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ARTICLE

Mediation of the association between
disadvantaged neighborhoods and cortical
microstructure by body mass index
Lisa A. Kilpatrick 1,2,3✉, Keying Zhang2, Tien S. Dong 1,2,3,4, Gilbert C. Gee5,6, Hiram Beltran-Sanchez5,6,

May Wang 5, Jennifer S. Labus1,2,3, Bruce D. Naliboff1,2,3, Emeran A. Mayer1,2,3 & Arpana Gupta 1,2,3✉

Abstract

Background Living in a disadvantaged neighborhood is associated with worse health out-

comes, including brain health, yet the underlying biological mechanisms are incompletely

understood. We investigated the relationship between neighborhood disadvantage and

cortical microstructure, assessed as the T1-weighted/T2-weighted ratio (T1w/T2w) on

magnetic resonance imaging, and the potential mediating roles of body mass index (BMI) and

stress, as well as the relationship between trans-fatty acid intake and cortical microstructure.

Methods Participants comprised 92 adults (27 men; 65 women) who underwent neuroi-

maging and provided residential address information. Neighborhood disadvantage was

assessed as the 2020 California State area deprivation index (ADI). The T1w/T2w ratio was

calculated at four cortical ribbon levels (deep, lower-middle, upper-middle, and superficial).

Perceived stress and BMI were assessed as potential mediating factors. Dietary data was

collected in 81 participants.

Results Here, we show that worse ADI is positively correlated with BMI (r= 0.27, p= .01)

and perceived stress (r= 0.22, p= .04); decreased T1w/T2w ratio in middle/deep cortex in

supramarginal, temporal, and primary motor regions (p < .001); and increased T1w/T2w ratio

in superficial cortex in medial prefrontal and cingulate regions (p < .001). Increased BMI

partially mediates the relationship between worse ADI and observed T1w/T2w ratio

increases (p= .02). Further, trans-fatty acid intake (high in fried fast foods and obesogenic)

is correlated with these T1w/T2w ratio increases (p= .03).

Conclusions Obesogenic aspects of neighborhood disadvantage, including poor dietary quality,

may disrupt information processing flexibility in regions involved in reward, emotion regulation,

and cognition. These data further suggest ramifications of living in a disadvantaged neighborhood

on brain health.

https://doi.org/10.1038/s43856-023-00350-5 OPEN

1 Vatche and Tamar Manoukian Division of Digestive Diseases, David Geffen School of Medicine, University of California, Los Angeles, CA, USA. 2 Goodman-
Luskin Microbiome Center, University of California, Los Angeles, CA, USA. 3 G. Oppenheimer Center for Neurobiology of Stress and Resilience, University of
California, Los Angeles, CA, USA. 4 Division of Gastroenterology, Hepatology and Parenteral Nutrition, VA Greater Los Angeles Healthcare System, Los
Angeles, CA, USA. 5Department of Community Health Sciences, Fielding School of Public Health, University of California, Los Angeles, CA, USA. 6 California
Center for Population Research, University of California, Los Angeles, CA, USA. ✉email: lakilpatrick@mednet.ucla.edu; AGupta@mednet.ucla.edu

Plain language summary
Neighborhood disadvantage (a com-

bination of low average income, more

people leaving education earlier,

crowding, lack of complete plumbing,

etc.) is known to impact the health of

people’s brains. We evaluated whe-

ther neighborhood disadvantage was

associated with differences in the

structure of people’s brains, and

whether any differences were related

to an unhealthily high weight and a

high intake of trans-fatty acids, a

component of fried fast food, on the

structure of people’s brains. Based on

our results, regions of the brain that

are involved in reward, emotion and

gaining knowledge and understanding

might be affected by aspects of

neighborhood disadvantage that con-

tribute to obesity, such as poor dietary

quality. This suggests that it might be

important to make healthier foodmore

readily available in disadvantaged

neighborhoods to improve the health

of people’s brains.
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Living in a disadvantaged neighborhood (area deprivation) is
linked to worse health outcomes, including poor brain
health1. For example, living in a disadvantaged neighbor-

hood is associated with decreased brain volume2. The key
mechanisms that underlie the link between neighborhood con-
ditions and brain health remain unclear, but obesity is one pos-
sible pathway. Individuals living in disadvantaged neighborhoods
are at higher risk of obesity due to the poor quality of available
foods and environments that hamper physical activity3–5. In
particular, neighborhood disadvantage is associated with an
increased intake of calories from trans-fatty acids (TFAs) and
sodium6. TFAs (high in fried fast food) are known to contribute
to obesity, especially abdominal obesity7,8. Additionally, chronic
neighborhood stressors, which increase allostatic load9, can
impact eating behaviors, increasing desire for highly palatable,
but unhealthy foods, as a coping response10,11. Numerous neu-
roimaging studies have demonstrated that stress can alter brain
structure and function, leading to food cravings, contributing to
an increased risk for obesity12–14. Further, high body mass index
(BMI) has been shown to mediate the impact of living in a dis-
advantaged neighborhood on reduced brain volume, suggesting
its importance in the negative impact of neighborhood dis-
advantage on brain health15.

Neighborhood disadvantage, high BMI, and chronic stress have
also been shown to impact the cortical microstructure as assessed
by the T1-weighted/T2-weighted (T1w/T2w) ratio and myelin
content16–19. Intracortical myelination, which refers to the mye-
lination of axons in the cortical gray matter, affects the timing
and integration of signals from multiple axons, and is critical for
neural synchrony and fine-tuning of cortical circuits, affecting
cognitive functioning20–22. The T1w/T2w ratio has been sug-
gested as a proxy for intracortical myelination23,24, as it is sen-
sitive to intracortical myelin content (sensitively of 75% for
cortical demyelination in multiple sclerosis25); however, it shows
limited specificity25,26 and may also reflect neurite or synaptic
density27,28. Despite uncertainty in the biological underpinning of
the T1w/T2w ratio, numerous studies suggest it has utility and
biological meaningfulness in terms of cortical maturation patterns
and cognition22,29–31.

