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Adolescents at risk for depression show increased white matter 
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A B S T R A C T   

Maternal history of depression is a strong predictor of depression in offspring and linked to structural and 
functional alterations in the developing brain. However, very little work has examined differences in white 
matter in adolescents at familial risk for depression. In a sample aged 9–14 (n = 117), we used tract-based spatial 
statistics (TBSS) to examine differences in white matter microstructure between adolescents with (n = 42) and 
without (n = 75) maternal history of depression. Microstructure was indexed using fractional anisotropy (FA). 
Threshold-free cluster enhancement was applied and cluster maps were thresholded at whole-brain family-wise 
error < .05. There was no significant main effect of risk status on FA. However, there was a significant interaction 
between risk status and age, such that large and diffuse portions of the white matter skeleton showed relatively 
increased FA with age for youth with a maternal history of depression compared to those without. Most tracts 
identified by the interaction were robust to controlling for sex, youth internalizing, in-scanner motion, neigh
borhood SES, and intra-cranial volume, evidence that maternal depression is a unique predictor of white matter 
alterations in youth. Widespread increases in FA with age may correspond to a global pattern of accelerated brain 
maturation in youth at risk for depression.   

1. Introduction 

Depression is one of the most debilitating psychological disorders, 
yet relatively little is known about the neuro-structural mechanisms that 
may contribute to disorder onset. Diffusion weighted imaging has 
permitted examination of how depressive phenotypes are associated 
with divergent white matter architecture, and broad-ranging alterations 
in white matter microstructure have been observed in both depressed 
adults and depressed adolescents. However, comparisons of youth with 
and without depression does not address whether observed differences 
in white matter precede depression onset or are correlates of the dis
order. To date, relatively little is known about white matter deviations 
that may predispose youth to depression. A better understanding of the 
white matter alterations that may underlie depression onset is needed to 
inform mechanistic models of depression etiology. Early/pre- adoles
cence is a critical window for examining potential white matter mech
anisms underlying depression onset, as this developmental period is 
prior to the sharp increases in depression symptoms seen in mid- 
adolescence and the peak onset for depressive disorders seen in late 

adolescence (Solmi et al., 2022). Thus, we examined differences in white 
matter microstructure that may be associated with depression onset by 
investigating youth with and without a high-risk for depression. 

White matter microstructure is a broad term referring to the myeli
nation, axon density, fiber coherence, etc. of white matter tracts, and 
metrics reflecting these microstructural properties can be extracted from 
diffusion weighted imaging. The most commonly reported diffusion 
metric is fractional anisotropy (FA), a measure that represents the 
directionality of water molecule diffusion in tissue, with higher values 
found in white matter (compared to grey matter and cerebrospinal fluid) 
where water diffusion is directionally constrained along axons. The FA 
metric is influenced by a number of factors (Beaulieu, 2002; Curran 
et al., 2016); however, greater FA is generally interpreted as repre
senting greater structural coherence of white matter tracts (but see 
Figley et al., 2022 for a more thorough discussion). Across development, 
FA shows normative increases across childhood and adolescence (Lebel 
and Beaulieu, 2011; see Lebel et al., 2017 for review), peaking in late 
adolescence through early adulthood and decreasing through old age 
(Lebel et al., 2012; Schilling et al., 2022). While FA was our primary 

* Correspondence to: Department of Psychology and Neuroscience, Temple University, 1701 N. 13th Street, Philadelphia, PA 19122, USA. 
E-mail address: holly.sullivan-toole@temple.edu (H. Sullivan-Toole).  

Contents lists available at ScienceDirect 

Developmental Cognitive Neuroscience 

journal homepage: www.elsevier.com/locate/dcn 

https://doi.org/10.1016/j.dcn.2023.101307 
Received 3 June 2023; Received in revised form 22 August 2023; Accepted 23 September 2023   

mailto:holly.sullivan-toole@temple.edu
www.sciencedirect.com/science/journal/18789293
https://www.elsevier.com/locate/dcn
https://doi.org/10.1016/j.dcn.2023.101307
https://doi.org/10.1016/j.dcn.2023.101307
https://doi.org/10.1016/j.dcn.2023.101307
http://creativecommons.org/licenses/by-nc-nd/4.0/


Developmental Cognitive Neuroscience 64 (2023) 101307

2

dependent variable of interest, we also examined mean diffusivity (MD), 
another common diffusivity metric that represents overall diffusion 
unconstraint in tissue and is generally inversely related to FA (Lebel 
et al., 2017; Schilling et al., 2022). Across adolescence, lower diffusivity 
(higher FA and lower MD) generally corresponds to increasing structural 
coherence of white matter seen in neural maturation. 

Despite a growing number of studies examining the relationship 
between white matter and depression, relatively little is known about 
how alterations in white matter microstructure might be related to the 
etiology of depression. Across different developmental periods, depres
sion has been associated with relatively reduced FA across a range of 
white matter tracts, including the corpus callosum, superior longitudinal 
fasciculus, inferior fronto-occipital fasciculus, forceps major, and ante
rior limb of the internal capsule (ALIC), with many of these tracts 
showing alterations across both human and animal studies of depression 
(for review, see Abraham et al., 2022). A large-scale study by van Velzen 
et al. (2020) examining 1305 depressed adults and 1602 healthy con
trols found depression was associated with global reductions in FA. 

