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Parenting behaviors and neighborhood environment influence the development of adolescents’ brains and be-
haviors. Simultaneous trajectories of brain and behavior, however, are understudied, especially in these envi-
ronmental contexts. In this four-wave study spanning 9-18 years of age (N=224 at baseline, N=138 at final
assessment) we used longitudinal k-means clustering to identify clusters of participants with distinct trajectories
of uncinate fasciculus (UF) fractional anisotropy (FA) and anxiety symptoms; we examined behavioral outcomes
and identified environmental factors that predicted cluster membership. We identified three clusters of partic-
ipants: 1) high UF FA and low symptoms (“low-risk”); 2) low UF FA and high symptoms (“high-risk™); and 3) low
UF FA and low symptoms (“resilient”). Adolescents in disadvantaged neighborhoods were more likely to be in the
resilient than high-risk cluster if they also experienced maternal warmth. Thus, neighborhood disadvantage may
confer neural risk for psychopathology that can be buffered by maternal warmth, highlighting the importance of
considering multiple environmental influences in understanding emotional and neural development in youth.

In early childhood, when the brain is most plastic and behavior is
developing rapidly, developmental processes are strongly influenced by
the environment, particularly the immediate home environment,
including relationships with parental figures. In this context, parenting
behaviors characterized by warmth and support have been found to be
associated with healthier emotional functioning in children (Chen et al.,
2019; Khaleque, 2013) and to promote resilience against the develop-
ment of academic, social, and psychological problems related to expe-
riencing adversity (Vazquez et al., 2023). In contrast, harsh and
controlling parenting has been linked to increased levels of internalizing
(Pinquart and Gerke, 2019), particularly anxiety (Liu and Wang, 2020),
and externalizing symptoms (Pinquart, 2017). As Hyde et al. (2020)
note, however, as children age, more distal environmental factors
become increasingly influential. In particular, neighborhood socioeco-
nomic disadvantage, which is often used to represent neighborhood
quality, has been found to be associated with poor mental health in
children, including anxiety, mood, and conduct disorders (Generaal
et al., 2019; Sundquist et al., 2015). Researchers have also found that
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other aspects of “neighborhood,” including violence (Saxbe et al., 2018),
air pollution (Manczak et al., 2022), and water contaminants (Manczak
et al., 2020) are associated with negative mental health outcomes in
children and adolescents. Conversely, proximity to parks (Reuben et al.,
2020) and neighborhood social cohesion (Fletcher et al., 2019) have
been found to promote psychological resilience, or positive mental
health, despite facing adversity. Despite the likelihood that these
neighborhood factors co-occur, however, few investigators have
considered simultaneously multiple facets of neighborhood disadvan-
tage in relation to child development, making it difficult to ascertain
specific and cumulative effects of neighborhood-level factors on child
functioning.

In understanding how context — both the proximal parenting envi-
ronment and more distal neighborhood factors — are related to mental
health, it is important to recognize the rapid development of the brain in
childhood and adolescence and its sensitivity to external influences.
Several studies suggest that parenting and envirionment, separately, are
associated with alterations in regions implicated in emotional and
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cognitive functioning, including those within the prefrontal cortex,
limbic regions (e.g., the amygdala, hippocampus), and the structural and
functional connectivity between them. For example, aggressive
parenting has been linked to altered structural development of frontal
and limbic regions in adolescence (Whittle et al., 2011, 2016). Further,
low levels of parental warmth have been associated with altered
fronto-limbic connectivity in youth (Miller et al., 2021) and with larger
amygdala volume (Tottenham et al., 2010). Low parental warmth has
also been associated with decreased fractional anisotropy (FA; i.e., a
proxy measure for white matter structural organization) of the uncinate
fasciculus (UF), a white matter tract that connects the frontal cortices
with the limbic system (Eluvathingal et al., 2006). Similarly, more distal
factors, such as neighborhood socioeconomic disadvantage, have been
associated with thinner brain cortex (Miller, Lopez, et al., 2022; Rakesh
et al., 2022), smaller cortical and subcortical volume (Hackman et al.,
2021), alterations in brain network connectivity (Rakesh, Seguin, et al.,
2021, 2021), limbic response to negative stimuli (Huggins et al., 2022),
and anomalous white matter microstructure (Bell et al., 2021). Impor-
tantly, many of these neural alterations, in turn, have been linked to
poor emotional and cognitive functioning in adolescence (Hackman
et al., 2021; Miller, Lopez, et al., 2022; Rakesh, Seguin, et al., 2021).
Other environmental factors have also been related to anomalous brain
structure and function. For example, proximity to green spaces has been
associated positively, and air pollution negatively, with alterations in
brain volume (Beckwith et al., 2020; Dadvand et al., 2018), and com-
munity violence has been related to altered frontal-limbic volume and
connectivity (Saxbe et al., 2018).

In this context, investigators have focused on the UF as a particularly
important brain structure in emotional development. This white matter
tract has been implicated in emotion regulation, learning, and memory
(Olson et al., 2015). FA is a measure of the degree to which water in the
tract diffuses in one direction, as opposed to equally in all directions; this
metric has been used as a proxy for the microstructural structural or-
ganization of white matter tracts (Mori, 2007). Further, FA has been
found to be sensitive to age-related changes in white matter tracts,
making it a particularly salient metric when examining developmental
questions in samples of youth (Guo et al., 2022). The UF is relatively
slow to mature. Findings from cross-sectional studies suggest that UF FA
values increase across childhood and adolescence, peak in adulthood,
and then decline (Lebel et al., 2008, 2012). In contrast, tracts such as the
corpus callosum (CC) seem to mature earlier, in adolescence (Lebel
et al., 2012). Therefore, the UF may therefore be more susceptible to
disruptive experiences and environmental factors throughout childhood
and adolescence than are areas and tracts of the brain that develop more
quickly. Decreased FA of the UF has been associated with symptoms of
both anxiety and depression (Hanson et al., 2015; Xu et al., 2023) and
with general risk for the development of psychopathology (Versace
et al., 2018). In particular, the UF has been implicated in the develop-
ment of anxiety disorders (Lee and Lee, 2020) and, in fact, has been
posited to be a possible target for intervention and prevention of anxiety
disorders (Linke, 2019). We know little, however, about how the UF and
symptoms of anxiety develop concurrently. Notably, the UF has been
found to be sensitive to context and experience; specifically, adolescents
who have experienced greater exposure to early life stress have been
found to have poorer UF integrity (Hanson et al., 2015; Ho et al., 2017),
which in turn was associated with more anxiety symptoms (Ho et al.,
2017). Further, high levels of air pollutants have recently been linked
with poorer UF integrity in children (Lubczynska et al., 2020). Two
recent studies have now reported associations between neighborhood
socioeconomic disadvantage and poorer UF integrity: whereas Bell et al.
(2021) did not find specificity in these effects with respect to community
violence, Kulla et al., (2023) found specific effects of neighborhood
poverty on UF integrity. Neither of these studies, however, examined the
effects of parenting behaviors or neighborhood levels of pollution on
brain structure; further, they relied on one timepoint of UF integrity.

