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ARTICLE INFO ABSTRACT

Keywords: Socioeconomic disadvantage is associated with volumetric differences in stress-sensitive neural structures,
chioeconomic disadvantage including the hippocampus, and deficits in episodic memory. Rodent studies provide evidence that memory
Hippocampus deficits arise via stress-related structural differences in hippocampal subdivisions; however, human studies have
Ez:;igmn;::mry only provided limited evidence to support this notion. We used a sample of 10,695 9-13-year-old participants

from two timepoints of the Adolescent Brain and Cognitive Development (ABCD) Study to assess whether so-
cioeconomic disadvantage relates to episodic memory performance through hippocampal volumes. We explored
associations among socioeconomic disadvantage, measured via the Area Deprivation Index (ADI), concurrent
subregion (anterior, posterior) and subfield volumes (CA1l, CA3, CA4/DG, subiculum), and episodic memory,
assessed via the NIH Toolbox Picture Sequence Memory Test at baseline and 2-year follow-up (Time 2). Results
showed that higher baseline ADI related to smaller concurrent anterior, CA1, CA4/DG, and subiculum volumes
and poorer Time 2 memory performance controlling for baseline memory. Moreover, anterior, CAl, and sub-
iculum volumes mediated the longitudinal association between the ADI and memory. Results suggest that greater
socioeconomic disadvantage relates to smaller hippocampal subregion and subfield volumes and less age-related
improvement in memory. These findings shed light on the neural mechanisms linking socioeconomic disad-
vantage and cognitive ability in childhood.

1. Introduction

Socioeconomic disadvantage is a leading risk factor for an array of
negative outcomes in children (Calem et al., 2017; Engle and Black,
2008; Jensen et al., 2017). The stress associated with living in a low
socioeconomic status (SES) environment can be chronic and far reaching
in nature. In addition, children of low SES often learn and are raised in
less cognitively enriching environments than children of higher SES.
Seminal work has identified neural differences in children and adults
who grew up in such environments (Brito and Noble, 2014; Farah, 2017;
Vargas et al., 2020), including both widespread impacts on the brain and
more specific impacts on stress-sensitive neural regions. One of these
regions, the hippocampus, is highly susceptible to stress and other var-
iations in the environment relative to other brain regions due to its high
density of glucocorticoid receptors (i.e., stress hormone receptors; Sap-
olsky et al., 1990; Virgin et al., 1991).

The hippocampus is integral to children’s ability to bind features to

form memories, referred to as episodic memory (Eichenbaum, 1999;
Tulving and Markowitsch, 1998). Volume of the hippocampus has been
shown to relate to memory performance in children and adolescents (e.
g., Botdorf et al., 2022). In addition to neural effects of low SES, research
shows poorer memory ability in children from low SES backgrounds and
superior memory performance in those from high SES or cognitively
enriching backgrounds (Botdorf et al., 2019; Decker et al., 2020; Farah
et al., 2008; Taylor et al., 2020). Given that successful academic per-
formance is dependent on memory, it is important to understand how
socioeconomic disadvantage may affect the hippocampus and this
cognitive ability (Eichenbaum, 1999; Hassevoort et al., 2018).
Research focused on the neural impacts of socioeconomic disad-
vantage has mainly assessed the hippocampus as a homogeneous
structure and shown that variations in SES relate to smaller total hip-
pocampal volume in both child and adult samples (e.g., Ellwood-Lowe
et al., 2018; Hanson et al., 2011; Luby et al., 2013; Noble et al., 2012;
Raffington et al., 2019; Taylor et al., 2020; Yu et al., 2018). This work
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further shows that both low SES and total hippocampal volume relate to
memory performance; however, evidence of mediation of effects has not
been established. For example, one study assessed associations among
income, total hippocampal volume, and memory performance on an
associative memory task but did not provide evidence of mediating ef-
fects of hippocampal volume on the association between income and
memory (Raffington et al., 2019). These null effects may have been due
to the limited variability in the sample with regards to SES, the limited
sample size (—~80 participants provided MRI data), or the assessment of
the whole hippocampus. Another recent assessment included a wide
array of neural and behavioral metrics from the Adolescent Brain and
Cognitive Development (ABCD) study and explored effects of neigh-
borhood disadvantage (assessed using the Area Deprivation Index
[ADI]). Findings from this investigation suggested that the ADI was
related to smaller right hippocampal volume at baseline and poorer
performance on the NIH Toolbox Picture Sequence Memory Task at
baseline (Taylor et al., 2020). Finally, another smaller study of 31
children and adolescents showed a positive relation between SES and
total hippocampal volume but failed to find a link between SES and
memory (Yu et al., 2018). Again, these null effects may have been due to
the limited sample size and assessment of the whole hippocampus.

Effects of socioeconomic status on the hippocampus may not be
distributed equally throughout the hippocampus, given this structure’s
heterogenous nature. The hippocampus can be divided along its longi-
tudinal axis into anterior and posterior subregions (Poppenk et al.,
2013). It can also be divided into functionally specific subfields (cornu
ammonis (CA) regions 1-4, dentate gyrus (DG), subiculum), which have
distinct cell types and are distributed differentially along the longitu-
dinal axis (Duvernoy, 1998; Insausti and Amaral, 2003; Lavenex and
Banta Lavenex, 2013). For example, anterior hippocampus has the
largest proportion of the CA1-3 subfields compared to posterior hip-
pocampus, and the most posterior portion of the hippocampus has the
smallest amount of subiculum compared to the more anterior portions
(e.g., Malykhin et al., 2010). These subregions and subfields also exhibit
differential developmental trajectories in children (Canada et al., 2020,
2021a, 2021b; Lee et al., 2020; Tamnes et al., 2018) and relate to
children’s memory performance in a region-dependent manner
(Daugherty et al., 2017; Demaster et al., 2013; Lee et a, 2014; Riggins
et al., 2018;). Given their distinct properties, focusing on subregions and
subfields of the hippocampus allows for assessing this structure in a
more fine-grained manner and ensuring that region-specific effects are
not obscured.