Cortical layers vary in terms of cell populations, specific inputs
and outputs, and information processing functions (e.g., sub-
cortical vs. intercortical input, feedback vs. forward processes)32.
For instance, the upper cortical layers (layers 1-3) contain a large
fraction of myelinated inhibitory parvalbumin-positive basket
cells, which play an important role in gamma network oscillations
that support a variety of cognitive processes33, while myelinated
non-gamma-aminobutyric neurons predominate in deeper cor-
tical layers, integrating thousands of synaptic inputs34–36.
Accordingly, examining the microstructure at different cortical
layers can inform how alterations in cell populations, processes,
and communication routes may be affected by adverse or stressful
environments, such as living in a disadvantaged neighborhood.

We, therefore, investigated the relationship between the area
deprivation index (ADI) and cortical microstructure, as assessed
by the T1w/T2w ratio, at multiple cortical levels, as well as the
role of potential mediators, including BMI and stress (Fig. 1). In
addition, we investigated the relationship between TFA intake
and the T1w/T2w ratio in a subset of participants with dietary
data. We hypothesized that worse ADI would be associated with
higher BMI and an obesogenic diet (characterized by high TFA
intake), and higher stress levels, with negative effects on the
cortical microstructure in reward-related, emotion regulation,
and cognitive regions. Consistent with this, we found that worse
ADI was associated with higher BMI, TFA intake, and perceived
stress. We also found that worse ADI was associated with
decreased T1w/T2w ratio in middle/deep cortical levels in

supramarginal, middle temporal, and primary motor regions, and
increased T1w/T2w ratio in middle/superficial cortical levels in
medial prefrontal and cingulate regions; the latter of which was
partially mediated by increased BMI and positively correlated
with TFA intake.

Methods
Participants. Participants comprised 92 adults (27 men; 65
women) from the Los Angeles area who completed a neuroima-
ging session between October 30, 2019 and July 14, 2022 that
included both T1w and T2w scanning and provided residential
address information. Participants were recruited by flyers posted
on the University of California, Los Angeles (UCLA) campus and
doctor offices and handed out at community/church events in the
Los Angeles area, as well as by mass emails to the UCLA com-
munity and listings on social media and clinicaltrials.gov
(NCT05120908). Exclusion criteria were as follows: major neu-
rological condition, current or past psychiatric illness, vascular
disease, weight loss/abdominal surgery, substance use disorder,
use of medications that interfere with the central nervous system,
pregnant or breastfeeding, strenuous exercise regimen (>8 h/week
of continuous exercise), weight >400 pounds, or metal implants.
In addition, individuals with poor-quality images were excluded.
Image quality was evaluated with the MRI Quality Control tool
(MRIQC)37, using published thresholds for quality index 1, which
reflects the proportion of voxels with intensity corrupted by
artifacts normalized by the number of voxels in the background38.
None of the enrolled participants were deemed to have poor-
quality images.

The present study used data from studies approved by the
Institutional Review Board (IRB) at the University of California,
Los Angeles’s Office of Protection for Research Subjects (Nos. 16-
000281, 20-000540, 20-000515, 20-002326 [NCT05120908]).
All participants provided written informed consent. IRB approval
specific to the present study was not required as de-identified data
under approval were used. This study does not report on
outcomes from the clinical trial, NCT05120908, as its research
focus differed from that of the clinical trial. Further, the indicated
inclusion and exclusion criteria pertain to the present study and
are not limited to those for the clinical trial, NCT05120908.

Assessments. Basic demographic data, as well as weight and
height, were collected. BMI was calculated as weight divided by
the square of the height (kg/m2). ADI was originally developed by
the Health Resources and Services Administration several decades
ago and is updated periodically. We used the 2020 ADI in the
Neighborhood Atlas®39, based on the residential address provided
by the participant. In this atlas, a neighborhood is defined as a
census block group. For each census block group, the ADI is
estimated by 17 neighborhood-level measures reflecting income,
education, employment, and housing quality; census block groups
are then ranked in terms of ADI within each state (as deciles;
scores range 1–10) and nationally (as percentiles; scores range
1–100), with higher values indicating greater deprivation/dis-
advantage. As all participants resided within California, resulting
in a non-normal distribution for the national ADI, we employed
the California State ADI as the measure of ADI.

Participants also completed the Perceived Stress Scale (PSS),
which is a 10-item questionnaire that assesses feelings of stress
during the prior month40. Scores range from 0 to 40, with higher
scores indicating greater stress. A review of the psychometric
properties of the PSS found Cronbach’s alphas ranging .74–.89,
indicating acceptable to good reliability41.

Diet information was collected using the web-based VioScreen
Graphical Food Frequency System (Viocare Technologies, Inc.,
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Princeton, NJ), and was available in a subset of participants
(N= 81) as 11 participants did not provide this information.
Using pictures of foods, the VioScreen Graphical Food Frequency
System collects data on the use of 156 food items/groups, along
with portion sizes, for the prior 3 months. For foods that are
consumed at least once per month, the respondent is further
queried to determine formulation or preparation method, as
appropriate, and refine nutrient estimates (e.g. added sugar, fatty
acid intake), which are automatically calculated. The VioScreen
Graphical Food Frequency System shows similar measurement
properties to those of traditional paper-based food frequency
questionnaires42. We focused on the intake of individual TFAs
reported by the VioScreen (trans-hexadecenoic acid, trans-
octadecenoic acid [elaidic acid], and trans-octadecadienoic acid
[linolelaidic acid]), as well as the total TFA intake. TFA intake
was assessed as a component of a poor-quality diet known to
contribute to obesity, especially abdominal obesity, and have
harmful effects on the brain.