In children and adolescents with depression, findings largely mirror 
the associations between depression and reduced FA found in studies of 
adults (e.g., LeWinn et al., 2014; Vilgis et al., 2017; Vulser et al., 2018). 
Using the ABCD dataset, Shen et al. (2021) found associations between 
depression in youth (aged 9–11) and global reductions in FA, with sig
nificant differences between healthy control youth (n > 6000) and those 
with both youth-reported (n = 180) and caregiver-reported (n = 194) 
youth depression diagnosis. Further, Shen and colleagues found an as
sociation between global reductions in FA and caregiver-reported 
depressive symptoms in youth. However, another relatively large-scale 
study conducted by van Velzen et al. (2020), that drew upon a much 
wider age-range of adolescents (aged 12–21), did not find differences in 
FA between those with depression (n = 372) and healthy controls (n =
290); however, given the sample’s heterogeneity in age, it is possible 
this study was underpowered to find a main effect. 

While the pattern of reduced FA in depression is relatively consistent 
across studies, comparisons of those with and without depression does 
not address whether reduced FA precedes depression or is a correlate of 
the disorder. To examine white matter deviations associated with the 
risk for depression, high-risk study designs are needed. In infants and 
children exposed to maternal depression in-utero, findings are mixed. 
Some studies report reduced white matter coherence (Dean et al., 2018; 
El Marroun et al., 2018; Graham et al., 2020; Hay et al., 2020; Posner 
et al., 2016; Rifkin-Graboi et al., 2013), other studies have found no 
differences in white matter (Jha et al., 2016; Roos et al., 2022), and yet 
other studies found increased white matter coherence in young children 
exposed to maternal depression in-utero (Lebel et al., 2016; Roos et al., 
2022). Thus, it remains unclear how exposure to depression in-utero 
may affect white matter. 

To interrogate processes specific to risk for depression, high-risk 
study designs with samples of pre- / early- adolescents offer two pri
mary advantages. First, as those with a family history of depression have 
a three-times higher risk of developing depression (Weissman et al., 
2016), studies utilizing samples with a familial history of depression 
offer the opportunity to examine vulnerability factors in a population at 
known risk for experiencing depression. Second, studying high-risk 
offspring before the peak age of risk provides necessary temporal 
sequencing to identify risk factors before disorder onset. Depression has 
a low incidence before puberty, but prevalence begins to rise in early 
adolescence (Maughan et al., 2012), with first symptoms showing a peak 
onset of 15.5 years and depressive disorder showing a peak onset of 19.5 
years (Solmi et al., 2022). Thus, investigating the pre- / early- adolescent 
developmental period offers an essential window for examining pro
cesses specific to risk for depression, before the critical onset period for 
depression. 

To date, there are few studies of youth at high familial risk and white 
matter microstructure, and those studies have shown mixed results. 
Hung et al. (2017) compared youth ages 8–14 with (n = 20) and without 

(n = 20) parental history of depression and did not find a main effect of 
parental history of depression on FA, but found an interaction whereby 
FA was inversely related to age for the high-risk youth in frontal-limbic 
tracts. In an older sample of 66 adolescents aged 12–16, Jones et al. 
(2019) found that greater aggregation of family history of psychopa
thology (including depression, anxiety, substance use, and anti-social 
personality disorder) was associated with reduced FA at baseline but 
increasing FA with age across several tracts in dorsal regions, such that 
by age 18, there was no association between risk status and age in these 
regions. The same study also found that at-risk youth showed persis
tently lower FA across the study period in the posterior limb of the in
ternal capsule. Examining adolescents at risk for developing depression 
(n = 18) and control adolescents (n = 13) ranging in age from 12 to 20, 
Huang et al., (2012) found that a parental history of depression was 
associated with reduced FA across a number of tracts. In a sample 
ranging in age from 12 to 25, Shakeel et al. (2021) examined healthy 
controls (n = 36), those with diagnosed depression (n = 70), those at 
high-risk due to familial history of serious mental illness (n = 30), and 
other groups with sub-syndrome levels of symptom severity (combined 
n = 120). They found lower FA only in the depressed group, suggesting 
that reductions in microstructure coherence occurred following 
depression onset, rather than being present in those at high-risk or 
pre-morbid states. Across studies of high-risk youth, most have relied on 
small samples and/or wide age ranges, have produced mixed findings 
regarding the directionality of associations between risk status and FA, 
and have also shown associations across discrepant white matter tracts. 
Thus, further research is needed to define patterns in white matter 
microstructure in youth that may be associated with a predisposition to 
depression. 