As noted above, it is important to recognize that parenting and
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neighborhood influences do not occur in isolation. Neighborhood so-
cioeconomic status (SES) is generally associated with family SES, which
can influence parenting behaviors through difficulties in parental
mental health (see Conger et al., 2010 for a review). Interestingly, in-
vestigators have not found a strong association between parenting be-
haviors and neighborhood disadvantage (e.g., Demidenko et al., 2021;
Roos et al., 2021). In fact, family SES and positive parenting behaviors
have been posited to buffer the negative effects of neighborhood
disadvantage on child outcomes and promote the ability to adapt to
difficult circumstances. For example, associations between neighbor-
hood disadvantage and both decreased cortical thickness (Rakesh et al.,
2022) and alterations in network connectivity (Rakesh, Zalesky, et al.,
2021) were attenuated in youth with higher family SES. Further, the
associations of neighborhood disadvantage on frontolimbic structural
development (Whittle et al., 2017), poor health (Mrug et al., 2022), and
levels of internalizing and externalizing symptoms (Flouri et al., 2015)
have been found to be buffered by positive parenting behaviors,
including affection, support, and warmth. Collectively, these findings
highlight the importance of considering multiple proximal and distal
environmental factors in the development of child and adolescent
emotional development.

The present study was designed to examine the associations between
the UF, symptoms of anxiety, which research consistently links with UF
integrity, and neighborhood and family environments. Specifically, our
goals were to 1) delineate the concurrent development of UF fractional
anisotropy (FA) and anxiety symptoms across three time points in
adolescence; 2) examine the nature of associations among UF FA, anx-
iety, parenting, and neighborhood disadvantage; and 3) explore which
aspects of neighborhood disadvantage in particular are associated with
the development of the UF FA and anxiety symptoms. We used longi-
tudinal k-means clustering, a data-driven approach that allows us to
group participants based on simultaneous trajectories of multiple vari-
ables. We clustered participants into groups that have similar trajec-
tories of UF microstructure and anxiety symptoms. We then tested
whether cluster membership was associated with late adolescent
symptoms of internalizing, externalizing, and adaptability, or the ability
to adjust and cope with difficult circumstances. We also conducted
multinomial logistic regression analyses to examine differences in these
participant clusters as a function of neighborhood disadvantage and
parenting warmth. We hypothesized that we will identify a “low-risk”
cluster of participants with high UF FA and low anxiety symptoms, and,
further, that these participants will be characterized by having experi-
enced high maternal warmth and living in more advantaged commu-
nities. In addition, we hypothesized that we will also identify a “high-
risk” cluster of participants with low UF FA and high anxiety symptoms,
characterized by having experienced low maternal warmth and living in
more disadvantaged neighborhoods. We also hypothesized that
maternal warmth will interact with neighborhood disadvantage, such
that participants living in disadvantaged neighborhoods who also report
high maternal warmth will be more likely to be in the low-risk cluster
than the high-risk cluster. We included race as a covariate in analyses
predicting cluster membership. Historical inequities resulting in racial
residential segregation may not be entirely captured by census tract-
level data. As reviewed by Riley (2018), physical distance encapsu-
lated in the bounds of a census tract does not equate to access to re-
sources or lived experiences of social and structural racism, which are
often linked to health disparities. Based on these factors, we hypothe-
sized that participants who identify as belonging to historically
marginalized racial groups (i.e., Black, Hispanic, and Asian) will be
more likely to belong to a “high-risk” cluster. Finally, we also used least
absolute shrinkage and selection operator “LASSO” regressions to
identify which facets of neighborhood disadvantage are associated with
cluster membership.
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1. Methods
1.1. Participants

Participants in this study were drawn from an ongoing longitudinal
study of early life stress in the California San Francisco Bay Area; they
were recruited with flyers and local media advertisements. Participants,
ages 9-13 years at study entry, were matched on pubertal stage using
self-reported Tanner Staging (Morris and Udry, 1980). Exclusion criteria
for participation included post-pubertal status, non-fluency in English,
neurological disorder, major medical illness, and inability to participate
in magnetic resonance imaging (MRI) due to contraindications, such as
braces, metal in the body, claustrophobia, etc. Participants and their
legal guardians gave informed written assent and consent, respectively,
and received financial compensation for their participation. All study
procedures were approved by the Stanford University Institutional Re-
view Board and were conducted in accordance with the Declaration of
Helsinki.

Participants were invited for assessments approximately every two
years over eight years. At Time 1 (T1, June 2015-April 2017), 224
participants (57.3% female) with a mean age of 11.36 (SD=1.05)
completed the baseline assessment; at Time 2 (T2) 168 participants
(56.5% female) with a mean age of 13.40 (SD=1.10) completed the
assessment; at Time 3 (T3) 164 participants (58.1%) with a mean age of
15.56 (SD=1.20) completed the assessment; and at Time 4 (T4) 138
participants (58.5% female) with a mean age of 17.58 (SD=1.36)
completed the assessment. See Table 1 for full details on participant sex,
race, socioeconomic status, and other demographic details.

