

implicated in incentive learning and impulse control (Casey

et al. 2005; Galvan et al. 2006; Fareri et al. 2008; Ernst and Fudge

2009; Geier and Luna 2009; Hackman and Farah 2009). It is

possible that our findings extend this evidence in children,

insofar as an indicator of early socioeconomic disadvantage,

lower parental education, predicted alterations in prefrontal

connectivity in midlife adults. It is also noteworthy that the

anterior cingulate cortex is critically involved in reward

processing and adaptive decision making (Bechara 2005; Haber

and Knutson 2010), with some evidence from adults to suggest

that regions of the pACC may be especially sensitive to

rewarding stimuli, such as monetary gains (Fujiwara et al.

2009). Furthermore, there is recent evidence that the pACC

shows marked developmental plasticity in its functional

connectivity. For example, Kelly et al. (2009) have recently

904 Corticostriatal Functionality in Adulthood d Gianaros et al.

Supplementary Table S3
Figs. S2
S3


provided in vivo neuroimaging evidence for a progressive

maturation of pACC task independent or intrinsic functional

connectivity from childhood to early adulthood, reflective of

a developmental transition from more diffuse to focal patterns

of connectivity, particularly between pACC and OFC regions.

Kelly et al. (2009) interpreted this developmental transition in

pACC functional connectivity to reflect the maturation of self-

regulatory behavioral processes supported by the pACC and its

networked regions. Indeed, the pACC and OFC are densely

networked with one another and have been described in terms

of an organizational orbitomedial network important for

reward-related information processing and associated behav-

iors, including tracking the relative value of primary and

secondary rewards as well as integrating multimodal reward-

related information to guide decisions and suppress malad-

aptive actions (Öngür and Price 2000; Rolls 2000).

In addition to differences in pACC-OFC connectivity

patterns between adults from lower and higher parental

educational backgrounds, we observed comparable differences

in the functional connectivity between the dMPFC and ventral

striatum. The dMPFC appears to play an important role in top-

down regulatory functions as well as in representing distant or

future abstract (secondary) rewards (Ochsner and Gross 2005;

Haber and Knutson 2010). Furthermore, the ventral striatum is

critically involved in reward functions, including the encoding

of reward prediction errors and processing reward uncertainty

(Schultz et al. 2000; Haber and Knutson 2010). Recent

developmental studies also suggest that the ventral striatum is

involved in vulnerability to risk-taking and addictive behaviors

(Casey et al. 2005; Fareri et al. 2008; Ernst and Fudge 2009;

Geier and Luna 2009; Geier et al. 2010). Thus, it is plausible that

early environmental or family influences engendered by aspects

of socioeconomic disadvantage might influence the develop-

ment, functionality, and connectivity of corticostriatal areas,

resulting in the later emergence of disadvantageous health

behaviors. For example, aspects of early disadvantage might

affect myelination patterns, dendritic arborization processes, or

other developmental outcomes leading to an ineffective top-

down regulation of limbic or forebrain circuits driving reward

processing in later life. In turn, such developmental alterations

affecting connectivity or circuit signaling may relate to risky

behaviors (e.g., cigarette smoking, impulsive choices, etc.) and/

or lifestyle habits favoring immediate rewards over future

health consequences. In this regard, it is noteworthy that

individual differences in delay discounting, reflecting one’s

relative tendency to chose small and immediate rewards versus

large and delayed rewards, have been associated with both

parental education (Sweitzer et al. 2008) and corticostriatal

activation to the same guessing task used in the present study

(Hariri et al. 2006). Furthermore, findings from DCM effective

connectivity analyses in the present study appear to agree with

the notion that so-called top-down or forward directional

cortical control over striatal activity is associated with parental

education in particular, net the influence of potential con-

founders. Hence, during the PF condition associated with

monetary gains, those adults from higher parental educational

backgrounds showed a stronger effective connectivity along

a dMPFC to ventral striatal pathway (Fig. 3). Although

intriguing, we note that the developmental, as well as

intergenerational and prospective, lifespan measurements and

study designs needed to formally test such speculations are

largely impractical at the present time.