Imaging acquisition and preprocessing. T1w and T2w structural
images were obtained in accordance with Human Connectome
Project (HCP) protocols (version 4.3) using a 3.0 T Siemens
Prisma MRI scanner (Siemens, Erlangen, Germany). Spin echo
fieldmaps were also acquired in anterior-posterior and posterior-
anterior directions for distortion correction. The acquisition
parameters for high-resolution T1w images were as follows: echo
time, 1.81 ms; repetition time, 2500 ms; slice thickness, 0.8 mm;
number of slices, 208; voxel matrix, 320 × 300; and voxel
size, 1.0 × 1.0 × 0.8 mm. The parameters for the T2w images were
as follows: echo time, 564 ms; repetition time, 3200 ms; slice

thickness, 0.8 mm; number of slices, 208; voxel matrix, 320 × 300;
and voxel size, 1.0 × 1.0 × 0.8 mm.

Imaging data were preprocessed using HCP pipelines, including
volume segmentation and cortical surface reconstruction with
FreeSurfer 6.043,44. The T1w/T2w ratio was determined at multiple
levels within the cortical ribbon. Specifically, the T1w/T2w ratio
was calculated at 5% increments in cortical thickness from the gray-
white boundary to the gray-cerebrospinal fluid boundary and
averaged within 4 cortical ribbon levels as follows: 5%–25% (deep
cortex), 30%–50% (lower-middle cortex), 55%–75% (upper-middle
cortex), and 80%–100% (superficial cortex). The 4 resulting myelin
maps were parcellated using the HCP multi-modal parcellation
1.0 atlas, resulting in 360 cortical regions with 4 T1w/T2w ratio
estimates each.

Statistics and reproducibility. Partial correlation coefficients,
controlling for sex and age, were calculated to determine indivi-
dual factors associated with worse ADI using SPSS version 28
(IBM Crop., Albany, NY, USA), with bootstrapping (5000 sam-
ples) (n= 92 for BMI and PSS; n= 81 for TFA intake). P-values
<.05 were considered statistically significant.

Non-rotated partial least squares correlational (PLSC)
analysis was applied to identify regions correlated with ADI
according to cortical level (n= 92), using freely available code
(http://www.rotman-baycrest.on.ca/pls)45. PLSC is a multivari-
ate analytical technique that identifies weighted patterns of
variables in two blocks of variables that maximally covary with
each other45,46. In this study, one block comprised demographic
variables (ADI, age, sex) and one block comprised parcellated
T1w/T2w ratio values (at a specific cortical level). Weights were

Fig. 1 Study overview. A summary of the study is depicted. Stock images from biorender were used with permission. BMI body mass index.
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preset to identify brain regions sensitive to ADI but not sex
or age. Reliability of identified regions was assessed using
bootstrap estimation (5000 samples). The obtained bootstrap
ratio is roughly equivalent to a z-score45; in the present study,
regions with a bootstrap ratio >3.3 (corresponding to p < .001)
were considered significant. For brain parcels with significance,
T1w/T2w ratio data was extracted from those cortical levels
with significance to calculate a weighted average (according to
the size of the parcel) of the T1w/T2w ratio across all areas with
a positive relationship with ADI (ADI-positive areas) and an
average of all areas with a negative relationship with ADI (ADI-
negative areas), for further analysis.

Structural equation modeling (SEM) was applied to investigate
the mediation of relationships between ADI and significant
findings from the PLSC analysis (n= 92). SEM was performed in
R Studio using the lavaan package47. Input variables comprised
ADI, BMI, PSS score, average T1w/T2w ratio in ADI-positive
areas, and average T1w/T2w ratio in ADI-negative areas, as well
as sex and age as control variables. Data were standardized prior
to fitting the model. Missing values were estimated using the
maximum likelihood (4 participants had missing PSS scores).
Model fit was assessed using the chi-squared p-value, comparative
fit index, and standardized root mean square residual. Model
paths with a p-value <.05 were considered significant.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Results
Sample characteristics. Participant characteristics, including TFA
intake, are summarized in Table 1. The mean age was 28.0 years
(standard deviation, 10.3 years; range 18–58 years). In our sam-
ple, ADI was positively correlated with BMI (r= 0.27, p= .01)
and PSS (r= 0.22, p= .04), but BMI and PSS were not correlated
(r= 0.04, p= .73).

Regions showing a relationship between ADI and T1w/T2w
ratio according to cortical level. The PLSC analysis revealed
worse ADI as associated with increased T1w/T2w ratio in medial
prefrontal and cingulate regions, mainly at middle/superficial
cortical levels (referred to as ADI-positive areas); these regions
are involved in reward-related processing, emotional regulation,
and higher cognition48–50. Worse ADI was also associated with
decreased T1w/T2w ratio in supramarginal, middle temporal, and
primary motor regions in mainly middle/deep cortical levels
(referred to as ADI-negative areas); these regions are components
of the extended mirror system involved in social interaction
(p < .001) (Fig. 2)51–53.

Mediation of the relationship between ADI and T1w/T2w
ratio. The final model is shown in Fig. 3; for simplicity, sex and
age are not shown in the model, but were used as control vari-
ables. The model had a high chi-squared p-value (χ2(2)= 0.025,
p= .99), comparative fit index of 1.0, and standardized root mean
square residual of 0.002, indicating good model fit.