Rodent studies provide evidence that memory deficits associated
with low SES arise via structural differences in hippocampal subfields
and subregions. This work shows that rearing animals in paradigms
designed to mimic the scarcity of resources associated with low SES (i.e.,
limited bedding and nesting) results in smaller hippocampal subfield
volumes while rearing an animal in a cognitively enriching environment
tends to result in the opposite effect (i.e., larger volumes; Derks et al.,
2016; Naninck et al., 2015; Rocha et al., 2021; Youssef et al., 2019).
Volumetric differences arise from deficits in neurogenesis, dendritic
branching, and synaptogenesis of the hippocampus among other neu-
rodevelopmental processes due to the prolonged activation of the HPA
axis and lack of cognitive stimulation. Importantly, these structural
deficits in the hippocampus relate to performance on memory tasks,
including object recognition tasks (Naninck et al., 2015; Rocha et al.,
2021; Youssef et al., 2019).

Volumetric differences are more apparent in certain subfields that
are known to have a higher density of glucocorticoid receptors,
including CA1, CA3, and DG (Bath et al., 2016; Champagne et al., 2008;
Naninck et al., 2015; Youssef et al., 2019). In addition, postnatal neu-
rogenesis, which occurs in DG, makes this subfield even more vulnerable
to variations in the environment given its unique plasticity. Impacts
have also been reported on other subfields, including subiculum, but to a
lesser degree (Bath et al., 2016). Regarding subregions, compared to
posterior hippocampus (dorsal hippocampus in rodents), work has
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highlighted the anterior portion of the hippocampus (ventral hippo-
campus in rodents) as being particularly impacted by stress in both ro-
dent and human samples (Fanselow and Dong, 2010; Vogel et al., 2020).
One reason for this may be the direct structural connections between
anterior hippocampus and other stress sensitive regions, including
vmPFC, amygdala, and nucleus accumbens (Poppenk et al., 2013).
Additionally, gene expression in anterior hippocampus may relate to
neural regions implicated in stress, including the amygdala (Fanselow
and Dong, 2010). Taken together, this work suggests certain subregions
and subfields are more susceptible to SES-related effects than others.

Few studies have assessed hippocampal subregion or subfield vol-
umes when investigating SES in human children. This limited work
shows that smaller DG and CA3 volumes are associated with socioeco-
nomic disparity in children and young adults (Brody et al., 2017; Merz
et al., 2019) and that this association is mediated by variations in hair
cortisol levels, an index of chronic physiological stress (Merz et al.,
2019). However, these studies are small in sample size and limited in
their representation. A larger, more representative study using subre-
gion volumes showed that higher income relates to larger anterior, but
not posterior, hippocampal volume and superior memory performance
on the NIH Toolbox Picture Sequence Memory Task (Decker et al.,
2020). This study further showed that this association is stronger in
children of lower income families and that anterior hippocampal vol-
umes mediated the association between income and memory perfor-
mance. However, these data were fully cross-sectional in nature, which
limits the interpretation of causal relations. Taken together, this
research suggests associations between socioeconomic disadvantage and
smaller hippocampal subregion and subfield volumes in humans.
However, more research is needed to provide evidence that structural
differences in subfields serve as a mechanism linking SES and memory in
human children.

The current study aims to extend prior work and provide further
specificity by assessing longitudinal associations between socioeco-
nomic disadvantage and episodic memory ability via hippocampal
structure in a large, diverse sample of adolescents from the ABCD study
(Volkow et al., 2018). Assessing subregions and subfields as opposed to
total hippocampal volume offers greater specificity and allows for
making connections with rodent work, which offers a translational un-
derstanding of how stressful experiences impact the hippocampus and
memory ability. The use of a large sample of adolescents provides a wide
range of variability in socioeconomic disadvantage.

Given that CA1, CA3, and DG have a high density of glucocorticoid
receptors and have consistently shown to be impacted by stress in rodent
samples (Champagne et al., 2008), we hypothesized an association be-
tween higher levels of disadvantage and smaller volumes of CA1, CA3,
and DG. In addition, given research showing that there are direct
structural connections between anterior hippocampus and other stress
sensitive regions, such as the amygdala and vmPFC, we hypothesized an
association between disadvantage and anterior hippocampal volume.
We also hypothesized a negative relation between baseline socioeco-
nomic adversity and memory at a two-year follow-up (Farah et al., 2008;
Taylor et al., 2020). Finally, we hypothesized that subfield volumes will
mediate longitudinal associations between disadvantage and poorer
memory performance at the two-year follow-up. These findings will
allow for further understanding the neural mechanisms through which
low SES relates to cognitive outcomes.

2. Methods
2.1. Participants

This project utilized data from the ABCD Study release 2.0 (Volkow
et al.,, 2018). This is a large, diverse sample of 11,878 participants
initially designed to assess substance abuse in adolescents. Participants
were 9-10 years old at study entry. Parental consent and child assent
were obtained for participants in the study. Children and their parents
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completed a series of questionnaires, and children completed a struc-
tural MRI scan. Questionnaire data and MRI data at baseline (Time 1,
9-10 years old) were used in this study. Data from the NIH Toolbox
Picture Sequence Memory Task at baseline (Time 1) and the 2-year
follow up (Time 2; 11-13 years old) were also used in the current study.

Of the initial 11,878 subjects, 1183 were not included because they
were missing either a T1 or T2-weighted scan, they did not pass the
quality control screening, or it was deemed the MRI scan was not pro-
tocol compliant as defined by ABCD researchers (Hagler et al., 2019).
Thus, our sample assessing ADI and hippocampal subfields consisted of
10,695 participants. Descriptive statistics specific to the subsample used
in this study are reported in Table 1. A smaller sample of 5776 partici-
pants who had memory data at Time 2 as of November 2021 were used
in the analyses assessing longitudinal relations with memory.