1.2. Measures

Parenting. At baseline, adolescents completed the 11-item
Parenting Styles and Dimensions - Warmth questionnaire (Robinson
et al., 2001). Adolescents were instructed to complete the questionnaire
with respect to the parent or guardian who accompanied them to the
assessment. This measure assesses the frequency with which the parent
shows affection to and support for the adolescent (e.g., My parent gives
comfort and understanding when I am upset), rated on a scale from 1
(almost never) to 5 (very often). For 95% of participants, this parent was

Table 1
Demographic and descriptive statistics.
%/M SD Range

Female % 57.3%
Race/Ethnicity %
White 44.0%
Black 8.7%
Hispanic 8.7%
Asian 11.0%
Multiracial 21.1%
Other 6.4%
Age at Baseline 11.36 1.05 9.11-13.98
Income-to-Needs Ratio 1.28 0.56 0-2
Maternal Warmth 43.92 7.29 18-55
Neighborhood 16.84 11.84 2.44-71.30
MASC T1 19.71 11.08 0-54
MASC T2 19.71 1291 0-52
MASC T3 25.80 9.66 0-57
UFFAT1 0.457 0.03 0.35-0.55
UF FA T2 0.441 0.03 0.34-0.53
UF FA T3 0.435 0.03 0.38-0.51
Internalizing T4 14.68 10.72 0-50
Externalizing T4 10.38 8.12 0-35
Adaptability T4 25.31 7.63 9-40

Note: Neighborhood=neighborhood disadvantage score; MASC=Multidimen-
sional Anxiety Scale for Children; UF FA=uncinate fasciculus fractional anisot-
ropy; Internalizing=internalizing symptoms; Externalizing=externalizing
symptoms; T1=Time 1; T2=Time 2; T3=Time 3; T4=Time4.
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their mother. There were no significant differences in adolescen-
t-reported warmth as a function of the sex of the parent. We used a
z-score transformation for analysis to facilitate interpretation of results.

Anxiety. At T1-T3, participants completed the Physical Symptoms
and Social Anxiety subscales of the Multidimensional Anxiety Scale for
Children (MASC; March et al., 1997). Consistent with previous work in
this sample (Gotlib et al., 2023), we focused on these subscales as they
assess anxiety symptoms most relevant to the age range of our sample.
Participants assessed how often statements (e.g., My heart races or skips
beats, I worry about other people laughing at me) are true on a scale from
0 (never true) to 3 (often true). We summed the raw scores of the two
scales and applied z-score transformation across timepoints for use in
analysis.

Adaptability. At T4 participants completed the Connor-Davidson
Resilience Scale (CD-RISC-10; Connor and Davidson, 2003), a 10-item
measure that assesses the degree to which participants are able to
adapt and cope with difficult circumstances (e.g., I tend to bounce back
after illness or hardship). Participants respond to items on a scale from
0 (not true at all) to 4 (true nearly all the time). We computed a total
score for use in analyses.

Psychopathology Symptoms. At T4 adolescents completed the
Youth Self Report (YSR) Scale (Achenbach and Rescorla, 2001) to report
on their emotional and behavioral symptoms. The YSR has eight syn-
drome scales, of which the anxious/depressed, somatic complaints, and
withdrawn scales comprise an internalizing symptoms score, and the
aggressive behavior and rule-breaking scales comprise an externalizing
symptoms score. We used both internalizing and externalizing symp-
toms scores. 16% of participants completed this assessment after the
onset of the COVID-19 pandemic in March, 2020, and therefore
completed the YSR remotely. Participants who completed the YSR
during the pandemic had slightly (and nonsignificantly) higher levels of
internalizing and externalizing symptoms than did participants who
completed the YSR before the pandemic (internalizing symptoms:
p=-302; externalizing symptoms: p=.120).

Neighborhood Disadvantage. Participants reported their address
at T1, which we used to link each participant to a census tract. Of the
165 participants who reported an address at T1 and T3, 80.4% were still
living in the same zip code. The California State Office of Environmental
Health Hazard Assessment aggregates data on a number of indicators of
socioeconomic, health, and pollutants and computes a score for each
census tract in the state, called the California Communities Environ-
mental Health Screening Tool, or “CalEnviroScreen” (CalEnviroScreen
3.0, 2017; Faust et al., 2017). Socioeconomic indicators of each census
tract include educational attainment, housing burden, linguistic isola-
tion, poverty, and unemployment. Health indicators include low birth
weight infants and rates of asthma- and cardiovascular-related visits to
hospital emergency departments. Pollutant indicators include ozone
concentrations, particulate matter <2.5um (PM2.5), diesel PM, drinking
water contaminants, pesticide use, toxic releases, traffic density, cleanup
sites, groundwater threats, hazardous waste, impaired water bodies, and
solid waste sites. We used the CalEnviroScreen 3.0 which aggregates
data from 2005 to 2016. Detailed information on each indicator and the
computation of the CalEnviroScreen score is reported in the Supplement.
To improve normality, we applied a square root transformation to Cal-
EnviroScreen score. Hereafter we refer to this score as neighborhood
disadvantage, with higher scores reflecting greater disadvantage.

Family Income-to-Needs Ratio. Participants and their guardians
provided information about their demographic characteristics at base-
line (T1). This included data on household size and household income
on a ten-point scale: <$5000 (0.9%); $5001-$10,000 (2.7%); $10,001—
$15,000 (0.9%); $15,001-$25,000 (2.7%); $25,001-$35,000 (1.8%);
$35,001-$50,000 (2.7%); $50,001-$75,000 (12.7%); $75,000
-$100,000 (10.0%); $100,001-$150,000 (20.9%); >$150,000 (39.1%).
An additional 5.5% did not report household income. These data were
used to calculate an income-to-needs ratio; the midpoint of the endorsed
household income was divided by the US Department of Housing and
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Urban Development’s low-income limit for Santa Clara County for the
number of residents in the household (i.e., 80% of the median income;
King et al., 2020).