We examined differences in white matter microstructure between 
adolescents at high- and low- risk for depression. As maternal history of 
depression is among the strongest predictors of depression in offspring 
(Goodman et al., 2011; Klein et al., 2005), high-risk status was oper
ationalized by maternal lifetime history of depression. Our sample was 
comprised of adolescents aged 9–14 years old, a developmental period 
prior to the peak age of depression onset. Given that previous studies of 
risk have produced mixed results of in terms of the directionality of 
effects and specific tracts identified, we choose to use tract-based spatial 
statistics (TBSS; Smith et al., 2006), a whole-brain, data-driven 
approach to examine FA differences within the white matter skeleton 
between the high- and low- risk groups. Because white matter undergoes 
relatively rapid change during the adolescence (Lebel and Beaulieu, 
2011; Lebel et al., 2012), we examined whether associations between FA 
and age and FA and puberty (Herting et al., 2012; Herting and Sowell, 
2017) differed by offspring risk status. Additionally, to isolate effects in 
white matter microstructure that were associated with risk for depres
sion rather than effects related to depression itself, we examined 
whether effects of offspring risk status persisted when controlling for 
youth internalizing symptoms. As the TBSS method offers 
hypothesis-free, whole-brain analysis, we outlined two primary aims for 
this study, without a priori hypotheses regarding the direction of effects. 
First, we examined the main effect of white matter microstructure in 
youth with a high- versus low- risk for depression. Second, we examined 
whether the two risk-status groups showed differences in age-related 
increases in white matter microstructure. Finally, to test the robust
ness of findings, we conducted sensitivity analyses including child 
internalizing, socio-economic status, in-scanner motion, and intracra
nial volume as covariates. 

2. Method 

2.1. Participants and samples 

Participants were drawn from the Temple Adolescent Development 
Study, a prospective longitudinal study of reward function development. 
This study was approved by the Institutional Review Board at Temple 
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University. English-speaking children aged 9–14 years old at baseline 
who had at least one biological parent living in the home were invited to 
participate. Exclusion criteria included child or parental history of bi
polar disorder or psychotic spectrum disorder and child diagnosis of 
serious neurological illness, head injury, learning disabilities, or devel
opmental disabilities, including autism spectrum disorders. Youth were 
also excluded if they had a history of neurological or cardiovascular 
diseases that affected central nervous system blood flow or if they were 
taking any psychotropic medications at the time of recruitment or scan. 
General intellectual function was assessed at baseline, and participants 
with an IQ falling two standard deviations or more below the mean were 
excluded from participation (Kaufman Brief Intelligence Test – Second 
Edition [KBIT-2] Full Scale IQ < 70; Kaufman and Kaufman, 2004). 
Finally, youth who could not participate in imaging assessments were 
not eligible for inclusion (e.g., individuals with non-removable metallic 
implants, braces, or with conditions such as uncorrectable vision or 
claustrophobia that would make completing MRI assessments unsafe). 
Parents provided written informed consent for their child to participate 
in the study, and all youths provided written assent. 

One hundred and fifty-seven children completed a diffusion- 
weighted scan at study baseline, and these data were included in the 
preprocessing pipeline prior to quality control exclusions. Of the 119 
child participants whose diffusion weighted data passed quality control, 
maternal history of depression data was available for 117 child partic
ipants, comprising the full sample (girls = 59.8%; minorities = 57% of 
the 68% reporting race; mean age = 11.76, std dev of age = 1.5). Of 
these 117 participants, data on child internalizing symptoms was 
available for 91 participants, comprising the CBCL subsample (girls =
56.0%; minorities = 59% of the 69% reporting race; mean age = 11.7, 
std dev of age = 1.5). Child age reflects the youth’s age at the time of 
scanning. 

2.2. Clinical and other psychosocial covariates 

2.2.1. Structured clinical interview for DSM disorders (SCID) 
Mothers completed the Structured Clinical Interview for DSM-V 

(SCID-V-RV; First et al., 2015), to assess clinical diagnoses of various 
mental disorders. Maternal history of depression was operationalized as 
lifetime history of major depression or persistent depression. In primary 
analyses, maternal history of depression was present in 35.9% (n = 42) 
of mothers. 

2.2.2. Child behavior checklist (CBCL) 
Mothers completed the Child Behavior Checklist (CBCL; Achenbach, 

2009) to provide dimensional assessments of their child’s current 
behavioral and emotional problems. The CBCL contains 119 items on 
problem behaviors in childhood scored as 0 = Not True, 1 = Somewhat 
or Sometimes True, and 2 = Very True or Often True. To quantify the 
child’s own internalizing symptoms, we used the internalizing scale, 
including 32 items reflecting anxiety and depression symptoms (see 
Supplemental Method for details regarding computation of the inter
nalizing variable). CBCL data was available for 91 subjects. 

2.2.3. Pubertal development scale 
Youth pubertal development was assessed using the Pubertal 

Development Scale (PDS; Petersen et al., 1988). This measure has been 
extensively used in studies of pubertal development and validated 
against Tanner stages (Coleman and Coleman, 2002). The PDS assesses 
pubertal development across adrenal and gonadal hormone systems. In 
this study, we relied on an overall index of pubertal development across 
both systems, developed to correspond to the Tanner stages (Shirtcliff 
et al., 2009; code for computing the overall puberty index available from 
these authors). Pubertal data was available for 91 subjects. Pubertal 
stage scores were used in lieu of age in supplemental analyses. 