The data were split into discovery and replication samples to probe
the replicability of findings. Data were stratified by the ADI, study site,
and sex to ensure there was an equal distribution of these variables
across the two samples. There were 5284 subjects in the discovery
sample and 5411 subjects in the replication sample. When results were
similar between the discovery and replication samples, only results from
the discovery sample were reported. When results did not replicate
across samples, deviations are indicated. All statistics from models using
the replication sample are reported in the Supplementary Material
(Supplemental Tables S3-S7; Fig. S1).

2.2. Tasks and questionnaires

2.2.1. Sociodemographic variables

Several variables from the demographics survey were used,
including the participant’s parent-reported age and sex. Sex was coded
as a dichotomous variable where males received a value of 0 and females
a value of 1.

2.2.2. Area Deprivation Index (ADI)

The ADI was used to provide an index of socioeconomic disadvan-
tage (Kind and Buckingham, 2018). This metric is derived using the
home address for the participant, which is provided as part of the Res-
idential History Questionnaire and was created using the American
Community Survey (U.S. Census Bureau, 2012). The ADI assesses
disadvantage at the neighborhood or community level by accounting for
numerous socioeconomic variables making it a more robust measure of
SES than income or parent education, which are two variables often used
to provide an index of SES. Specifically, it includes 17 factors, including
income, education, employment, and housing quality. Supplemental
Table S1 provides a list of these factors. The ADI is a validated metric
(Kind et al., 2014) and ranges in value from 0% to 100% with a higher

Table 1
Demographic characteristics of the ABCD subsample included in this study (N =
10,695).

Demographic Variable

Age (yrs), Time 1 [M (SD)]
Age (yrs), Time 2 [M (SD)]
Child sex, female [n (%)]

Child race/ethnicity, [n (%)]

9.92 (0.62)
11.96 (0.64)
5531 (51.72%)

Asian 228 (2%)

Black 1537 (14%)
Hispanic 2181 (20%)
Multi-Racial/Other 1107 (10%)
White 5640 (53%)

Area Deprivation Index [M (SD)]
Family income [n (%)]

38.79 (27.01)

< $50,000 2833 (26%)
$50,001 to $100,000 2773 (26%)
> $100,001 4186 (39%)

Did not disclose
Parental education [n (%)]
At least one parent with a 4-year college degree

943 (9%)

6446 (60%)
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number indicating greater neighborhood deprivation. The ADI was
similar in the discovery (M = 38.65, SD=26.95) and replication (M =
38.93, SD = 27.08) samples.

2.2.3. Pubertal status

Parent-reported pubertal status was assessed using the Pubertal
Development Scale and Menstrual Cycle Survey (Petersen et al., 1988),
which includes 5 questions specific to males or females. Scores were
summed across the 5 questions. Pubertal status was included as a co-
variate given research suggesting that puberty is influenced by stressful
experiences and is related to maturation of the hippocampus (Herting
and Sowell, 2017; Selmeczy et al., 2018).

2.2.4. Memory assessment

The NIH Toolbox Picture Sequence Memory Task was used to pro-
vide an index of episodic memory at Time 1 and Time 2 (Bauer et al.,
2013; Dikmen et al., 2014). Participants were shown a series of 15
pictures presented on the computer and were asked to remember the
order of the images. After two learning trials, they were asked to
reproduce the sequence that was presented to them. The number of
adjacent pairs summed across trials served as the variable of interest as
this is an indicator of the ability to retain details (i.e., temporal order) in
addition to item information. This variable was age-corrected for use in
analyses. Time 1 and Time 2 memory scores were moderately correlated
(r=.44,p < .001).

2.3. MRI assessment

Data were collected at 22 sites across the United States using one of
three different scanners (i.e., Siemens Prisma, Philips Achieva, and GE
MR750). Participants first completed a “prescan” during which they
were trained to ensure motion would not impact results and they were
screened for MR contraindications. Then, they completed a series of
structural and functional scans. The T1l-weighted and T2-weighted
structural scans were the focus of this study. Motion was tracked in
real time for the structural scans. Scan parameters differed by scanner
type for the T1-weighted and T2-weighted scan and are reported in
Supplemental Table S2 (for further information, see Casey et al., 2018;
Hagler et al., 2019).

Raw T1-weighted and T2-weighted data were acquired from the
ABCD database (https://nda.nih.gov/abed), and data were processed
using Freesurfer v7.1 (Fischl et al., 2002; Fischl, 2012). Specifically, a
series of preprocessing steps, including skull stripping, motion correc-
tion, normalization, and cortical and subcortical segmentation, were
applied to the data among other steps. T2-weighted data were included
with T1l-weighted data to improve processing of structural data,
including cortical and subcortical segmentations. Data were processed
using both a local server and University supercomputing resources,
which took several months to complete given the magnitude of the
processing and the large number of participants.

2.3.1. Hippocampal subregions and subfields

Freesurfer v7.1 (http://surfer.nmr.mgh.harvard.edu; Fischl et al.,
2002; Iglesias et al., 2015) was then used to segment hippocampal
subregions and subfields and to generate volumes. Hippocampal head
volume was used to provide a measure of anterior hippocampal volume,
and hippocampal body and tail volumes were summed to provide a
measure of posterior hippocampal volume. Freesurfer has the capability
of segmenting several subfields in the hippocampus using different
parcellations, but the current report will focus on the parcellation that
includes CA1, CA3 (which also includes CA2), CA4, DG, and subiculum
(FS360 parcellation; Iglesias et al., 2015). Subfields in the head and body
subregions of the hippocampus were summed to create single volumes
for each subfield. To limit the number of dependent variables assessed,
CA4 and DG were combined, as is often done in manual tracing due to
their proximity to each other. Fig. 1 shows an example subregion and
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Fig. 1. Example segmentation of a. hippocampal subregions and b. subfields from Freesurfer v7.1.

subfield segmentation for one subject.

In addition to hippocampal volumes, estimated total intracranial
volume (eTICV) was extracted using Freesurfer. eTICV was included as a
covariate in analyses assessing hippocampal volumes, which ensured
that differences in brain size were not driving effects. Given that findings
were similar with and without this covariate, analyses including eTICV
are reported. Descriptive statistics for hippocampal volumes and histo-
grams of the distribution of each subregion and subfield are presented in
Table 2 and Fig. 2.