MRI Scanning Acquisition. All scanning took place at the Center for
Cognitive and Neurobiological Imaging located in the Department of
Psychology at Stanford University. All participants at T1 and T2, and 86
participants at T3 were scanned on the 3 Tesla Discovery MR750 (GE
Medical Systems, Milwaukee, WI; 32-channel Nova Medical headcoil);
22 participants at T3 were scanned on the 3 Tesla SIGNA Ultra High
Performance (32-channel Nova Medical headcoil), which replaced the
MR750 in December, 2019, prior to the COVID-19 pandemic. A high-
resolution T1-weighted anatomical scan was acquired using an SPGR
sequence in the anterior to posterior phase encoding direction (TR/TE/
TI = 8.2/3.2/600 ms; flip angle = 12°; 156 axial slices; 1.0 mm isotropic
voxels). All participants completed a 60-direction diffusion-weighted
scan using an EPI sequence (TR/TE = 8500/93.5 ms; 64 axial slices;
2 mm isotropic voxels; 60 b = 2000 diffusion-weighted directions, and 6
b = 0 acquisitions).

Diffusion MRI Preprocessing and Deterministic Tractography of
the Uncinate Fasciculus. Diffusion MRI data processing and tractog-
raphy have been previously described in this sample (Ho et al., 2017;
Ho, Sisk, et al., 2021), and details are available in the supplemental
material. Briefly, we minimized the effects of motion on the data by first
excluding directions (i.e., volumes) where relative motion in the trans-
lational directions or the rotational directions exceeded 5 mm or 1.5°,
respectively. All participants included in the present study did not have
more than 12 such outlier volumes (20% of volumes). As described in
Yeatman et al. (2012) streamlines in the left and right UF, separately,
were automatically generated using a two planar waypoint region of
interest (ROI) approach and then seeding these two ROIs in accordance
with probabilistic fiber groupings. Candidate fibers were then assessed
based on similarity to the standard probability map (Mori et al., 2002;
Wakana et al., 2007). Outlier fibers were defined as exceeding 4 stan-
dard deviations from the spatial core of the tract; these fibers were
trimmed until no outliers remained in the final fiber group, with all
resulting tracts visually inspected by TCH. Any tracts that were resolved
inadequately were omitted from analyses (Ho et al., 2017; Ho, Teresi,
et al.,, 2021). As in previous work from our group (Ho, Teresi, et al.,
2021; Kircanski et al., 2019; Uy et al., 2023), mean FA was averaged
along 10 evenly spaced nodes for each tract and used subsequent sta-
tistical analyses (see below). We computed a standardized residual of FA
regressed on tract length and four motion parameters and averaged
across the left and right hemisphere for analyses.
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1.3. Statistical analysis

Identify UF and Anxiety Clusters. We conducted all analyses in R
Studio v. 2022.2.0.443 (R core team, 2022). We first computed corre-
lations among study variables (see Table 2). We then used the package
kml3D, for k-means clustering for joint longitudinal data (Genolini et al.,
2015), to cluster groups of participants with similar trajectories of
anxiety symptoms and UF FA from T1 through T3. We used the package
default options for k-means initialization (k-means++), distance
(Euclidean with Gower adjustment), number of clusters tested (2—6),
and data scaling. We set the number of times the algorithm was run to
100 and allowed for one missing timepoint of data. Missing data were
imputed using the package default “Copy Mean” method, which uses
linear interpolation and introduces variation to keep the trajectory the
same shape as that of the population (Genolini et al., 2015). The kml3D
package computes nonparametric (i.e., Calinski-Harabatz, Ray-Turi)
and parametric (i.e., AIC, BIC) fit indices for each clustering solution;
each index is computed by this package such that higher values repre-
sent a solution that is a better fit to the data. We chose the optimal
number of clusters based on the solution for which the majority of the
indices were maximized.

Test Variables Associated with Cluster Membership. To deter-
mine whether cluster membership predicted psychological functioning
at T4, we conducted a multivariate analysis of covariance (MANCOVA)
with cluster predicting internalizing and externalizing symptoms and
adaptability, adjusted for age at T4, participant sex, income-to-needs
ratio, and Bonferonni correction for comparisons among the three
clusters of participants (i.e., multiplied p-values by 3). Next, treating
cluster membership as a known outcome, we conducted multinomial
logistic regression using the nnet package (Venables and Ripley, 2002)
and odds.ratio function from the questionr package (Barnier et al., 2022)
to identify significant predictors of cluster membership. Due to small cell
sizes in racial groups other than White, to test differences related to race
we created a dummy variable coding non-White races as 1 and White
race as 0. Because White and non-White participants differed in their
CalEnviroScreen scores (t(177.75)=-4.08, p<.001), we included race as
a covariate in analyses predicting cluster membership. We entered child
sex, age at T1, race, income-to-needs ratio, transformed neighborhood
disadvantage and, maternal warmth as predictors of cluster membership
in Model 1, and added an interaction term between neighborhood
disadvantage and maternal warmth in Model 2. To test whether the
inclusion of race resulted in overfitting the model, we additionally
conducted the same analyses without race. The interaction was probed
and plotted using the alleffects function from the effects package (Fox
and Hong, 2010; Fox and Weisberg, 2019).