BMI had significant positive direct effects on both brain
variables (ADI-positive areas: Z= 4.26, p < .001; ADI-positive
areas: Z= 2.14, p= .03). Additionally, BMI partially mediated the
relationship between ADI and the average T1w/T2w ratio in
ADI-positive areas (indirect effect of ADI on ADI-positive areas
via BMI: Z= 2.39, p= .02; accounting for 29% of the total effect
of ADI on ADI-positive areas), but not ADI-negative areas
(indirect effect of ADI on ADI-negative areas: Z= 1.71, p= 0.09).

Although stress (PSS score) had a negative direct effect on both
brain variables, statistical significance was not reached (ADI-
negative areas: Z=−1.10, p= 0.33; ADI-positive areas: Z=−1.02,
p= 0.31). Stress also failed to reach significance as a mediator of
the relationship between ADI and the average T1w/T2w ratio in
these regions (indirect effect of ADI on ADI-positive areas
via stress: Z=−0.99, p= .36; on ADI-negative areas: Z=−0.92,
p= .32).

Relationship between TFA intake and T1w/T2w ratio. Corre-
lations between TFA intake and the T1w/T2w ratio are shown in
Table 2. Significant positive correlations were observed between
the average T1w/T2w ratio in ADI-positive areas and trans-
octadecenoic (elaidic) acid (r= .29, p= .01) and total TFA intake
(r= .28, p= .01). No significant correlations were observed for
the average T1w/T2w ratio in ADI-negative areas.

Discussion
We examined the relationship between ADI and T1w/T2w ratio
at different levels of the cortical ribbon, as well as potential
mediation by factors associated with ADI, namely, BMI and
stress. We found that ADI was associated with increased T1w/
T2w ratio in medial prefrontal and cingulate cortices at middle/
superficial levels (ADI-positive areas); these regions are involved
in reward-related, emotion regulation, and higher cognitive
processes48–50. This association was partially mediated by
increased BMI. We also found that ADI was associated with
decreased T1w/T2w ratio in supramarginal, middle temporal,
and primary motor cortices at middle/deeper levels (i.e. ADI-
negative areas); these regions are components of the mirror
neuron system, involved in social interaction51–53. BMI did not
appear to mediate this relationship. Further, perceived stress was
associated with ADI but not the T1w/T2w ratio in evaluated
areas. As elaborated below, these findings may provide insights
as to the nature of affected information processing pathways
under worse ADI.

In the present study, worse ADI was associated with increased
T1w/T2w ratio in more superficial cortex in medial prefrontal and

Table 1 Participant characteristics.

Variable N (%) or Mean ± SD

Male 27 (29%)
Age (yrs) 28.0 ± 10.3
Hispanic (%) 37 (40%)
Race (%)
Asian 34 (37%)
Black 5 (5%)
White 28 (30%)
Mixed 11 (12%)
Other 19 (21%)

Income (%)
<20k 8 (9%)
20k–39k 14 (15%)
40k–59k 15 (16%)
60k–79k 17 (19%)
80k+ 32 (35%)

Body mass index (kg/m2) 24.9 ± 4.7
Perceived Stress Scale score 15.05 ± 7.5
National ADI 11.4 ± 10.6
California ADI 4.0 ± 2.4
Trans-fatty acid intake
Trans-hexadecenoic acid 0.03 ± 0.02
Trans-octadecenoic (elaidic) acid 1.38 ± 0.80
Trans-octadecadienoic (linolelaidic) acid 0.24 ± 0.14
Total 1.65 ± 0.93

Data are mean ± standard deviation, unless otherwise indicated.
ADI area deprivation index.
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cingulate regions. These results are largely similar to a previous
developmental study on the relationship between disadvantage due
to low socioeconomic status (SES) and the T1w/T2w ratio. This
previous study found that lower parental SES was associated with
increased T1w/T2w ratio in frontal, temporal, medial parietal, and
occipital regions in children and adolescents54. Thus, disadvantage

due to ADI or individual SES may be associated with increased
T1w/T2w ratio in overlapping regions. Further, superficial cortex
receives top-down information from subcortical and cortical
regions and is thought to enable flexible and state-dependent
processing of feedforward sensory input arriving in deeper
layers32,55. Thus, alterations in the microstructure of the superficial

Fig. 2 Relationship between worse ADI and cortical microstructure assessed as the T1w/T2w ratio at four cortical ribbon levels. The four
cortical ribbon levels were as follows: deep, 5%–25% of cortical thickness from white-pial boundary; lower-middle, 30%–50%; upper-middle,
55%–75%, superficial, 80%–100%. Worse ADI was associated with increased T1w/T2w ratio (yellow) in medial prefrontal and cingulate regions,
and decreased T1w/T2w ratio (blue) in supramarginal, middle temporal, and primary motor regions (p < .001) (n= 92). ADI area deprivation index,
T1w/T2w, T1-weighted/T2-weighted.

Fig. 3 Structural equation modeling of the mediation of the relationships between worse ADI and cortical microstructure assessed as the T1w/T2w
ratio. BMI partially mediated the relationship between ADI and the T1w/T2w ratio in areas positively associated with worse ADI (n= 92). Path coefficients
reflect the direct effect of one variable on another variable, controlling for all other variables in the model (i.e. if X changes by 1 standard deviation, Y
changes by b standard deviations, where b is the path coefficient). Red arrows indicate positive effects; blue arrows indicate negative effects; yellow
clusters indicate ADI-positive areas; blue clusters indicate ADI-negative areas.*p < .05; ADI area deprivation index, BMI body mass index, T1w/T2w, T1-
weighted/T2-weighted.
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cortex could negatively influence the context and flexibility of
information processing in affected regions, which in the present
study, comprised the prefrontal and cingulate cortices. Given the
involvement of these regions in reward-related processing, emo-
tional regulation, and higher cognition, this interpretation is con-
sistent with previous behavioral studies showing an impact of
neighborhood disadvantage on these functions throughout the
lifespan.