2.4. Data analysis plan

2.4.1. Covariates

Fixed effect covariates included age at Time 1, sex, eTICV, and pu-
bertal status. Random effect covariates include site and family ID given
differences that may arise from geographic location and the fact that
siblings from the same family often participated in the study. Family ID
was nested within site given the hierarchical relation between these two
variables. Time 1 memory was also included as a covariate in analyses
assessing Time 2 memory to ensure that effects were specific to Time 2
memory and not due to associations with concurrent memory. Given
that Time 1 memory was included as a covariate, the effects of the
predictors (i.e., ADIL, subregion volumes, subfield volumes) on the
dependent variable (i.e., memory) reflect change in memory from Time
1 to Time 2.

Study developers attempted to match the ABCD sample with that of
the United States population on key demographic variables (e.g., sex,
race; Dick et al., 2021; Garavan et al., 2018). However, differences still
exist that are important to account for using post-stratification weight-
ing (Heeringa and Berglund, 2020). This weighting was done using the
American Community Survey as a fixed population reference (Heeringa
and Berglund, 2020; U.S. Census Bureau, 2012). All analyses included
this weighting as a covariate to ensure the sample was representative
and results were generalizable to the population.

2.4.2. Analytic methods

Multilevel mixed-effects models were used to analyze the data using
the lme4 package in R version 1.3 (R Core Team, 2020; Bates et al.,
2015). Mixed effects models allow for assessing more complex models,
such as those with multiple levels to the data. These models account for
the hierarchical structure of the data and allows for missing data across
variables.

Table 2
Descriptive statistics for hippocampal subregion and subfield volumes from the
discovery sample.

M SD Minimum Value Maximum Value
Anterior 3238.12 422.72 896.75 5058.64
Posterior 3401.39 397.11 924.41 5085.83
CAl 1223.11 164.31 322.26 2488.89
CA3 405.39 62.99 103.92 830.03
CA4/DG 991.12 125.96 260.08 2090.14
Subiculum 799.82 104.36 203.39 1640.91

Notes. M = mean. SD = standard deviation. Volumes are in mm?® units.

To test associations between socioeconomic disadvantage and sub-
region (i.e., anterior, posterior) and subfield volumes (i.e., CAl, CA3,
CA4/DG, and subiculum), the ADI was entered as the independent
variable and hippocampal volumes were entered as the dependent
variable along with the covariates listed above. All subregion and sub-
field volumes were run in separate models. To test associations between
socioeconomic disadvantage and memory, the ADI was entered as the
independent variable and the Time 1 or Time 2 memory score was
entered as the dependent variable along with the necessary covariates.
To test associations between subregion/subfield volumes and memory,
each volume was entered as the independent variable and the Time 1 or
Time 2 memory score was entered as the dependent variable. To make
connections with the literature assessing total hippocampal volume, we
also explored relations between the ADI, total hippocampal volume, and
memory performance at the 2-year follow-up.

Finally, to assess whether performance on the memory task was due
to ADI-related differences in hippocampal volumes, a multilevel medi-
ation model was run using Mplus (Muthén and Muthén, 1998-2017).
The ADI was entered as the predictor along with the covariates listed
above, each hippocampal volume was entered as the mediator, and Time
2 memory score was entered as the dependent variable. The dependent
variable therefore represents residuals; that is, the effect of the pre-
dictors on the dependent variable (memory) reflects change in memory
from one time point to the next. Separate models were run for each
subregion and subfield that showed significant relations with the ADI
and memory performance in the previous analyses. Maximum likelihood
was used to calculate confidence intervals for the indirect effect.

Multiple comparisons were accounted for via a Bonferroni correc-
tion. Alpha levels were adjusted to .0125 for analyses assessing subfield
volumes given that 4 subfields were assessed and .025 for analyses
assessing subregions given that two subregions were assessed. Thus,
Peorrected< 0.05 indicates significance values that satisfy the threshold
imposed by this correction. In the mediation analyses, the alpha level
was adjusted based on the number of subregions or subfields that
showed significant relations with the ADI and memory performance.

3. Results
3.1. Associations with covariates

Bivariate correlations are presented in Table 3. Sex was related to all
subregion and subfield volumes, such that males had significantly larger
volumes compared to females. There was a positive association between
Time 1 age and memory performance at Time 2, but not at Time 1. There
was also a positive correlation between Time 1 age and each of the
hippocampal volumes and a negative correlation between pubertal
status and each of the hippocampal volumes.

3.2. Associations between the Area Deprivation Index and hippocampal
volumes

Results from the mixed-effects models assessing the ADI and hippo-
campal volumes showed a replicable effect between a higher ADI and
smaller anterior, but not posterior, hippocampal subregion volumes. In
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Fig. 2. Histograms representing frequency distributions of each hippocampal subregion and subfield assessed from the discovery sample.
Table 3
Bivariate correlations in the discovery sample between variables included in the mixed-effects models.
1 2 3 4 5 7 8 9 10 11 12 13 14
1. Age (T1)
2. Age (T2) .97%*
3. Sex -0.03 -0.01
4. Pubertal Status 18%* .18%* 46%*
5. ADI -0.04* -0.07+** .03 J18%*
6. Memory (T1) .02 .04 .09** -.03
7. Memory (T2) J12%% 13%* .06%* -.04 43%*
8. Anterior volume .09%* .04 -0.28%* - 22%% .05%* .08**
9. Posterior volume .06%* .05* -0.24** - 17%* .04* .07
10. CA1 volume .10%* .10%* -.26%* -.19%* .07** A1 .83%*
11. CA3 volume .08%* .05* -0.20%* -13%* .06%* .07** 75%* 79%*
12. CA4/DG volume .08** .08%* -27%* - 18%* .06%* .09%* .89%* .90** .83%*
13. Sub. volume .09%* 10%* - 23%* -17%* .06+ .09%* .86%* .82%* .60%* .83%*
14. eTICV L07%* 10%* -.39%* - 23%* .03 .06* 49%* 50%* .40%* 55%* 52%*
15. Total hipp. volume L07%* .05* -0.27%* -21%* .05%* .08** 95%* .94+* 81%* .94** .90** 53%*