Identify the Neighborhood Predictors. We conducted 100

Table 2
Multinomial logistic regression predicting cluster membership.
Model 1 Model 2
Predictor Cluster B SE OR 95% CI P B SE OR 95% CI P
Sex Low-Risk -0.967 0.688 0.380 0.099, 1.464 .160 -0.928 0.706 0.395 0.095, 1.578 .189
High-Risk -0.142 0.693 0.868 0.223, 3.371 .837 -0.032 0.728 0.969 0.233, 4.032 .965
Age at Baseline Low-Risk 0.018 0.335 1.018 0.528, 1.962 .958 -0.055 0.359 0.947 0.469, 1.912 .879
High-Risk -0.364 0.351 0.695 0.349, 1.384 .301 -0.513 0.371 0.599 0.289, 1.239 167
Race Low-Risk -0.896 0.617 0.408 0.122, 1.368 147 -0.974 0.627 0.378 0.111, 1.289 120
High-Risk 0.024 0.611 1.024 0.309, 3.391 969 -0.115 0.635 0.896 0.257, 3.120 .856
Income-to-Needs Ratio Low-Risk -0.438 0.624 0.645 0.190, 2.194 483 -0.518 0.647 0.596 0.168, 2.117 423
High-Risk -0.658 0.602 0.518 0.159, 1.685 274 -0.803 0.642 0.448 0.127, 1.578 211
Maternal Warmth Low-Risk -0.517 0.338 0.596 0.308, 1.156 126 0.788 1.459 2.200 0.126, 38.416 .589
High-Risk -0.702 0.331 0.496 0.259, 0.948 .034 2.044 1.410 7.725 0.487, 122.50 147
Neighborhood Disadvantage Low-Risk -1.038 0.353 0.354 0.177, 0.707 .003 -1.052 0.365 0.349 0.171, 0.714 .004
High-Risk -0.827 0.321 0.437 0.233, 0.821 .010 -0.996 0.360 0.370 0.183, 0.748 .006
Warmth* Low-Risk -0.349 0.410 0.705 0.316, 1.575 .394
Neighborhood High-Risk -0.772 0.393 0.462 0.214, 0.999 .0496

Note: “Resilient” cluster (i.e., low uncinate fasciculus fractional anisotropy and low anxiety symptoms) is set as reference for comparisons. “Low-Risk” cluster is high
uncinate fasciculus fractional anisotropy and low anxiety symptoms. “High-Risk” cluster is low uncinate fasciculus fractional anisotropy and high anxiety symptoms.
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multinomial LASSO regressions for feature selection of individual in-
dicators in the CalEnviroScreen using the glmnet package (Friedman
et al., 2010). With each run of the regression, the participants included
in the train (60%) and test (40%) set were randomized. All 21 neigh-
borhood disadvantage indicators were included as predictors of cluster
membership. We report the number of times a nonzero coefficient was
estimated for each indicator, as well as the minimum, maximum, and
average coefficients for each predictor. We then conducted an ANOVA to
evaluate group differences in these indicators.

Sensitivity Analysis. We entered anxiety symptoms and the forceps
major of the corpus callosum (CC) FA into the longitudinal k-means
clustering analysis to determine the sensitivity of findings to the UF.
After conducting k-means clustering of anxiety symptoms and the CC,
we entered child sex and age, race, family income-to-needs ratio,
maternal warmth, and neighborhood disadvantage into a multinomial
regression predicting cluster membership. We then used cluster mem-
bership to predict T4 psychopathology symptoms and adaptability.

2. Results
2.1. Participant characteristics

Demographic and other participants characteristics are presented in
Table 1. We had an attrition rate of 29.1% between T1 and T2; impor-
tantly, however, youth who did not continue to participate at T2, T3, or
T4 did not differ significantly from youth who did participate with
respect to sex, race, income-to-needs ratio, maternal warmth, or
neighborhood disadvantage (ps=.08-.739).

2.2. Correlations

Correlations among the measures in this study are presented in
Supplemental Table 1. Income-to-needs ratio was negatively correlated
with neighborhood disadvantage (p<.001) and anxiety symptoms at T3
(p=.034). Maternal warmth was negatively associated with anxiety
symptoms at T2 (p=.017). Neighborhood disadvantage was negatively
associated with UF FA at T3 (p=.032). UF FA at T1 was positively
associated with externalizing symptoms at T4 (p=.023). Contrary to our
predictions, UF FA was not significantly correlated with anxiety symp-
toms at any time point.

2.3. K-means clustering

We entered UF FA and anxiety symptoms at T1-T3 into a longitudinal
k-means clustering analysis. We hypothesized that we would find two
clusters, one with high UF FA and low anxiety symptoms, and one with
low UF FA and high anxiety symptoms. This analysis indicated that a 3-
cluster solution was the best fit to the data (see Supplemental Table 2
for full results). The 3-cluster solution yielded the following clusters of
participants: A) low UF FA and low anxiety symptoms; B) high UF FA
and low anxiety symptoms; and C) low UF FA and high anxiety symp-
toms (see Fig. 1 for visualization of trajectories).

2.4. Cluster membership and psychopathology

To examine the association between cluster membership and sub-
sequent symptoms of psychopathology, we conducted an ANCOVA
predicting T4 internalizing and externalizing symptoms and adapt-
ability. This analysis yielded a significant effect of cluster membership
on internalizing symptoms (p=.017, partial n?=.117) and adaptability
(p=.041, partial 1?=.092), and a marginally significant effect of cluster
membership on externalizing symptoms (p=.057, partial 12=.083), all
adjusted for sex, age at T4, income-to-needs ratio, and multiple com-
parisons. The cluster of participants with low UF FA and low anxiety
symptoms had lower levels of internalizing symptoms (p=.014, mean
difference=-7.46, 95% CI=-13.73, —1.20) and higher adaptability
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Uncinate Fasciculus FA

Anxiety Symptoms

13 14 15
Age

Fig. 1. Longitudinal clustering of the uncinate fasciculus fractional anisotropy
(FA) and anxiety symptoms. The three lines represent the cluster solutions,
red=resilient; green=low-risk; blue=high-risk.

scores (p=.035, mean difference=5.21, 95% CI=0.27, 10.15) than did
participants in the low UF FA and high anxiety symptoms cluster (see
Supplemental Fig. 1). There were no significant differences between
the cluster of participants with low UF FA and low anxiety symptoms
and the cluster of participants with high UF FA and low anxiety symp-
toms with respect to internalizing symptoms (p=1.00, mean differ-
ence=-1.68, 95% CI=-7.77, 4.40), externalizing symptoms (p=1.00,
mean difference=-0.20, 95% CI=-5.13, 4.73), or adaptability (p=1.00,
mean difference=1.86, 95% CI=-2.94, 6.65). Therefore, we refer to the
cluster with low UF FA and low anxiety symptoms “resilient,” the cluster
with low UF FA and high anxiety symptoms “high-risk,” and the cluster
with high UF FA and low anxiety symptoms “low-risk.”
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2.5. Predicting cluster membership