We acknowledge that indicators of socioeconomic position

are often viewed in epidemiological studies as reflecting

aspects of the social and material environments that can

hierarchically stratify employment, occupational, and educa-

tional experiences and opportunities across individuals

(Gianaros and Manuck 2010). Indicators of socioeconomic

position, however, have also been associated with measures of

intellectual ability that are partly attributable to heritable

influences (Rowe et al. 1999; Manuck et al. 2004). Indeed, in

this sample, we found a moderate association between

participants’ own (adult) educational attainment and IQ, as

measured by neuropsychological test performance on the

vocabulary and matrix reasoning subtests of the WASI (r = 0.37,

P < 0.005). Accordingly, it is plausible that the associations

between parental education and measures of corticostriatal

functionality could reflect the influence of correlated—

possibly heritable—variation in intellectual ability. However,

we found no significant difference in intellectual ability (WASI

scores) between study participants from the higher and lower

parental education groups (Supplementary Table S1). Further-

more, we found no significant associations between intellectual

ability and the patterns of corticostriatal activation or

connectivity depicted in Figures 1--3 (all rs < 0.18, Ps >

0.12). Also, we note that our task paradigm placed minimal

cognitive demands on study participants. Thus, putatively

heritable variation in intellectual ability associated with

socioeconomic position would not appear to explain our

findings.

Our inferences regarding parental education and cortico-

striatal activation and connectivity are also restricted by

limitations other than those noted for our blocked fMRI task

paradigm. First, the relation between retrospective reports of

parental education and corticostriatal functionality might be

confounded by recall (memory) biases or interindividual

variation in reward sensitivity. However, adults are relatively

accurate in reporting aspects of their parents’ socioeconomic

position, particularly their educational attainment. When

validated against historical employment records, for example,

adults’ recall of parental socioeconomic indicators are generally

accurate, even 50 years after childhood (e.g., adult reports of

paternal occupation show an 83% agreement with employment

records) (Berney and Blane 1997). Furthermore, adult twins

show an approximate 81% agreement in reporting their

parents’ educational attainment (Krieger et al. 1998). Thus, to

the extent that recall or memory biases influenced our

observations, we believe that these biases would have

contributed largely to measurement error. Additionally, and

with respect to confounding variation in reward sensitivity, we

note that we accounted for several demographic attributes,

a salient reward-related health behavior (alcohol use), self-

reported symptoms of depression, and dispositional reward

responsiveness. Second, we did not ‘‘prospectively’’ assess early

maltreatment, neglect, or other severe adverse early life

experiences at the level of the family, which could be more

prevalent among lower socioeconomic households (Evans

2004) and plausibly influence the development and functioning

of cortical and striatal circuits. However, we found no evidence

suggesting that early adversity or trauma could fully account for

our findings. More specifically, as part of the structured clinical

interview to screen for DSM-IV Axis-I psychiatric disorders, 47

of our participants were evaluated for traumatic experiences

(the reason for this reduced sample size is that assessments for
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posttraumatic stress disorder were added midway through the