Note. *p < .01; **p < .001. Sex, parental education, income, and race are coded 0, 1. 10 = Male, 1 = Female. ADI = Area Deprivation Index. eTICV = estimated total
intracranial volume. Hipp. = hippocampal. Sub. = subiculum volume. T1 = Time 1. T2 = Time 2. Memory was assessed using the Picture Sequence task from the NIH

Toolbox.

addition, a higher ADI was related to smaller CA1 and subiculum sub-
field volumes across samples. A higher ADI was also related to smaller
CA4/DG volume in both samples; however, the association did not
survive the stringent correction for multiple comparisons in the repli-
cation sample (p < .021). Given that the Bonferroni correction is a very
conservative threshold, and the association was significant in the dis-
covery sample and just over the threshold of p < .0125 in the replication
sample, the association between the ADI and CA4/DG volume was
deemed worthy of further study. No associations emerged between the
ADI and CA3 volume. Statistics for each model are presented in Table 4
and statistics from the replication sample are reported in Supplemental
Table S3. Consistent with Taylor et al. (2020), there was also a replicable
negative association between the ADI and total hippocampal volume (b
= —1.614, SE =0.444, p = .0003).

3.3. Associations between the Area Deprivation Index and memory

Results from the mixed-effects models assessing the ADI and memory
ability showed that there was a significant negative association between

the ADI and the Time 2 memory score (Table 5; see Supplemental
Table S4 for statistics from replication sample). Consistent with Taylor
and colleagues (2020), a higher ADI was also associated with poorer
memory scores at Time 1 (b= —0.09, SE=0.010, p < .001). Importantly,
the association between the ADI and Time 2 memory was present even
when controlling for memory scores at Time 1, suggesting that a higher
ADI was related to less age-related improvement in memory ability from
Time 1 to Time 2.

3.4. Associations between hippocampal volume and memory

Results from the mixed-effects models assessing hippocampal vol-
umes and Time 2 memory ability showed that a smaller anterior, but not
posterior, hippocampus volume related to poorer memory performance
at Time 2. In addition, there was a significant positive association be-
tween both CA1 volume and Time 2 memory scores and subiculum and
Time 2 memory scores (Table 6). All significant relations were consistent
when controlling for Time 1 memory. Associations between both CA3
volume and Time 2 memory and CA4/DG volume and Time 2 memory
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Table 4
Results from multilevel mixed-effects models assessing the relation between the
Area Deprivation Index (ADI) and hippocampal volumes in the discovery
sample.

Developmental Cognitive Neuroscience 57 (2022) 101138

Table 5
Results from multilevel mixed-effects models assessing the relation between the
Area Deprivation Index (ADI) and Time 2 memory performance in the discovery
sample.

Hippocampal b SE t p
volume
Anterior volume Intercept 854.204* 101.593 8.408 < 0.001
ADI -1.739* 0.239 -7.285 < 0.001
Age 3.160* 0.639 4.946 < 0.001
Sex -44.273* 11.504 -3.849 < 0.001
Pubertal -17.067* 6.469 -2.638 0.009
status
eTICV 0.002* < 0.001 40.390 < 0.001
Weighting 0.028 0.017 1.681 0.094
b SE t p
Posterior volume®  Intercept 1294.425%  99.274 13.039 < 0.001
ADI -1.217* 0.237 -5.142 < 0.001
Age 2.411* 0.646 3.733 < 0.001
Sex -39.458* 11.562 -3.413 < 0.001
Pubertal -0.530 6.503 -0.082 0.935
status
eTICV 0.001* < 0.001 35.785 < 0.001
Weighting 0.022 0.017 1.301 0.194
b SE t P
CA1 volume Intercept 337.508* 39.973 8.443 < 0.001
ADI -0.611* 0.095 -6.435 < 0.001
Age 1.257* 0.258 4.872 < 0.001
Sex -15.576* 4.621 -3.371 < 0.001
Pubertal -4.547 2.599 -1.749 0.081
status
eTICV 0.001* < 0.001 36.605 < 0.001
Weighting 0.009 0.007 1.378 0.169
b SE t P
CA3 volume Intercept 98.332* 16.171 6.081 < 0.001
ADI -0.067 0.037 -1.802 0.072
Age 0.368* 0.102 3.596 < 0.001
Sex -2.309 1.817 -1.271 0.205
Pubertal -0.015 1.022 -0.015 0.988
status
eTICV < 0.001* < 0.001 32.087 < 0.001
Weighting 0.002 0.003 0.590 0.556
b SE t p
CA4/DG volume Intercept 311.040* 30.120 10.327 < 0.001
ADI -0.354* 0.072 -4.936 < 0.001
Age 0.663* 0.197 3.360 < 0.001
Sex -13.044* 3.526 -3.699 < 0.001
Pubertal -1.849 1.984 -0.932 0.352
status
eTICV < 0.001* < 0.001 38.634 < 0.001
Weighting 0.010 0.005 1.968 0.050
b SE t p
Subiculum Intercept 256.270* 25.859 9.910 < 0.001
volume
ADI -0.419* 0.061 -6.820 < 0.001
Age 0.632* 0.171 3.698 < 0.001
Sex -4.829 3.043 -1.587 0.114
Pubertal -2.554 1.712 -1.492 0.137
status
eTICV < 0.001* < 0.001 34.989 < 0.001
Weighting 0.005 0.004 1.247 0.213

Note. Significant effects are denoted by *Pcorrected< 0.05. TPuncorrected< 0.05. Site
and family ID are included in the model as nested random effect covariates. ?
Findings did not replicate across samples. ADI = Area Deprivation Index. eTICV
= estimated total intracranial volume. Weighting = post-stratification
weighting.

were non-significant as they did not replicate across samples (Table 6).