We used multinomial logistic regression to identify variables that are
associated with cluster membership. We examined sex, age at baseline,
income-to-needs ratio, maternal warmth, neighborhood disadvantage,
and the interaction of maternal warmth and neighborhood disadvantage
as predictors of cluster membership in Model 1 (see Table 2 for full re-
sults). With the resilient cluster as the reference group, we found that
participants in both the low- and the high-risk clusters had less neigh-
borhood disadvantage than did participants in the resilient cluster,
indicating that resilient participants lived in more disadvantaged
neighborhoods. Further, participants in the resilient cluster reported
higher maternal warmth than did the participants in the high-risk
cluster. In Model 2, the interaction between neighborhood disadvan-
tage and maternal warmth was significant, such that participants living
in more disadvantaged communities were more likely to be in the high-
risk cluster if they reported low maternal warmth (B = —0.893, SE
=.334, p =.009; see Fig. 2) and more likely to be in the resilient than in
the high-risk cluster if they reported high maternal warmth (B =
—0.793, SE =.334, p =.018). With the low-risk cluster as the reference
group, there were no significant differences between the low- and high-
risk cluster of participants (see Supplemental Table 3 for full results).
There were no significant differences in cluster membership by sex, age
at baseline, race, or family income-to-needs ratio. To assess whether the
model was overfitted, we conducted the same analysis without race
included as a covariate; this resulted in the interaction between
maternal warmth and neighborhood disadvantage being only margin-
ally significant (see Supplemental Table 4).

2.6. LASSO regressions

Finally, we conducted a series of LASSO regressions to explore spe-
cific aspects of neighborhood SES associated with cluster membership.
Supplemental Table 5 shows the variables selected as predictors, the
frequency with which a nonzero coefficient was computed, and the
smallest, largest, and average coefficient of each predictor in relation to
cluster membership. Of the 100 regressions that we conducted, nonzero
coefficients were estimated for pesticides, impaired bodies of water,
unemployment, drinking water contaminants, groundwater threats,
asthma rates, cardiovascular disease, poverty, PM2.5, and traffic den-
sity. We conducted supplementary ANOVAs (see Supplemental Fig. 1)
on the features selected by the LASSO regressions, which showed that
the resilient cluster of participants, compared to the high-risk cluster,
lived in neighborhoods with higher rates of asthma (p=.010, 12=.070),
more cardiovascular disease (p=0.003, n2=.092), more households
living in poverty (p=.004, 1?=.094), and greater traffic density (p=.042,
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1n2=.053). Compared with participants in the low- and high-risk clusters,
participants in the resilient cluster lived in neighborhoods in which
more households lived in poverty (p=.029, 12=.094). Finally, the low-
risk cluster of participants had greater traffic density than did partici-
pants in the high-risk cluster (p=.047, 1?=.053). However, group dif-
ferences in neighborhood pesticides, impaired water bodies,
unemployment, drinking water contaminants, or PM2.5 were not sta-
tistically significant.

2.7. Sensitivity analysis

We entered CC FA and anxiety symptoms from T1-T3 into a longi-
tudinal k-means clustering analysis. A two cluster solution was the best
fit to the data; one cluster was characterized by participants with high
CC FA and high anxiety symptoms, and the other cluster was charac-
terized by participants with low CC FA and low anxiety symptoms (see
Supplemental Fig. 2). We then predicted membership to these clusters
from child sex, age at baseline, race, family income-to-needs ratio,
maternal warmth, and neighborhood disadvantage in one model, and
the same variables in addition to an interaction between maternal
warmth and neighborhood disadvantage in a second model (see Sup-
plemental Table 6 for full results). In model 1, participants who were not
White were less likely to be in the low CC FA + low anxiety cluster than
the high CC + high anxiety cluster (OR=-0.969, 95% CI=0.148, 0.977).
Further, higher neighborhood disadvantage was associated with
increased risk of being in the high CC + high anxiety cluster (OR=0.42,
95% CI=1.001, 2.306). In model 2, race remained a significant predictor
of cluster membership, neighborhood disadvantage was no longer a
significant predictor, and the interaction term between maternal
warmth and neighborhood disadvantage was not significant.

We next predicted T4 internalizing symptoms, externalizing symp-
toms, and adaptability from cluster membership. This analysis yielded a
significant effect of cluster membership on internalizing symptoms
(p=.005, partial n>=.103) and externalizing (p=.001, partial n2=.133),
and a marginally significant effect of cluster membership on adaptability
(p=.064, partial nZ:.047), all adjusted for sex, age at T4, income-to-
needs ratio, and multiple comparisons. Participants in the high CC FA
+ high anxiety symptoms cluster had higher internalizing (p=.005,
mean difference=5.73, 95% CI=1.75, 9.71) and externalizing symptoms
(p=.001, mean difference=5.11, 95% CI=2.05, 8.18) than participants
in the low CC FA + low anxiety symptoms cluster (see Supplemental
Figure 3). Participants in the low CC FA + low anxiety symptoms cluster
had marginally higher adaptability scores than participants in the hight
CC FA + high anxiety symptoms cluster (p=.064, mean difference=-
3.07, 95% CI=-6.32, 0.18).