2.2.4. Neighborhood SES 
SES data is available at the census tract level through the American 

Community Survey (ACS; United States Census Bureau, 2013–2017). 
Census tract-level SES variables were linked to individual participants 
via geocoding of individual household address. Participant address was 
collected during an initial phone screen. Using data from the 2013–2017 
ACS Five Year Estimates (United States Census Bureau, 2013–2017), we 
computed a neighborhood SES composite variable of the average z- 
scores of the percent of individuals within the census tract who (1) had 
high school degree or greater, (2) had a bachelor’s degree or greater, (3) 
were receiving food stamps (reverse coded), (4) were below the poverty 
line (reverse coded); the percent of families within the census tract who 
(5) were below the poverty line (reverse coded); and the (6) median and 
(7) mean income within the census tract. 

2.3. Diffusion weighted imaging 

2.3.1. Diffusion image acquisition 
Diffusion imaging data were acquired using single-shot pulsed 

gradient spin-echo echo-planar imaging sequence on a 3 T Philips 
Ingenia scanner. The following acquisition parameters were used: flip 
angle = 90◦; TR = 6.4 s; TE = 1.2 s; FOV = 240 mm x 240 mm x 121; 
matrix = 96 × 96; voxel size = 2.5 mm × 2.5 mm× 2.75 mm; 44 
interleaved axial slices. Acquired volumes included 19 volumes without 
diffusion weighting (b = 0 s/mm2) and 30 volumes with diffusion gra
dients (b = 800 s/mm2) applied in 30 directions. A SENSE factor of 2.3 
was used to speed data acquisition. 

2.3.2. Preprocessing 
The imaging data were converted to NIfTI format and preprocessed 

using the MRtrix3 package (Tournier et al., 2019) and the FMRIB Soft
ware Library (FSL v6.0.2; Smith et al., 2004). MRtrix3 was used to 
extract and average the b0 volumes and non-brain tissue was removed 
from the averaged b0 image using FSL’s automated brain extraction tool 
(BET; Smith, 2002). Several corrections were applied to the imaging 
data. First, denoising and degibbing corrections were applied using 
MRtrix3. Next, the FMRIB Diffusion Toolbox’s eddy tool was used to 
correct for eddy current-induced distortions and in-scanner head 
movements, with registration of the diffusion-weighted images to the 
first b0 volume and adjustment of the gradient table to account for 
registration (Andersson and Sotiropoulos, 2016). Within eddy correc
tion, outlier detection and replacement of outlier volumes was per
formed (Andersson et al., 2016). Following eddy correction, images 
were screened for intensity artifacts, motion, and other quality-related 
issues by several trained analysts. Subjects with greater than five 
problematic volumes and/or truncation of the white matter skeleton 
from the field of view were excluded from further analyses. Consensus 
across multiple analysts was sought when there was uncertainty about 
data-quality. In total, 38 subjects were excluded, leaving 119 subjects 
for further analyses. Using FSL’s dtifit program, a diffusion tensor was fit 
at each voxel to generate the principal eigenvectors and fractional 
anisotropy (FA) maps and mean diffusivity (MD) maps for each subject 
in native anatomical space. 

2.3.3. Tract-based spatial statistics (TBSS) 
Individual subject FA maps were fed into FSL’s Tract-Based Spatial 

Statistics (TBSS) tool (Smith et al., 2006). The TBSS procedure included 
nonlinear registration of all FA images to the 1×1x1mm standard 
FMRIB58_FA template (which is in MNI152 1-mm standard space), 
creation of a mean FA map averaged across all subjects, and creation of a 
mean white matter skeleton, representing the center of major white 
matter fibers, common to all subjects. The mean skeleton image was 
thresholded at .2 to suppress low mean FA values and/or high variability 
in FA across subjects. Next, each subject’s FA data was projected onto 
the mean FA skeleton, to produce an FA skeleton map for each subject 
where the mean FA skeleton voxels were replaced with FA values from 
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the local center of the subject’s nearest relevant tract. Mean whole-brain 
FA was extracted from each subject and compared between the high- 
and low- risk groups. 