As the T1w/T2w ratio is sensitive to myelin content, one
potential explanation for these results is that worse ADI is asso-
ciated with increased intracortical myelination in ADI-positive
areas. The maturation of intracortical myelination is protracted in
humans, especially in prefrontal regions, peaking at 30–45 years of
age depending on the brain region30. Accordingly, intracortical
myelination within a normative range may be needed for optimal
function, with both reduced and excessive myelination being
problematic56. Consistent with the latter, animal studies have
found that under conditions of excessive myelination (i.e., beyond
axonal demand) mistargeting to cell bodies occurs readily57. Thus,
our finding that worse ADI and increased BMI are associated with
increased T1w/T2w ratio in more superficial cortex in medial
prefrontal and cingulate regions may imply excessive and dis-
organized myelination in the upper layers of the cortex. However,
studies using markers of intracortical myelination other than the
T1w/T2w ratio have mainly found reductions associated with
neighborhood or socioeconomic disadvantage. For example, a
study using magnetization transfer as a myelin-sensitive marker,
found that living in a disadvantaged neighborhood before the age of
12 years was associated with slower myelin growth in adolescents
and young adults in sensorimotor, cingulate, and prefrontal
cortices17. Another study using magnetization transfer found that
SES in adulthood was associated with decreased entorhinal cortical
myelination58.

Given our finding that increased T1w/T2w ratio in more
superficial, but not deeper, cortical levels of prefrontal and cin-
gulate regions was mediated by BMI, we entertained the possi-
bility that the T1w/T2w ratio at the upper BMI range was affected
by a fatty acid-rich cortical environment, with lipid droplet
accumulation and lipid-laden astrocytes, due to blood-brain
barrier disruption and increased transport of fatty acids under
obese conditions59–61. In support of this, we found that total TFA
intake, largely driven by trans-octadecenoic (elaidic) acid intake,
was correlated with increased superficial cortical T1w/T2w ratio
in ADI-positive areas. Although industrial TFAs, such as partially
hydrogenated oil, have been banned in the United States (effective
2020) because of health concerns, the process of repeatedly
cooking oil at high temperatures can still cause high levels of
TFAs in fried fast foods62. A poor-quality diet, such as one high
in fried fast foods, is thought to be one of the factors of worse
ADI that contributes to obesity and worse health outcomes3–5,63.
In particular, higher intake of TFAs, including elaidic acid, is
associated with an increased risk of dementia64,65. Thus, we
speculate that our results could alternatively suggest that a diet
high in TFA under worse ADI creates a fatty acid-rich environ-
ment in superficial/middle cortical layers, disrupting information

processing in affected regions. However, additional research,
using other imaging modalities, is required to test this hypothesis.

We also found that worse ADI was associated with decreased
T1w/T2w ratio in middle/deep cortical levels in supramarginal,
middle temporal, and primary motor regions. These regions are
components of the mirror neuron system, involved in under-
standing the actions of others and interpersonal coordination (e.g.
imitation of another’s movements, cooperation between
individuals)51–53. As middle/deep levels were involved, feed for-
ward and feed-back processes and intercortical and subcortical-
cortical communication in these regions may be affected with
worse ADI32. A previous study found that higher perceived stress
was associated with lower T1w/T2w ratio in the right supra-
marginal gyrus18. However, in the present study, perceived stress
was not significantly associated with decreased T1w/T2w ratio in
ADI-negative areas, which included the left, but not the right,
supramarginal gyrus. Therefore, this relationship may be highly
lateralized. Additionally, the PSS is an acute measure of stress
(within 30 days). Chronic measures of stress may show more
robust relationships; however, such parameters were not available
in this dataset. Thus, further research with additional parameters
is needed to elucidate the mediation of the association between
worse ADI and decreased T1w/T2w ratio in these regions.

The present study has several limitations. First, the biological
basis of the observed T1w/T2w alterations remains uncertain.
Although the T1w/T2w ratio may be sensitive to myelin content,
it has limited specificity and may also reflect neurite or synaptic
density27,28. Further, we speculate that a fatty acid-rich cortical
environment may contribute to increased T1w/T2w ratio. Addi-
tional studies using other acquisition protocols are needed to
clarify the nature of the observed alterations. Second, we assessed
current ADI at a single point in time; we did not have infor-
mation regarding the length of residence or the amount of time
since leaving the parents’ home, nor did we have historical data
on ADI in younger ages. A previous study found that, although
both childhood and adulthood SES showed correlations with
intracortical myelination, childhood SES showed robust associa-
tions even after controlling for adult SES, suggesting a lasting
imprint, which may also hold for neighborhood-level factors such
as ADI. Further, the differential effects of the current vs the
parents’ neighborhood environment may depend on the amount
of time since leaving the parents’ home, limiting the general-
izability of the results. Third, BMI has limitations in reflecting
body adiposity, as it is influenced by excess muscle and does not
provide information regarding the distribution of fat66. Fourth, a
selection bias may exist as the race proportions in the present
study differ from those in the 2020 Census67.