Parental.Warmth*Neighborhood.Disadvantage effect plot
Cluster

High-Risk
Low-Risk

-3 -2 -1 0 1

Resilient

-3 -2 -1 0 1 2

1 L 1 1 1 11 1 1 11 1 1 L1 1 Il L 1 1
Neighborhood.Disadvantage = 2 Neighborhood.Disadvantage = 3 Neighborhood.Disadvantage = 5 Neighborhood.Disadvantage = 6

0.8
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0.4 -
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0.2 -
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A
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Fig. 2. Plotting the probability of belonging to the resilient, low-risk, and high-risk clusters as a function of square root transformed neighborhood disadvantage

score and maternal warmth.
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3. Discussion

In this study we examined trajectories of UF FA and anxiety symp-
toms across 6 years in adolescents. Anxiety symptoms increased for
some participants and remained relatively stable for others. UF FA,
which was regressed on motion parameters and tract length, tended to
decrease. This direction was unexpected, given the increase in UF FA
typically observed through adulthood (Lebel et al., 2012). We found that
found three data-driven clusters of adolescent anxiety symptoms and UF
FA: a “low-risk” cluster of participants with low anxiety symptoms and
high UF FA, a “high-risk” cluster of participants with high anxiety
symptoms and low UF FA, and an unexpected “resilient” cluster of
participants with low anxiety symptoms and UF FA. The latter partici-
pants had fewer internalizing symptoms and higher adaptability than
did participants in the high-risk cluster. Importantly, participants in the
resilient cluster reported more maternal warmth than did the high-risk
cluster of participants and were more likely to live in disadvantaged
communities than both the low- and the high-risk clusters of partici-
pants. Further, an interaction between neighborhood disadvantage and
maternal warmth indicated that participants living in disadvantaged
neighborhoods were more likely to be in the resilient cluster than in the
high-risk cluster if they reported experiencing more maternal warmth. In
contrast, participants living in disadvantaged neighborhoods with lower
maternal warmth were more likely to be in the high-risk cluster than in
the resilient cluster. However, this interaction was only marginally
significant when participant race was not included in the model. These
findings support the formulation that positive parenting behaviors can
promote the ability to adapt to disadvantageous neighborhood
environments.

We had hypothesized that we would identify the low- and high-risk
clusters of participants based on prior work linking poor UF structure
with higher anxiety symptoms (Lee and Lee, 2020). We did not, how-
ever, expect to also identify a cluster of participants with low levels of
both FA and anxiety symptoms (i.e., resilient). We expected that the
low-risk cluster of participants would report high maternal warmth and
low neighborhood disadvantage relative to the high-risk cluster of par-
ticipants. We found instead that the resilient cluster of participants
tended to live in more disadvantaged neighborhoods relative to both the
low- and high-risk participant clusters. We also found that the resilient
cluster of participants, but not the low-risk participants, reported more
maternal warmth than the high-risk cluster of participants. There were
no significant differences between the low- and high-risk clusters of
participants except in the density of community traffic in exploratory
follow-up analyses of neighborhood disadvantage indicators, in which
the low-risk cluster of participants had greater traffic density. Examining
other variables, such as genetic risk or family history of mental illness,
may have yielded significant differences between the low- and high-risk
clusters of participants.

Our results expand on prior work indicating that both family and
neighborhood environments are associated with neural and behavioral
risk for psychopathology. In this context, our finding that maternal
warmth buffers neighborhood disadvantage is supported by previous
research (Mrug et al., 2022; Whittle et al., 2017). We have also extended
this work by showing that neighborhood disadvantage in the context of
high maternal warmth is associated with an adaptable, rather than with
a high-risk, profile of trajectories of UF FA and anxiety symptoms. Re-
searchers have identified positive parenting as a resilience factor for
children exposed to adversity (Vazquez et al., 2023). In the current
study, we found that for youth growing up in more disadvantaged
neighborhoods, maternal warmth was implicated in a resilient profile
characterized by lower symptoms of psychopathology and better
adaptability despite reduced FA structural integrity. Our findings sug-
gest that maternal warmth promotes adaptability and mitigates risk for
mental health difficulties related to neighborhood disadvantage and low
UF integrity. We did not expect participants with low UF FA to have high
levels of adaptability given research linking this neural characteristic
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with psychopathology (e.g., Lee and Lee, 2020; Xu et al., 2023). It is
noteworthy, however, that research findings examining the association
between resilience and UF structural integrity have been equivocal
(Costanzo et al., 2016; van der Werff et al., 2017). Moreover, resilience
is not simply the absence of psychopathology, but rather, the ability to
positively adapt and cope with negative circumstances (Fletcher and
Sarkar, 2013). Therefore, our findings suggest that maternal warmth
promotes the ability to adapt to disadvantageous neighborhood cir-
cumstances without developing mental health challenges.

We also explored neighborhood pollutants, SES, and health in-
dicators to examine whether specific aspects of neighborhood disad-
vantage were associated with risk. Prior work has largely evaluated
neighborhood disadvantage in terms of relative SES, but SES is likely to
be a proxy for pollution (e.g., air and water contaminants), instability (e.
g., safety), lack of community resources (e.g., healthcare, education),
and/or the cumulative effects of many different contributing factors. We
found that measures of poorer physical health, poverty, and traffic
density predicted cluster membership, with participants in the resilient
cluster tending to live in neighborhoods with higher levels of these
variables. Although we cannot be sure that participants were directly
exposed to these factors (see discussion of study limitations, below),
they were at least at higher risk for exposure. These factors have been
identified in previous work as contributing to risk for health challenges
(e.g., Kulla et al., 2023; Manczak et al., 2020; Miller, Buthmann, et al.,
2022); few studies, however, have considered these factors simulta-
neously, in addition to parenting. Although we did not expect to find
that participants in a cluster characterized by greater neighborhood
disadvantage would be resilient to psychopathology symptoms, we also
did not measure neighborhood aspects that can promote adaptability to
negative evironments. For example, prior work has identified higher
levels of resilience to adversity in individuals living in areas with more
neighborhood social cohesion, vegetation, and walkability (Ma et al.,
2023; Romero et al., 2020). Future work should consider the possibility
that positive and negative neighborhood qualities can co-occur. We
should also note that race did not predict cluster membership. Although
census tract-level neighborhood disadvantage data do not always fully
explain disparities in access to resources and exposure to harmful en-
vironments (Riley, 2018), in the present study race did not explain
variance in cluster differences beyond the factors that comprised the
CalEnviroScreen.