2.3.4. Voxelwise GLMs and contrasts across skeletonised FA data 
Using FSL’s randomise tool for nonparametric permutation inference 

(Winkler et al., 2014), a series of general linear models (GLMs) were 
estimated to test for voxel-level effects within the 4D skeletonized FA 
data (see Table 1 for summary of all GLMs and contrasts). In the full 
sample (n = 117), three GLMs were estimated. Within model one, we 
examined the main effects of family risk status (MatHxDepr n = 42, 
NoMatHxDepr =75), age, and sex assigned at birth. Each effect was 
considered as a positive and negative association, controlling for the 
other variables. Model 1b was estimated with the same set of predictors 
but with the puberty index replacing age. Within model 2, we examined 
the interaction between offspring risk-status and age, with sex included 
as a covariate. Model 2b was estimated with the same set of predictors 
but with the puberty index replacing age, such that model 2b examined 
the interaction of offspring risk-status and puberty. Within model 3, we 
examined the interaction between family risk status and sex, with age 
included as a covariate. While FA was our primary dependent variable of 
interest, models 1, 2, and 3 were also estimated with mean diffusivity 
(MD) as the dependent variable as a supplementary analysis. In an 
exploratory analysis within the full sample, maternal history of 
depression was coded in terms of course specifiers, with mothers who 
had not experienced depression (n = 75), mothers who had only expe
rienced a single episode of any type of depressive disorder (n = 16), and 
mothers who met criteria for either chronic or recurrent depression (n =
26). 

Additional models were estimated within the CBCL subsample (n =
91). First, specific contrasts that produced significant effects in the full 
sample were re-estimated in the CBCL subsample to determine whether 
effects survived. Model 4 examined main effects of child internalizing, 
controlling for age, sex, and family risk status. Finally, models 5 and 6 
examined the sensitivity of the risk-status by age interaction results. 
Specifically, model 5 examined the interaction between offspring risk- 
status and age, with sex and child internalizing included as a cova
riates; and model 6 further added neighborhood SES, mean relative in- 
scanner motion, and intra-cranial volume to the covariates included in 
model 5 (see below for a description of how neuroimaging covariates 
were calculated). 

In all models, threshold-free cluster enhancement (TFCE; Smith and 
Nichols, 2009) was applied to detect significant clusters, accounting for 
both the height and spatial extent of signal. Voxel-wise p-values were 
calculated and corrected for whole-brain family-wise error (FWE) with 
permutation testing (5000 permutations). The resulting TFCE-corrected 
cluster maps were thresholded at a FWE < .05, and a binarized mask was 
created for each set of supra-thresholded results. 

2.3.5. Identifying tracts and presentation of results 
FSL’s atlasquerry command was used with the John Hopkins Uni

versity ICBM-DTI-81 Atlas (Mori et al., 2008) to identify tracts within 
each supra-thresholded results mask. For follow-up analyses, 
subject-level FA values were extracted from masks using FSL’s fslstats 
command and plotted using ggplot2 in R (Wickham, 2016). For 
improved visualization, FSL’s tbss_fill command was applied for 
improved visualization of overlaid results (Fig. 1 in orange). 

2.3.6. Complementary tract-based analyses 
While our primary analysis approach was whole-brain, as a com

plementary set of analyses, FA was also extracted from ROIs generated 
from the 50 tracts and regions available in the JHU ICBM-DTI-81 atlas 
(Mori et al., 2008). See the Supplemental for additional details of the 
method used and a summary of the results. 

Table 1 
Specific general linear models and contrasts estimated to test for voxel- 
level effects within the 4D skeletonized FA data. All GLMs tested for both 
positive (greater FA) and negative (reduced FA) effects. As the extracted clusters 
were not very informative (see Supplemental Table 2), voxel-wise p-values were 
calculated across the full set of tracts and regions resulting from each analysis 
and were corrected for whole-brain family-wise error (FWE) with permutation 
testing (5000 permutations).  

Specific Contrasts Interpretation p- 
value 

in Full Sample (n = 117)   

GLM 1: Main Effects of 
Offspring Risk Status, Age, 
Sex, Controlling Other 
Variables    

FA (pos) ~ offspring risk status more FA MatHxDepress >
NoMatHxDepress  

.561 

FA (neg) ~ offspring risk status more FA NoMatHxDepress >
MatHxDepress  

.259 

*FA (pos) ~ age increasing FA with age  < .001 
FA (neg) ~ age decreasing FA with age  .803 
FA (pos) ~ sex more FA girls > boys  .100 
FA (neg) ~ sex more FA boys > girls  .865 
GLM 2: Interaction of Offspring 

Risk Status and Age, 
Controlling Sex        

*FA (pos) ~ offspring risk status x 
age 

increased FA (greater slope) with 
age for MatHxDepress >
NoMatHxDepress  

.003 

FA (neg) ~ offspring risk status x 
age 

increased FA (greater slope) with 
age for NoMatHxDepress >
MatHxDepress  

.986 

GLM 3: Interaction of Offspring 
Risk Status and Sex, 
Controlling Age    

FA (pos) ~ offspring risk status x 
sex 

increased FA (greater slope) for girls 
> boys for MatHxDepress >
NoMatHxDepress  

.805 

FA (neg) ~ offspring risk status x 
sex 

increased FA (greater slope) for girls 
> boys for NoMatHxDepress >
MatHxDepress  

.126  

in CBCL Subsample (n ¼ 91)       

Survival of Significant Results 
from Full Sample        

*FA (pos) ~ age increasing FA with age  < .001 
*FA (pos) ~ offspring risk status x 

age 
increased FA (greater slope) with 
age for MatHxDepress >
NoMatHxDepress  

.009 

GLM 4: Main Effects Child 
Internalizing, Controlling 
Offspring Risk Status, Age, 
Sex    