In conclusion, we found that worse ADI was associated with
decreased T1w/T2w ratio in middle/deep cortical levels in
supramarginal, middle temporal, and primary motor regions,
potentially impacting intercortical and subcortical-cortical com-
munication of the mirror neuron system, important for under-
standing the actions of others and cooperative behavior. ADI was
also associated with increased T1w/T2w ratio in middle/super-
ficial cortical levels in medial prefrontal and cingulate regions,

Table 2 Correlations between TFA intake and the T1w/T2w ratio, controlling for sex and age.

trans-hexadecenoic
acid

trans-octadecenoic
(elaidic) acid

trans-octadecadienoic
(linolelaidic) acid

Total TFA

Areas positively associated with ADI .10 (p= .38) .29 (p= .01) .18 (p= .12) .28 (p= .01)
Areas negatively associated with ADI .09 (p= .44) .20 (p= .08) .12 (p= .24) .19 (p= .10)
BMI .24 (p= .04) .27 (p= .02) .24 (p= .04) .27 (p= .02)

ADI area deprivation index, BMI body mass index, TFA tans-fatty acid.
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which was partially mediated by increased BMI. Further, this
increased T1w/T2w ratio was positively correlated with TFA
intake. Thus, obesogenic features of neighborhood disadvantage
may disrupt the flexibility of information processing involved in
reward, emotion regulation, and cognition. These results provide
additional information regarding the ramifications of living in a
disadvantaged neighborhood on brain health. Further research on
the mediating factors involved in the impact of ADI on the brain
during development and adulthood is needed.

Data availability
The data analyzed for the current paper are not publicly available due to an ongoing
funded study and, as per NIH policy, will be made available upon the completion of the
larger prospective study. However, de-identified individual participant data (behavioral,
brain) can be shared upon request and will be made available through our Center’s Pain
Repository portal (https://www.painrepository.org/). To access the data, researchers fill
out a user agreement, upon which access to the data will be made available through a
secure password-protected portal.

Received: 8 March 2023; Accepted: 21 August 2023;

References
1. Kim, P., Evans, G. W., Chen, E., Miller, G. & Seeman, T. How socioeconomic

disadvantages get under the skin and into the brain to influence health
development across the lifespan. In: Handbook of Life Course Health
Development (eds Halfon, N., Forrest, C. B., Lerner, R. M., Faustman, E. M.)
(Springer Cham, 2018).

2. Hunt, J. F. V. et al. Association of neighborhood-level disadvantage with
cerebral and hippocampal volume. JAMA Neurol. 77, 451–460 (2020).

3. Ludwig, J. et al. Neighborhoods, obesity, and diabetes–a randomized social
experiment. N. Engl. J. Med. 365, 1509–1519 (2011).

4. Zick, C. D. et al. Running to the store? The relationship between
neighborhood environments and the risk of obesity. Soc. Sci. Med. 69,
1493–1500 (2009).

5. Saelens, B. E. et al. Obesogenic neighborhood environments, child and parent obesity:
the neighborhood impact on kids study. Am. J. Prev. Med. 42, e57–e64 (2012).

6. Keita, A. D., Casazza, K., Thomas, O. & Fernandez, J. R. Neighborhood-level
disadvantage is associated with reduced dietary quality in children. J. Am. Diet.
Assoc. 109, 1612–1616 (2009).

7. Dhaka, V., Gulia, N., Ahlawat, K. S. & Khatkar, B. S. Trans fats-sources, health
risks and alternative approach - a review. J. Food. Sci. Technol. 48, 534–541
(2011).

8. Kavanagh, K. et al. Trans fat diet induces abdominal obesity and changes in
insulin sensitivity in monkeys. Obesity 15, 1675–1684 (2007).

9. Shen, J. et al. Neighborhood disadvantage and biological aging biomarkers
among breast cancer patients. Sci. Rep. 12, 11006 (2022).

10. Sinha, R. Role of addiction and stress neurobiology on food intake and obesity.
Biol. psychol. 131, 5–13 (2018).

11. Kim, Y., Cubbin, C. & Oh, S. A systematic review of neighbourhood economic
context on child obesity and obesity-related behaviours. Obes. Rev. 20,
420–431 (2019).

12. Rudenga, K., Sinha, R. & Small, D. Acute stress potentiates brain response to
milkshake as a function of body weight and chronic stress. Int. J. obes. 37,
309–316 (2013).

13. Tryon, M. S., Carter, C. S., DeCant, R. & Laugero, K. D. Chronic stress
exposure may affect the brain’s response to high calorie food cues and
predispose to obesogenic eating habits. Physiol. behav. 120, 233–242 (2013).

14. Maier, S. U., Makwana, A. B. & Hare, T. A. Acute stress impairs self-control in
goal-directed choice by altering multiple functional connections within the
brain’s decision circuits. Neuron 87, 621–631 (2015).

15. Hall, P. A., Best, J., Beaton, E. A., Sakib, M. N. & Danckert, J. Morphology of
the prefrontal cortex predicts body composition in early adolescence: cognitive
mediators and environmental moderators in the ABCD study. Soc. Cogn.
Affect. Neurosci. 18, nsab104 (2021).

16. Dong, D. et al. The association between body mass index and intra-cortical
myelin: findings from the human connectome project. Nutrients 13, 3221
(2021).

17. Ziegler, G. et al. Childhood socio-economic disadvantage predicts reduced
myelin growth across adolescence and young adulthood. Hum. Brain Mapp.
41, 3392–3402 (2020).

18. Guo, Y. et al. Stress and the brain: emotional support mediates the association
between myelination in the right supramarginal gyrus and perceived chronic
stress. Neurobiol. Stress 22, 100511 (2023).

19. Bouhrara, M. et al. Evidence of association between obesity and lower cerebral
myelin content in cognitively unimpaired adults. Int. J. Obes. 45, 850–859 (2021).

20. Hunt, B. A. et al. Relationships between cortical myeloarchitecture and
electrophysiological networks. Proc. Natl Acad. Sci. USA 113, 13510–13515
(2016).

21. Vandewouw, M. M., Hunt, B. A. E., Ziolkowski, J. & Taylor, M. J. The
developing relations between networks of cortical myelin and
neurophysiological connectivity. Neuroimage 237, 118142 (2021).