Contrary to our hypotheses, we found no significant differences be-
tween the low- and high-risk groups with respect to maternal warmth,
neighborhood disadvantage, or any of the covariates we tested. This was
surprising given previous findings of associations between parenting
and both anxiety (Yap et al.,, 2014) and alterations in corticolimbic
circuitry (Gard et al., 2022; Hanson et al., 2015). It is important to note,
however, that research examining parenting and corticolimbic circuitry
has focused on extreme maltreatment (Hanson et al., 2015), on brain
circuit function rather than structure (Gard et al., 2022), or has been
conducted with samples of adults (Farber et al., 2019). The association
between neighborhood disadvantage and internalizing symptoms,
including symptoms of anxiety, has been documented by several re-
searchers (e.g., King et al., 2022; Rudolph et al., 2014); these associa-
tions, however, may be more nuanced than previously appreciated. For
example, Alegria et al. (2014) found that association between neigh-
borhood disadvantage and anxiety varied by racial group, with Latinos
at increased risk for anxiety disorders and Asians at lower risk. Further,
studies of the association between neighborhood disadvantage and UF
structural integrity have focused on specific aspects of the community,
such as community violence (Bell et al., 2021) or socioeconomic status
(Kulla et al., 2023). Our measure of neighborhood disadvantage was a
composite score of pollutants, SES, and health, and may have obscured
associations between specific neighborhood characteristics and UF
structure.

In sensitivity analyses, we found two clusters of CC FA and anxiety
symptoms: one composed of participants with high FA and high anxiety
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symptoms, and one composed of participants with low CC FA and low
anxiety symptoms. The latter cluster had higher neighborhood disad-
vantage and marginally higher adaptability, whereas the former had
higher internalizing and externalizing symptoms at T4. Participants in
both the low UF FA + low anxiety symptoms and the low CC FA + low
anxiety symptoms clusters had higher levels of neighborhood disad-
vantage and higher adaptability; however, participants in the high CC
FA + high anxiety symptoms cluster had high internalizing and exter-
nalizing symptoms, as did participants in the low UF FA + high anxiety
symptoms cluster. Thus, neighborhood disadvantage may be associated
with lower FA in multiple white matter tracts; future research is required
to examine this formulation more explicitly and systematically. Notably,
the white matter development of the CC follows a different trajectory
than the UF, with research suggesting it peaks earlier in adolescence,
whereas the UF peaks in adulthood (Lebel et al., 2012). The lack of as-
sociation between maternal warmth and CC FA clusters suggests that
parenting is associated more specifically with the UF, consistent with
prior research (Eluvathingal et al., 2006). Further, the higher psycho-
pathology symptoms found in participants in both the low UF FA + high
anxiety and in the high CC FA + high anxiety clusters challenge the idea
that higher FA values are generally associated with more positive out-
comes. Certainly, however, these findings need to be replicated in an
independent sample, and should only be interpreted here with full
consideration of this study’s limitations.

This study has several limitations. First, we began assessing our
participants when they were in late childhood/early adolescence and,
therefore, cannot distinguish between exposure to parenting or neigh-
borhood disadvantage in early vs. late childhood. In this context, Gard
et al. (2021) found that whereas earlier exposure to disadvantage is
more strongly associated with amygdala development, later context is
related more strongly to prefrontal development. Second, we did not
measure direct exposure to these neighborhood variables and cannot
make causal statements about the contributions of the variables assessed
in this study to UF integrity, anxiety, or adaptability; rather, we found
associations involving risk of exposure to those factors. We should note
that only 80% of participants were still living in the same zip code at T3
as they were at baseline. Further, not all neighborhood variables that
were selected as important features by LASSO regressions yielded group
differences that were significant at the p<.05 level; thus we urge caution
in interpreting these exploratory findings. Third, our measure of
neighborhood disadvantage, although more comprehensive than some
operationalizations that only consider SES, did not account for com-
munity factors such as school quality, green spaces, libraries, safety, etc.
Further, we assessed parenting behaviors only for the primary caregiver,
which for 95% of participants was the mother; certainly, adolescents
may also benefit or suffer from the parenting behaviors of secondary and
tertiary caregivers. Future work should explore the contributions from
fathers and other caregivers. Fourth, we relied on self-reports of anxiety
symptoms, parenting perceptions, internalizing and externalizing
symptoms, and adaptability, which may bias responses. Further, the
sample is drawn from a relatively high SES region and our findings need
to be replicated in a more socioeconomically diverse sample. As a
related point, although fewer than half of the participants were White,
we did not have enough participants of other races to test for differences
among non-White races, which is an important direction for future
research. Finally, we relied on only one metric of white matter tract
structural organization (i.e., FA); scientists have called for the analysis of
multiple measures before drawing strong conclusions about tract orga-
nization (Figley et al., 2022), and it is important that our findings be
replicated and extended in future studies. Additionally, our measure of
UF FA was regressed on motion parameters and tract length. This makes
interpretation of the general decline in UF FA over time more difficult to
interpret, and we caution readers not to generalize these findings to raw
values of FA.

Despite these limitations, this study is important in identifying three
clusters of adolescents with different profiles of anxiety symptoms and
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UF structural integrity. We also found positive parenting behaviors
promoted adaptability in adolescents from disadvantaged neighbor-
hoods whose UF integrity suggested that they were vulnerable to
developing symptoms of psychopathology. This may indicate that
parenting interventions and other resources to promote positive care-
giving could be particularly effective in disadvantaged communities. A
key strength of this study is that we used a data-driven clustering
approach that led us to identify an unexpected “resilient” profile of low
UF integrity and low anxiety symptoms; model-based approaches may
not have detected this resilient group of participants. Further, in addi-
tion to examining multiple environmental contexts (i.e., parenting and
neighborhood), both independently and in interaction, we explored
multidimensional aspects of neighborhood disadvantage that were
associated with cluster membership. Future work should examine
additional neural metrics, such as structure-function coupling, incor-
porate both positive and negative qualities of neighborhoods, and
explore the contributions of more than one caregiver, as well as peer
relationships, on adolescent development.
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