FA (pos) ~ youth internalizing increasing FA with greater 
internalizing  

.105 

FA (neg) ~ youth internalizing decreasing FA with greater 
internalizing  

.888 

Sensitivity Analyses: 
Replication of Interaction 
Effect (GLM 2), Adding 
Covariates        

*FA (pos) ~ offspring risk status x 
age, controlling sex + youth 
internalizing 

effect of increased FA with age for 
MatHxDepress > NoMatHxDepress 
is independent of covariates  

.012 

*FA (pos) ~ offspring risk status x 
age, controlling sex + youth 
internalizing + SES + motion +
ICV   

.007 

* Indicates a significant contrast, corrected for whole-brain family-wise error 
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Fig. 1. Tracts and regions showing increased FA in main effect and interaction analyses. The main effect of age identified diffuse tracts and regions in which FA 
was increased with age, as listed at the top of the chart (1a); white matter results are grouped according to pathway type (commissural, cerebellum and brainstem, 
projection, and association) or other white matter region, and are visualized in the brain image (1b) in blue. Many of these same tracts and regions were also 
identified by different interaction analyses (full sample, subsample, and controlling all covariates) and are indexed at the bottom of the chart (1a). Tracts and regions 
identified by the interaction of risk-status and age when controlling all covariates are visualized in the brain image (1b) in orange; these tracts and regions showed 
greater increases with age for high-risk youth compared to low-risk youth. While both main effect and interaction analyses were conducted within the narrow white 
matter skeleton, only the interaction results (in orange) have been inflated and are overlaid for better visualization. In the chart above, results for tracts and regions 
are bilateral unless otherwise noted. 
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2.4. Additional neuroimaging covariates 

2.4.1. Mean relative in-scanner motion 
Output from FSL’s eddy correction included motion parameters for 

the root-mean square of voxel displacement, relative to those of the 
previous volume. These volume-level parameters were averaged within 
subject to create a Mean Relative Motion covariate. 

2.4.2. Intra-cranial volume (ICV) 
Gross brain volume varies with height and biological sex so it is 

important to control for ICV in structural brain measurements. High- 
resolution T1-weighted structural images were acquired in the axial 
plane using an MPRAGE 3D sequence with the following acquisition 
parameters: flip angle = 9◦; TR = 7.1 s; TE = 3.2 s; FOV = 250 mm x 
250 mm x 135 mm; matrix = 512 × 512; voxel size = .49 mm x .49 mm 
x 1 mm; 135 axial slices. Data were processed with FreeSurfer 6.0. The 
processing pipeline involved motion correction (Reuter et al., 2010), 
skull stripping (Ségonne et al., 2004), Talairach transformation, seg
mentation of subcortical grey and white matter (Fischl et al., 2002), 
surface tessellation, and determination of the grey matter/white matter 
and grey matter/cerebral-spinal fluid boundaries based on image in
tensity gradients (Dale et al., 1999). ICV was computed using the pro
cedure described by Buckner et al. (2004) and this variable was used as a 
covariate.  

3. Results 

3.1. Demographic and covariate summary statistics 

Summary statistics for participant demographics and other cova
riates are presented in Table 2. High-risk and low-risk youth did not 
significantly differ on age, pubertal stage scores, percentages of racial 
minorities, neighborhood SES, mean in-scanner motion, intra-cranial 
volume, or whole-brain FA (see Table 2). There was a significantly 
greater proportion of girls in the high-risk than low-risk group within 
both the full sample and CBCL subsample. Finally, the high-risk youth 
had significantly higher levels of internalizing problems than the low- 

risk youth. 

3.2. Voxelwise GLMs and contrasts across skeletonised FA data 

Table 1 provides a summary of the specific GLMs and contrasts 
estimated and interpretation of effects, and Supplemental Table 2 pro
vides the maximum t-stat and peak coordinates for individual clusters 
identified for each significant contrast. Named tracts and regions iden
tified by primary analyses of interest are indexed in Fig. 1a. 

From model 1, the only significant effect was the positive association 
between FA and age (pFWE <.001 in full sample), and this effect survived 
in the subsample (pFWE <.001). As anticipated, FA increased with age 
(see Fig. 1a, top of chart; Fig. 1b, results in blue). There were no sig
nificant associations between FA and sex assigned at birth. There were 
no main effects of offspring risk status in either the positive or negative 
direction (all pFWE >=.25). Model 1b, where pubertal stage replaced age 
as a predictor, did not find a main effect of pubertal stage, but did find a 
significant main effect of sex, such that girls had higher FA than boys 
when pubertal stage was accounted for (pFWE =.029; see Supplemental 
Table 3). 