AHAB study protocol). In our sample, only one individual

reported being neglected as a child, 4 reported being abused,

and one reported prior combat experience. Importantly, we

found no differences in the frequency of individuals reporting

these adverse experiences between our parental education

groups (all Ps > 0.47 by Fisher’s Exact Test). Furthermore, we

found no association between a composite indicator of parental

supervision and indicators of parental education in this sample

(see Supplementary Tables S2 and S3). Moreover, to the extent

that even subclinical forms of early adversity or stress

exposures are predictive of adult negative emotionality and

sensitivity to life stress (e.g., Heim and Nemeroff 1999), then

one would expect that these emotion and stress-related factors

would have covaried with parental education (assuming that

lower parental education represents a surrogate marker of

early life stress). This expectation, however, was not confirmed

in our sample: depressive symptoms and reported levels of

stress and stress exposures did not covary with parental

education (Supplementary Table S2). Third, we recognize that

our participants were relatively well educated, largely ethni-

cally homogenous, and had parents who were generally well

educated. These participant characteristics constrain extrap-

olations to more representative populations with greater

ethnic and socioeconomic diversity, as well as diversity along

other dimensions of early life disadvantage (e.g., being of

minority status and maturing in impoverished communities),

which should be examined in future work. Fourth, due to the

cross-sectional nature of our study and the retrospective

assessment of parental education, which reflected a diffuse

developmental period (‘‘childhood and adolescence’’), we

cannot make inferences regarding the possible effects of

upward and downward shifts in familial social mobility during

critical or sensitive developmental periods.

In view of the above, an important question raised by the

present findings pertains to the early life experiences that

may link broad and multidimensional constructs like parental

socioeconomic position to corticostriatal development and

functionality. There are at least 2 complementary perspectives

from which this question could be addressed: a family stress

perspective and a cultural-enrichment perspective. From a

stress perspective, families of relative socioeconomic disadvan-

tage are thought to experience heightened levels of life stress

that are engendered by the uncertainties of future economic

and occupational security, by a greater likelihood of residing

in disadvantaged communities, and by restricted access to

material and social resources and goods—among many other

factors (Kessler and Cleary 1980; Elder et al. 1985; McLeod and

Kessler 1990; Evans 2004; Taylor 2010; Matthews and Gallo

2011). Importantly, under some circumstances, these sources

of life stress may increase risk for marital discord, harsh

or withdrawn parenting styles, disrupted and unpredictable

family routines (e.g., family dining and sleeping schedules), and

conflict-laden family relationships that may adversely affect

early life development (McLoyd 1990; Brody et al. 1994; Conger

and Elder 1994; Conger et al. 2002). In extension, such stressful

family experiences in early life could plausibly upregulate the

expression of stress hormones, particularly peripheral and

central glucocorticoids, thereby altering the assembly, plastic-

ity, and long-term functioning of cell groups and brain circuits

that are important for cognitive functioning and for processing

salient environmental stimuli, such as primary or secondary

environmental rewards (Lupien et al. 2009; McEwen and

Gianaros 2010). In support of this notion, lower parental

socioeconomic position has been associated with an accel-

erated 2-year rise in the glucocorticoid, cortisol, among

children—presumably through stress-related pathways (Chen

et al. 2010). Furthermore, dopaminergic functionality induced

by a methylphenidate challenge (Engert et al. 2009) and

dopamine release within the striatum (Pruessner et al. 2004)

have been shown to covary with forms of early life stress and

parenting practices that could plausibly track a socioeconomic

gradient. We note, however, that in our sample, we found no

significant associations between parental education and indi-

cators of early family cohesion, conflict, or organization, as

assessed by the FES (Supplementary Table S3). Thus, it would

appear that a family stress perspective may not fully account for

the present observations perhaps due to the limited variation in

other sources of disadvantage experienced in this sample as

noted above.

A cultural-enrichment perspective may also provide a an-

other useful framework for interpreting the present findings,

insofar as prior research has shown socioeconomic differences

in so-called cultural-related childrearing repertoires. For

example, Lareau (2003) has found that parents of higher

socioeconomic position engage in ‘‘concerted cultivation’’

childrearing efforts by providing stimulating learning activities

and social interactions. As parents, they reliably report strong

motivations to promote their children’s social and cognitive

development. In relative contrast, parents of lower socioeco-

nomic backgrounds tend on average to report that child

development is a process that unfolds naturally, and they are

more likely to report that it is not necessary to do more than

provide basic supports, including food, shelter, and comforts.