There was a positive association between Time 1 memory scores and
volume of anterior hippocampus, CA1l, CA4/DG, and subiculum (Sup-
plemental Tables S6 and S7). There was no association between Time 1
memory scores and CA3 volume. Finally, results showed a positive as-
sociation between total hippocampal volume and memory performance
both at Time 1 (b =0.001, SE = <0.001, p = .005) and at Time 2, which
was robust when controlling for Time 1 memory (b =0.001, SE =
<0.001, p = .029).

Memory (Time 2) b SE t P

Intercept 36.379* 4.972 7.317 < 0.001
ADI -0.068* 0.013 -5.433 < 0.001
Age 0.250% 0.039 6.502 < 0.001
Sex 2.250* 0.630 3.572 < 0.001
Pubertal status -1.433* 0.382 -3.751 < 0.001
Weighting 0.001 0.001 1.110  0.269

Memory (Time 1) 0.405* 0.017 23.511 < 0.001

Note. Significant effects are denoted by *Pcorrectea< 0.05. Puncorrected< 0.05. Site
and family ID are included in the model as nested random effect covariates.
Memory was assessed via the NIH Picture Sequence Memory Task. ADI = Area
Deprivation Index. Weighting = post-stratification weighting.

3.5. Mediating effects among the area deprivation index, subfield volume,
and memory

Given significant associations between both the ADI and hippo-
campal volumes and hippocampal volumes and memory, multilevel
mediation was assessed with anterior hippocampus, CA1 and subiculum
volumes. Results of mediation analyses showed significant mediation
such that there was a significant indirect effect of higher ADI on poorer
Time 2 memory scores via smaller subregion and subfield volumes. This
mediating effect was evident for anterior hippocampus, CA1, and sub-
iculum volumes (Fig. 3). Finally, total hippocampal volume also medi-
ated the longitudinal relation between the ADI and memory
performance (indirect effect: b = —0.007, SE =0.003, p = .018); how-
ever, this relation did not replicate across samples (indirect effect: b =
—0.004, SE =0.002, p = .059).

4. Discussion

This study investigated associations among socioeconomic disad-
vantage, measured via the Area Deprivation Index (ADI), hippocampal
subregion and subfield volumes, and episodic memory in the large
sample of adolescents from the ABCD study. Findings showed that a
higher ADI was related to smaller anterior hippocampus, CA1, CA4/DG,
and subiculum volumes along with poorer memory performance both at
Time 1 and Time 2. In addition, smaller volumes of anterior hippo-
campus, CAl, and subiculum were related to poorer Time 2 memory
performance. Longitudinal associations between the ADI, hippocampal
volumes, and Time 2 memory were robust when controlling for Time 1
memory ability suggesting that both a higher baseline ADI and smaller
subfield volumes were related to less age-related improvements in
memory ability from Time 1 to Time 2. Importantly, results showed that
variations in both subregion (i.e., anterior) and subfield volumes (i.e.,
CAl, subiculum) mediated the association between socioeconomic
disadvantage and poorer memory ability at Time 2. These findings shed
light on the neural mechanism linking socioeconomic disadvantage to
episodic memory ability via hippocampal structure during adolescence.

4.1. Socioeconomic disadvantage and hippocampal volumes

Greater levels of socioeconomic disadvantage were related to smaller
anterior hippocampus, CA1l, CA4/DG, and subiculum volumes. These
results align with those from rodent studies, which often report that
exposure to scarcity of resources is associated with structural deficits in
hippocampal subfields (Champagne et al., 2008; Naninck et al., 2015).
Findings of an association with anterior hippocampal volume are
consistent with previous research which has shown a similar positive
relation between income and volume of anterior, but not posterior,
hippocampus (Decker et al., 2020) and broader research suggesting
differentiation of stress-effects along the anterior/posterior axis of the
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Table 6
Results from multilevel mixed-effects models assessing the relation between
hippocampal volumes and Time 2 memory performance in the discovery sample.

Memory (Time 2) b SE t P
Intercept 19.181* 5.802 3.306 0.001
Anterior volume 0.003* 0.001 2.931 0.004
Age 0.251% 0.038 6.562 0.000
Sex 3.294* 0.673 4.892 0.000
Pubertal status -1.582* 0.376 -4.202 0.000
eTICV 0.000 0.000 1.492 0.137
Weighting 0.000 0.001 -0.358 0.721
Memory (Time 1) 0.410% 0.017 24.216 0.000
b SE t P

Intercept 18.177* 5.869 3.097 0.002
Posterior volume® 0.002* 0.001 2.603 0.010
Age 0.254* 0.038 6.641 0.000
Sex 3.282* 0.674 4.872 0.000
Pubertal status -1.657* 0.375 -4.421 0.000
eTICV 0.000 0.000 1.736 0.084
Weighting 0.000 0.001 -0.384 0.701
Memory (Time 1) 0.410* 0.017 24.249 0.000
b SE t P
Intercept 19.149* 5.794 3.305 0.001
CA1 volume 0.007* 0.002 3.424 0.001
Age 0.249* 0.038 6.511 0.000
Sex 3.285% 0.673 4.881 0.000
Pubertal status -1.587* 0.376 -4.225 0.000
eTICV 0.000 0.000 1.330 0.185
Weighting 0.000 0.001 -0.357 0.721
Memory (Time 1) 0.409* 0.017 24.198 0.000
b SE t P
Intercept 19.817* 5.813 3.409 0.001
CA3 volume 0.009 0.005 1.741 0.083
Age 0.256* 0.038 6.710 0.000
Sex 3.255* 0.674 4.828 0.000
Pubertal status -1.676* 0.375 -4.470 0.000
eTICV 0.000* 0.000 2.513 0.013
Weighting 0.000 0.001 -0.350 0.727
Memory (Time 1) 0.410% 0.017 24.226 0.000
b SE t p
Intercept 19.074* 5.824 3.275 0.001
CA4/DG volume® 0.007" 0.003 2.491 0.014
Age 0.255* 0.038 6.685 0.000
Sex 3.276* 0.674 4.863 0.000
Pubertal status -1.635* 0.375 -4.356 0.000
eTICV 0.000 0.000 1.597 0.112
Weighting 0.000 0.001 -0.414 0.680
Memory (Time 1) 0.410* 0.017 24.227 0.000
b SE t p
Intercept 19.194* 5.816 3.300 0.001
Subiculum volume 0.009* 0.003 2.629 0.009
Age 0.253* 0.038 6.621 0.000
Sex 3.217% 0.673 4.777 0.000
Pubertal status -1.625* 0.375 -4.328 0.000
eTICV 0.000 0.000 1.812 0.072
Weighting 0.000 0.001 -0.367 0.714
Memory (Time 1) 0.411* 0.017 24.276 0.000