Model 2 that examined the interactions between offspring risk status 
and sex did not produce any significant results. From model 3, which 
examined the interaction between offspring risk status and age, only the 
positive association between risk status and age was significant, such 
that the diffuse increases in FA seen with age were greater for those in 
the high-risk group, compared to low-risk group. This interaction effect 
was significant in both the full sample (pFWE =.003) and the subsample 
(pFWE =.009). Moreover, this interaction remained significant for many 
of the identified tracts and regions when controlling for all covariates 
including child internalizing, neighborhood SES, mean relative in- 
scanner motion, and intra-cranial volume (all pFWE <=.01). Model 2b, 
where pubertal stage replaced age as a predictor, did not find a signif
icant interaction of between offspring risk status and pubertal stage (see 
Supplemental Table 3). See Fig. 1a (bottom rows of chart) for the named 
tracks and regions identified by the interaction when estimated in 
different samples and with different covariates included. The tracts and 
regions identified by the interaction when all covariates were included 

Table 2 
Participant demographic and covariate summary statistics.    

Full Sample CBCL Subsample   

MatHxDepr NoMatHxDepr    MatHxDepr NoMatHxDepr      

(n = 42) (n = 75)    (n = 31) (n = 60)      
Mean (SD) or Frequency Х2 t-stat p- 

value 
Mean (SD) or Frequency Х2 t-stat p- 

value 

Age 11.31 (1.49) 11.84 (1.48)   -1.83  .070  11.40 (1.61) 11.86 (1.48)   -1.35  .181 
Pubertal Stage 2.85 (.59) (of 

79% reporting) 
3.00 (.62) (of 77% 
reporting)   

-1.11  .269  2.84 (.57) (of 94% reporting) 2.97 (.62) (of 85% 
reporting)   

-0.95  .343 

Sex Assigned 
at Birth 
(Female) 

76% 51% 6.27 
*    

.012  74% 47% 5.22 
*    

.022 

Racial 
Minority 

62% (of 69% 
reporting) 

54% (of 67% 
reporting) 

.21    .644  60% (of 65% reporting) 58% (of 72% 
reporting) 

0.00    1 

CBCL 
Internalizing 

only available in subsample      38.72 (6.72)  35.19 (3.97)  3.15**  .002 

Neighborhood 
SES 
Composite 

.00 (.85) .00 (.95)   .02  .983  .08 (.87) -.03 (.95)   .55  .587 

Mean Relative 
In-Scanner 
Motion 

.38 (.27) .38 (.30)   .03  .977  .39 (.27) .39 (.33)   -.05  .958 

Intra-Cranial 
Volume in 
mm3 

1494,434 
(104,813) 

1504,221 
(114,128)   

-.46  .648  1517,243 (100,639) 1511,849 
(103,235)   

.24  .812 

Whole-Brain 
FA 

.42 (.02) 42 (.01)   -.50    .42 (.02) .42 (.02)   -.38  .705  

* Indicates p < .05 
** Indicates p < .01 
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in the model are shown in Fig. 1b (results in orange). See Fig. 2 for a 
visualization of the interaction effect. 

There were no main effects (positive or negative effects) of either sex 
assigned at birth or child internalizing symptoms, and no analyses 
produced a significant effect whereby any variable was associated with 
reduced FA (all pFWE >=.1). When models 1, 2, and 3 were estimated 
with mean diffusivity as the dependent variable, results were in line with 
(inverse to) the FA-based models, given that mean diffusivity is gener
ally negatively correlated with FA (see Supplemental Table 4). The 
omnibus test examining the effect of the course specifiers of maternal 
history of depression (comparing those with no maternal depression, 
single-episode maternal depression, and chronic or recurrent maternal 
depression) was not significant (pFWE =.539), possibly due to the small 
size of the single-episode (n = 16) versus chronic/recurrent (n = 26) 
groups. 

3.3. Complementary tract-based analyses 

Results of the tract-based analyses are presented in Supplementary 
Table 5 and Supplementary Figure 1. As show in Supplementary 
Figure 1, differences between the high- and low- risk groups were 
generally less apparent when FA was extracted from tract-based ROIs 
and averaged across the aggregate of the tract-based ROI. 

4. Discussion 

Our overarching aim was to characterize patterns in white matter 
microstructure that may be associated with a predisposition for 
depression, before the critical period for depression onset, by comparing 
FA in youth with a high- versus low-risk for depression as indexed by a 
maternal history of depression. Consistent with known patterns of brain 
maturation during adolescence, FA was positively associated with age 
across diffuse areas of the brain (Lebel and Beaulieu, 2011; Lebel et al., 
2012). Importantly, we found a significant interaction whereby those in 
the high-risk, compared to low-risk, group showed a steep increase in FA 
with age across many of the same brain regions identified by the main 
effect of age (see Fig. 1b for a comparison of the main effect of age (in 
blue) versus regions with increased FA seen in the high-risk group in 
orange). When primary models were estimated with mean diffusivity as 
the dependent variable, results were inverse to the FA-based models. 
Given that mean diffusivity is negatively correlated with FA (Lebel and 

Deoni, 2018; Schilling et al., 2022), this provides evidence for the 
consistency of results across different indexes of diffusivity. Most tracts 
and regions identified by the interaction were robust to the inclusion of 
covariates including sex assigned at birth, youth internalizing symp
toms, in-scanner motion, neighborhood SES, and intra-cranial volume. 
Controlling for all covariates, adolescents with a maternal history of 
depression showed steep increase in FA with age in a broad range of 
tracts and regions including commissural, projection, and association 
pathways, along with cerebellar and brainstem pathways and a number 
of other white matter regions. These widespread increases in FA with 
age may correspond to a global pattern of accelerated brain maturation 
in youth at risk for depression. 