22. Grydeland, H., Walhovd, K. B., Tamnes, C. K., Westlye, L. T. & Fjell, A. M.
Intracortical myelin links with performance variability across the human
lifespan: results from T1- and T2-weighted MRI myelin mapping and
diffusion tensor imaging. J. Neurosci. 33, 18618–18630 (2013).

23. Glasser, M. F. & Van Essen, D. C. Mapping human cortical areas in vivo based
on myelin content as revealed by T1- and T2-weighted MRI. J. Neurosci. 31,
11597–11616 (2011).

24. Van Essen, D. C. & Glasser, M. F. In vivo architectonics: a cortico-centric
perspective. Neuroimage 93, 157–164 (2014).

25. Zheng, Y. et al. Sensitivity of T1/T2-weighted ratio in detection of cortical
demyelination is similar to magnetization transfer ratio using post-mortem
MRI. Mult. Scler. 28, 198–205 (2022).

26. Muhlau, M. T1/T2-weighted ratio is a surrogate marker of demyelination in
multiple sclerosis: No. Mult. Scler. 28, 355–356 (2022).

27. Preziosa, P. et al. Neurite density explains cortical T1-weighted/T2-weighted
ratio in multiple sclerosis. J. Neurol. Neurosurg. Psychiatry 92, 790–792 (2021).

28. Righart, R. et al. Cortical pathology in multiple sclerosis detected by the T1/
T2-weighted ratio from routine magnetic resonance imaging. Ann. Neurol. 82,
519–529 (2017).

29. Baum, G. L. et al. Graded variation in T1w/T2w ratio during adolescence:
measurement, caveats, and implications for development of cortical myelin. J.
Neurosci. 42, 5681–5694 (2022).

30. Grydeland, H. et al. Waves of maturation and senescence in micro-structural
MRI markers of human cortical myelination over the lifespan. Cereb. Cortex
29, 1369–1381 (2019).

31. Norbom, L. B. et al. Maturation of cortical microstructure and cognitive
development in childhood and adolescence: a T1w/T2w ratio MRI study.
Hum. Brain Mapp. 41, 4676–4690 (2020).

32. Larkum, M. E., Petro, L. S., Sachdev, R. N. S. & Muckli, L. A perspective on
cortical layering and layer-spanning neuronal elements. Front. Neuroanat. 12,
56 (2018).

33. Kriener, B., Hu, H. & Vervaeke, K. Parvalbumin interneuron dendrites
enhance gamma oscillations. Cell Rep. 39, 110948 (2022).

34. Micheva, K. D. et al. A large fraction of neocortical myelin ensheathes axons of
local inhibitory neurons. Elife 5, e15784 (2016).

35. Micheva, K. D. et al. Distinctive structural and molecular features of myelinated
inhibitory axons in human neocortex. eNeuro 5, ENEURO.0297-18.2018 (2018).

36. Stedehouder, J. et al. Fast-spiking parvalbumin interneurons are frequently
myelinated in the cerebral cortex of mice and humans. Cereb. Cortex 27,
5001–5013 (2017).

37. Esteban, O. et al. MRIQC: advancing the automatic prediction of image
quality in MRI from unseen sites. PLoS ONE 12, e0184661 (2017).

38. Mortamet, B. et al. Automatic quality assessment in structural brain magnetic
resonance imaging. Magn. Reson. Med. 62, 365–372 (2009).

39. Kind, A. J. H. & Golden, R. N. Social determinants of health: fundamental
drivers of health inequity. WMJ 117, 231–232 (2018).

40. Cohen, S., Kamarck, T. & Mermelstein, R. A global measure of perceived
stress. J. Health Soc. Behav. 24, 385–396 (1983).

41. Lee, E. H. Review of the psychometric evidence of the perceived stress scale.
Asian Nurs. Res. 6, 121–127 (2012).

42. Kristal, A. R. et al. Evaluation of web-based, self-administered, graphical food
frequency questionnaire. J. Acad. Nutr. Diet. 114, 613–621 (2014).

43. Glasser, M. F. et al. The minimal preprocessing pipelines for the Human
Connectome Project. Neuroimage 80, 105–124 (2013).

44. Dale, A. M., Fischl, B. & Sereno, M. I. Cortical surface-based analysis. I.
Segmentation and surface reconstruction. Neuroimage 9, 179–194 (1999).

45. McIntosh, A. R. & Lobaugh, N. J. Partial least squares analysis of
neuroimaging data: applications and advances. Neuroimage 23, S250–S263
(2004).

46. Krishnan, A., Williams, L. J., McIntosh, A. R. & Abdi, H. Partial Least Squares
(PLS) methods for neuroimaging: a tutorial and review. Neuroimage 56,
455–475 (2011).

47. Rosseel, Y. lavaan: an R package for structural equation modeling. J. Stat.
Softw. 48, 1–36 (2012).

48. Rogers, R. D. et al. Distinct portions of anterior cingulate cortex and medial
prefrontal cortex are activated by reward processing in separable phases of
decision-making cognition. Biol. Psychiatry 55, 594–602 (2004).

COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-023-00350-5 ARTICLE

COMMUNICATIONS MEDICINE |           (2023) 3:122 | https://doi.org/10.1038/s43856-023-00350-5 | www.nature.com/commsmed 7

https://www.painrepository.org/
www.nature.com/commsmed
www.nature.com/commsmed


49. Etkin, A., Egner, T. & Kalisch, R. Emotional processing in anterior cingulate
and medial prefrontal cortex. Trends Cogn. Sci. 15, 85–93 (2011).

50. Jobson, D. D., Hase, Y., Clarkson, A. N. & Kalaria, R. N. The role of the medial
prefrontal cortex in cognition, ageing and dementia. Brain Commun. 3,
fcab125 (2021).