Note. Significant effects are denoted by *Peorrectea< 0.05. "Puncorrectea< 0.05. Site
and family ID are included in the model as nested random effect covariates.
Memory was assessed via the NIH Picture Sequence Memory Task. ® Findings did
not replicate across samples. ADI = Area Deprivation Index. Weighting = post-
stratification weighting.

hippocampus (Fanselow and Dong, 2010; Satpute et al., 2012).

These findings are also consistent with studies which have assessed
the hippocampus as a homogeneous structure and shown that lower SES
relates to smaller total hippocampal volume in children (e.g., Noble
et al., 2012; Raffington et al., 2019; Taylor et al., 2020; Yu et al., 2018).
Importantly, results provide greater specificity by identifying specific
subregions and subfields of the hippocampus that are impacted by low
SES adding to the limited studies that have assessed low SES and these
specific regions of the hippocampus in human samples (Brody et al.,
2017; Decker et al., 2020; Merz et al., 2019). Our findings showed re-
lations between the ADI and total hippocampal volume, but assessing
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subregions suggested that effects were driven by anterior hippocampus.
Subfields provided the most specificity by suggesting that the CA1 and
subiculum subfields (which anterior hippocampus has a large propor-
tion of) were related to the ADI and mediated the association between
disadvantage and memory.

Prior studies that assessed subfields indicated that CA3 and DG
volumes were related to low SES (Brody et al., 2017; Merz et al., 2019).
This study found evidence that DG (assessed as a combined subfield with
CA4) was related to socioeconomic disadvantage but did not find evi-
dence of an association with CA3 volume. Null findings with CA3 are
also in contrast to rodent work which highlights this subfield as being
impacted by stress (Champagne et al., 2008). The current findings with
CA3 volume may be due to the larger and more diverse sample included
in this study. These results may also be due to the automated parcella-
tion was used to delineate subfields. In this parcellation, CA3 includes
the CA2 subfield as well so it is possible that the segmentation method
obscured findings. However, both studies that assessed low SES and
subfields also used Freesurfer’s subfield parcellation (though these
studies used Freesurfer v6.0).

Interestingly, subiculum volume showed an association with socio-
economic disadvantage. Although this finding was contrary to hypoth-
eses, research suggests that subiculum can be impacted by stress, just
less so due to its lower density of glucocorticoid receptors (Bath et al.,
2016). In addition, studies which have assessed the effect of other forms
of stress, such as childhood maltreatment, on subfield volumes have
shown that this subfield may be impacted by early life stress (Lee et al.,
2018; Teicher et al., 2012). This suggests that subiculum may be
important to examine in future studies assessing impacts of low SES on
hippocampal structure.

4.2. Hippocampal volumes and memory

Hippocampal subregion and subfield volumes were related to
episodic memory ability in this study. Specifically, larger anterior, but
not posterior, hippocampal volume related to memory at both Time 1
and Time 2. In addition, larger volumes of CAl and subiculum, but not
CA3 or CA4/DG, were related to superior performance and smaller
volumes were related to poorer performance on the NIH Picture
Sequence Memory Task at Time 2. The positive relation observed be-
tween hippocampal volumes and memory performance aligns with work
using rodent samples which has shown associations between subfield
structure and performance on memory tasks (Rocha et al., 2021) and
work using human samples which has also shown that structural dif-
ferences in subregions and subfields relate to memory performance in
this age range (Daugherty et al., 2017; Decker et al., 2020; Lee et al.,
2014, 2020). Importantly, some studies have reported negative associ-
ations between subregion/subfield volumes and memory in children and
adolescents (Schlichting et al., 2017; Tamnes et al., 2014). The
discrepancy in findings across studies may be due to several factors,
including the subfield parcellation method used, the scan resolution, the
age range of participants, and the memory task assessed. Results also
showed a positive association between total hippocampal volume and
memory at Time 1 and Time 2. The direction of effects at both time
points is consistent with recent work suggesting a positive association
between hippocampal volume and memory ability in children and ad-
olescents (Botdorf et al., 2022).

4.3. Socioeconomic disadvantage and memory

Results showed that higher levels of socioeconomic disadvantage
were associated with poorer memory at Time 2. Given that these asso-
ciations remained when controlling for baseline memory performance,
these findings can be interpreted such that higher levels of socioeco-
nomic disadvantage relate to less growth in children’s memory ability.
These results replicate those observed in other studies assessing socio-
economic disadvantage and memory, which have found poorer memory
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Fig. 3. Mediation model depicting the indirect effect of the Area Deprivation Index (ADI) at Time 1 on episodic memory performance at Time 2 via subregion (a.
anterior hippocampus) and subfield volumes (b. CA1, c. subiculum) in the discovery sample. Note. *Pcorrected< 0.05. Unstandardized coefficients are reported. Co-
efficients in parentheses represent the total effect of the ADI on memory performance.

in those of low SES (Farah et al., 2008; Taylor et al., 2020). Findings also
extend previous research by showing that socioeconomic disadvantage
relates to age-related improvements of memory ability during adolescence
when this cognitive process is still undergoing development. This study
underscores socioeconomic adversity as being a key factor that may
impact the development of memory in children. Results also align with
those assessing other aspects of the child’s environment, such as stressful
life events, which show that these experiences relate to poorer memory
performance (van der Heijden et al., 2011). Some studies have not found
an association between low SES and poorer memory ability (Yu et al.,
2018); however, these studies used small samples, which may account
for findings. In addition, differences in the memory task used in each
study may also account for discrepancies in results.