These differential cultural repertoires are likely to translate into

differences in the everyday environments of young children,

with children from more advantaged backgrounds experienc-

ing more cognitively stimulating and socially enriching home

and school environments that provide for optimal neuro-

cognitive developmental trajectories in children and adoles-

cents (Evans 2004; Hackman and Farah 2009; Raizada and

Kishiyama 2010; Matthews and Gallo 2011). Some ‘‘post hoc’’

observations from ancillary analyses suggested that such

familial and cultural differences may exist in this sample.

Specifically, we found that the most reliable correlate of

parental socioeconomic position in this sample was the

cultural--intellectual orientation of our participants’ families,

which was measured by the FES (Supplementary Table S3). It is

possible that this dimensional measure of cultural--intellectual

orientation may reflect aspects of how cognitively stimulating

or enriching the participants’ early household environments

may have been, as it assesses the degree to which their families

1) discussed political and social problems, 2) went to lectures,

plays, or concerts, 3) showed interest in cultural activities,

4) had intellectual discussions, and 5) enjoyed music, art, and

literature. From a translational perspective, we speculate that

cognitively stimulating family environments associated with

socioeconomic differences in cultural repertoires related to

child rearing might plausibly affect brain development and

long-term functionality through similar experience-dependent

mechanisms that have been delineated in animal models of

early environmental enrichment and neuroplasticity. These

mechanisms include positive and trophic effects on cell prolif-

eration and density, synaptogenesis and synaptic organization,
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and dendritic branching patterns in cortical and subcortical cell

groups that are important for a range of cognitive, social, and

emotional behavioral processes (DiPietro 2000; Chapillon et al.

2002; Markham and Greenough 2004; Sullivan et al. 2006).

However, because we cannot establish the causal direction of

association between parental socioeconomic position and our

FES measures, we are cautious in interpreting these post hoc

observations. In extension, we are hesitant to rest study

conclusions on their meaning until they are replicated in

future, ideally longitudinal, studies.

Conclusions

To summarize, this study provides evidence that an indicator of

early socioeconomic disadvantage, lower parental education, is

associated with alterations in adult corticostriatal functionality

elicited by PF signaling monetary reward. These findings could

not be accounted for by interindividual variation in multilevel

indicators of adult socioeconomic position or other confound-

ing factors linked to reward processing. As such, adult

alterations in reward-related corticostriatal functionality may

represent facets of a neurobiological pathway potentially

linking early disadvantage with latent risk for later adult health

outcomes. More precisely, socioeconomic variation in parental

resources, early environmental exposures, access to cognitively

stimulating and enriching opportunities, and other factors

during childhood and adolescence have been speculated to

affect the maturation and plasticity of cortical and striatal brain

circuitries that are important for self-regulatory behaviors that

influence health throughout life (Shonkoff and Phillips 2000;

Hackman and Farah 2009; Shonkoff et al. 2009). Indirect

support for this speculation has been provided by epidemio-

logical evidence that indicators of early socioeconomic

disadvantage, including lower parental education, are associ-

ated with disadvantageous or maladaptive health behaviors as

well as impulsive decision making. The present study builds on

this evidence and encourages further work on the multilevel

and likely multidimensional factors that proximally link early

socioeconomic conditions with corticostriatal development

and adult health.
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Appendix

Socioeconomic position reflects one’s relative access to social and

material resources. Indicators of socioeconomic position are typically

quantified in metrics of educational attainment, occupational status,

and income, which can be measured among individuals, families,

communities, and higher levels of social organization (see Materials and

Methods and as well as Discussion). In this context, early socioeco-

nomic disadvantage refers to one’s circumstances of childhood and

adolescence (as reflected by parental socioeconomic position). In this

sense, early socioeconomic disadvantage thus corresponds to the life

opportunities and developmental experiences engendered by relative

differences in the socioeconomic position and circumstances of one’s

family. Thus, relative increments in parental socioeconomic position

may correspond to increased familial access to social, material, and

other beneficial resources and opportunities as well as enriched

cognitive and household environments (Shonkoff et al. 2009).
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