51. Pineda, J. A. Sensorimotor cortex as a critical component of an ‘extended’
mirror neuron system: does it solve the development, correspondence, and
control problems in mirroring? Behav. Brain Funct. 4, 47 (2008).

52. Endedijk, H. M., Meyer, M., Bekkering, H., Cillessen, A. H. N. & Hunnius, S.
Neural mirroring and social interaction: motor system involvement during
action observation relates to early peer cooperation. Dev. Cogn. Neurosci. 24,
33–41 (2017).

53. Molenberghs, P., Brander, C., Mattingley, J. B. & Cunnington, R. The role of
the superior temporal sulcus and the mirror neuron system in imitation. Hum.
Brain Mapp. 31, 1316–1326 (2010).

54. Norbom, L. B. et al. Parental socioeconomic status is linked to cortical
microstructure and language abilities in children and adolescents. Dev. Cogn.
Neurosci. 56, 101132 (2022).

55. D’Souza, R. D. & Burkhalter, A. A laminar organization for selective cortico-
cortical communication. Front. Neuroanat. 11, 71 (2017).

56. Snaidero, N. & Simons, M. The logistics of myelin biogenesis in the central
nervous system. Glia 65, 1021–1031 (2017).

57. Almeida, R. G. et al. Myelination of neuronal cell bodies when myelin supply
exceeds axonal demand. Curr. Biol. 28, 1296–1305.e1295 (2018).

58. Loued-Khenissi, L. et al. Signatures of life course socioeconomic conditions in
brain anatomy. Hum. Brain Mapp. 43, 2582–2606 (2022).

59. Rhea, E. M. et al. Blood-brain barriers in obesity. AAPS J. 19, 921–930 (2017).
60. Kwon, Y. H. et al. Hypothalamic lipid-laden astrocytes induce microglia

migration and activation. FEBS Lett. 591, 1742–1751 (2017).
61. Karmi, A. et al. Increased brain fatty acid uptake in metabolic syndrome.

Diabetes 59, 2171–2177 (2010).
62. Song, J. et al. Analysis of trans fat in edible oils with cooking process. Toxicol.

Res. 31, 307–312 (2015).
63. Link, B. G. & Phelan, J. Social conditions as fundamental causes of disease. J.

Health Soc. Behav. 51(Suppl), 80–94 (1995).
64. Honda, T. et al. Serum elaidic acid concentration and risk of dementia: The

Hisayama Study. Neurology 93, e2053–e2064 (2019).
65. Morris, M. C. & Tangney, C. C. Dietary fat composition and dementia risk.

Neurobiol. Aging 35, S59–S64 (2014).
66. Garn, S. M., Leonard, W. R. & Hawthorne, V. M. Three limitations of the

body mass index. Am. J. Clin. Nutr. 44, 996–997 (1986).
67. Jones, N., Markes, R., Ramiriex, R. & Rios-Vargas, M. 2020 Census illuminates

racial and ethnic composisiton of the country. United States Census Bureau
https://www.census.gov/library/stories/2021/08/improved-race-ethnicity-
measures-reveal-united-states-population-much-more-multiracial.html
(2021).

Acknowledgements
We would like to acknowledge the assistance of the Neuroimaging Core, Bioinformatics
and Statistics Core, Microbiome Core, and the Biorepository Core of the UCLA
Microbiome Center for their assistance with various processing, storage, and analytic

assistance in the current study. We also thank the participants for their time and
beautiful brains. This research was supported by grants from the National Institutes of
Health including R01 MD015904 (AG), K23 DK106528 (AG), R03 DK121025 (AG), T32
DK07180 (TD), ULTR001881/DK041301 UCLA CURE/CTSI Pilot and Feasibility Study
(AG), R01 DK048351 (EAM), P30 DK041301; and pilot funds provided for brain
scanning by the Ahmanson-Lovelace Brain Mapping Center. These funders played no
role in study design, or the collection, analysis, and interpretation of the data.

Author contributions
L.A.K. contributed to conceptualization, methodology, formal analysis, writing, and
visualization. K.Z. contributed to the formal analysis. T.S.D., G.C.G., H.B.S. and M.W.
contributed to conceptualization, methodology, and writing. J.S.L. contributed to
methodology and writing. B.D.N. and E.A.M. contributed to funding acquisition. A.G.
contributed to funding acquisition, conceptualization, methodology, writing, and
supervision. All authors gave final approval of the version to be published.

Competing interests
The authors declare the following competing interests: A.G. is a scientific consultant to
Yamaha. The remaining authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43856-023-00350-5.

Correspondence and requests for materials should be addressed to Lisa A. Kilpatrick or
Arpana Gupta.

Peer review information Communications Medicine thanks Bogdan Draganski and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

ARTICLE COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-023-00350-5

8 COMMUNICATIONS MEDICINE |           (2023) 3:122 | https://doi.org/10.1038/s43856-023-00350-5 | www.nature.com/commsmed

https://www.census.gov/library/stories/2021/08/improved-race-ethnicity-measures-reveal-united-states-population-much-more-multiracial.html
https://www.census.gov/library/stories/2021/08/improved-race-ethnicity-measures-reveal-united-states-population-much-more-multiracial.html
https://doi.org/10.1038/s43856-023-00350-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmed

	Mediation of the association between disadvantaged neighborhoods and cortical microstructure by body mass index
	Methods
	Participants
	Assessments
	Imaging acquisition and preprocessing
	Statistics and reproducibility
	Reporting summary

	Results
	Sample characteristics
	Regions showing a relationship between ADI and T1w/T2w ratio according to cortical level
	Mediation of the relationship between ADI and T1w/T2w ratio
	Relationship between TFA intake and T1w/T2w ratio

	Discussion
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