4.4. Mediating effects among socioeconomic disadvantage, hippocampal
volumes, and memory

Findings provide evidence of significant mediation, such that greater
socioeconomic disadvantage was related to poorer memory ability via
variations in anterior, CAl, and subiculum volumes. Studies have
assessed these variables previously, but few have included them all in
the same model. By assessing subregion and subfield volumes, we pro-
vide greater specificity and also provide evidence of mediating effects,
which mirror those that are often observed in rodent studies. Interest-
ingly, there was not a replicable indirect effect of total hippocampal
volume on the association between the ADI and memory performance,
which further underscores the importance of assessing subregions and
subfields of the hippocampus.

These findings of a significant mediation with anterior hippocampus
support those obtained in a previous study which assessed concurrent
relations among income, hippocampal subregion volume and memory,
and showed that anterior hippocampal volume mediated the association
between income and memory performance (Decker et al., 2020). Our
results replicate and extend this finding by assessing subfields in addi-
tion to subregions and by assessing longitudinal, rather than concurrent,
relations with memory.

Although not included in the current study, stress physiology likely

plays an important role in this model. In particular, low SES likely re-
lates to differences in stress hormone (i.e., cortisol) levels, which then
impact subfield structure. One prior study provided support for this
notion by showing that hair cortisol levels mediate the association be-
tween low SES and subfield volumes (Merz et al., 2019). Other mecha-
nisms are likely at play as well. Cognitive stimulation is an additional
pathway through which socioeconomic disparities may impact chil-
dren’s memory abilities. Research shows that children of low SES fam-
ilies often receive less cognitive stimulation, which is likely related to
the lack of resources and time that the parents can spend with the child.
These children may also go to less optimal schools with fewer resources
and higher student to teacher ratios. Future work should include mea-
sures of stress physiology, such as cortisol data, and assess variables
related to the caregiving environment as this will help to further our
mechanistic understanding of how socioeconomic disadvantage impacts
cognitive outcomes.

4.5. Strengths

A strength of this study is the use of a large, diverse dataset, which
allowed for the detection of small associations with more precision,
which may not have been possible with a smaller dataset (Dick et al.,
2021). Some observed effects in the current study were small in size, but
given the large sample size, they are well-powered. Another strength is
the use of hippocampal subregions and subfields, which allowed for
moving beyond investigating the hippocampus as a whole and starting
to understand what specific subfields are driving associations often
observed between socioeconomic disadvantage and the hippocampus as
a whole. The use of longitudinal memory task data is also a strength of
the current study as it allowed for assessing change in children’s mem-
ory ability. Finally, this study’s use of the ADI is a strength as it accounts
for the complex nature of SES by using a variable that accounts for 17
aspects of SES. This provides more information than simply assessing
income or parent education.
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4.6. Limitations and future directions

Although this study broke new ground in the ABCD sample by
examining hippocampal subfields, this was done using an automated
software package, Freesurfer 7.1, to segment hippocampal subfields. It is
possible that using Freesurfer introduced some form of bias when
compared to manual tracing (Schmidt et al., 2018; Wisse et al., 2014,
2021). However, previous research has shown that the potential bias
introduced in segmenting the hippocampus, at least as a homogenous
structure, using Freesurfer is consistent across subjects. Therefore, any
potential bias may not be of much concern (Schoemaker et al., 2016). In
a sample this large, using an automated toolbox, like Freesurfer, not only
saves resources (Schmidt et al., 2018), but makes it possible to use big
datasets in a way that may not be possible otherwise.

These findings are also limited by the concurrent assessment of the
ADI and subfields at Time 1. Thus, the mediation model did not fully
meet the assumption of temporal precedence of each of the three in-
dicators. However, the memory data are from a later time point.
Therefore, there is a lag between the predictor and dependent variable
and mediator and dependent variable. Moreover, it is theoretically un-
likely that a child’s hippocampal volume impacts the ADI given that the
literature suggests that neighborhood level environmental variables
exert impacts on an individual child’s brain and not vice versa. In
addition, because the ADI is a metric that assesses disadvantage at the
neighborhood level, it is unlikely to change much over the span of
several years. Nevertheless, future research should aim to assess how
change in socioeconomic disadvantage, hippocampal volume, and
memory all relate to one another in the ABCD sample or in another large,
diverse sample with all assessment timepoints spaced out over time.

Finally, the effects observed in this study are not deterministic.
Instead, additional factors in the child’s environment may buffer the
impact of socioeconomic disadvantage on the brain, such as parental
support. Some research has shown that positive parenting moderates the
impacts of socioeconomic disadvantage on other stress-sensitive neural
regions (Brody et al., 2017). These moderating factors will be important
to assess in a larger, more diverse sample, such as the one used in the
current study. The current findings also provide motivation for future
work to assess interventions to limit the impact of socioeconomic
disadvantage on brain and cognitive development in children. One study
found that a supportive parenting intervention reduces the impact of low
SES on subfield volumes (Whittle et al., 2017). It will be important to
assess whether this also reduces impacts on memory ability. Future
research should also investigate how findings may vary by race or
ethnicity. In particular, environmental stressors related to race (e.g.,
chronic discrimination) are important to assess and should be included
in future research.

5. Conclusions

Results from this study show that socioeconomic disadvantage, as
measured by the Area Deprivation Index, negatively relates to hippo-
campal subregion volumes, subfield volumes, and memory performance
in adolescents. In addition, results showed that the association between
socioeconomic disadvantage and memory ability assessed two years
later is mediated by anterior hippocampus, CAl, and subiculum vol-
umes. These findings provide evidence of a neural mechanism through
which socioeconomic disadvantage impacts episodic memory ability via
alterations in hippocampal structure. They also provide avenues for
future research to assess the implications of findings especially with
regards to interventions aimed at reducing the impact of socioeconomic
disadvantage on cognition in children.
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