Our results add to existing findings from studies of white matter 
microstructure in individuals at high-risk for depression. First, the cur
rent study illustrates the importance of looking at interactions between 
risk-related variables of interest and age, particularly when probing the 
adolescent period. Given that adolescence is a time when neural white 
matter shows rapid changes (Lebel and Beaulieu, 2011; Lebel et al., 
2012) and given that we found a robust and spatially-extensive effect of 
age on microstructure in our sample, it is perhaps not surprising that our 
sample did not show a main effect of risk-status. This finding is consis
tent with several other studies that found interactions between age and 
risk-related variables but did not find robust or wide-spread main effects 
of risk-related variables in adolescent samples (Hung et al., 2017; Jones 
et al., 2019; Shakeel et al., 2021; van Velzen et al., 2020). This study also 
adds to previous studies demonstrating that parental history (Hung 
et al., 2017; Huang et al., 2012) and familial history (Shakeel et al., 
2021) of psychopathology predicts microstructural alterations in unaf
fected youth, and demonstrates that maternal history of depression, 
specifically, is a unique predictor of alterations in white matter, beyond 
the effects of covariates previously shown to have associations with 
white matter such as age (Lebel and Beaulieu, 2011; Lebel et al., 2012), 
intra-cranial volume (Eikenes et al., 2023) and biological sex (Simmonds 
et al., 2014). Further, our results demonstrate that maternal history of 
depression uniquely predicts alterations in white matter microstructure 
in early and pre-adolescents, beyond effects of the youth’s own 
depressive symptoms, which have been typically associated with 
reduced microstructure coherence (LeWinn et al., 2014; Vilgis et al., 
2017; Vulser et al., 2018; Shen et al., 2021). 

Differences in white matter microstructure between the high- and 
low- risk groups was generally less apparent in our tract-based compared 
to our voxelwise results. This is consistent with the findings from other 
developmental studies that have highlighted the importance of whole- 
brain, voxelwise analysis for detecting patterns in white matter devel
opment that may not be apparent at the tract-level (e.g., Palmer et al., 
2022). There is evidence that white matter maturation occurs in a 
spatially graded manner (e.g., posterior to anterior) that may not 
correspond well to borders of specific white matter tracts (that may 
project across large spatial areas of the brain), and thus maturational 
patterns detected at the voxel-level may not correspond well to patterns 
that can be observed when scalars are extracted from and averaged 
across the aggregate of a whole white matter tract. A review of white 
matter development by Lebel et al. (2019) found evidence for spatial 
gradients of maturation across several studies. For example, two studies 
found evidence for a posterior-to-anterior maturational gradient (Colby 
et al., 2011; Krogsrud et al., 2016). Lebel and colleagues concluded that 
“gradients of change are difficult to establish in tractography or 
region-of-interest studies, as parameters are typically averaged over the 
tract, collapsing information across different brain areas”. Similarly, a 
large-scale study by Palmer et al. (2022) using the ABCD dataset found 
that “voxelwise age associations were highly variable within subcortical 
regions and WM fiber tracts” and concluded that “the heterogeneity of 
effects along tracts…highlights the importance of voxelwise analyses to 
provide a more fine-grained understanding of how the brain is changing 
with age”. The current study adds to work demonstrating the critical role 
of whole-brain, voxelwise analysis for detecting developmental patterns 

Fig. 2. Adolescents with a maternal history of depression showed an in
crease in FA across age compared to adolescents without a maternal 
history of depression. Individual mean FA values were extracted from a mask 
comprised of all tracts and regions identified by the interaction, controlling for 
all covariates. Mean FA values (Y-axis) are plotted against cross-sectional age 
(X-axis) and fit lines represent zero-order correlations between FA and age for 
each group. 
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in white matter microstructure. 
Among previous high-risk study designs in youth, the two studies 

conducted in age ranges similar to the current study found interactions 
between risk-status and age, but in opposite directions. Hung et al. 
(2017) found that parental history of depression was associated with 
reductions in FA across age in 8–14 year olds, whereas Jones et al. 
(2019) found that the density of family history of psychopathology was 
associated with increases in FA across age in 12–16 year olds. Our 
findings align with those of Jones and colleagues, where familial risk 
was associated with stronger increases in FA across adolescence. Con
trasting results across studies should each be interpreted against the 
known patterns in normative development of white matter as well as 
known patterns of white matter alteration seen in relation to 
psychopathology. 

Across normative development, white matter shows protracted 
maturation into adulthood, with relatively rapid changes during the first 
three years of life (Dubois et al., 2014; Qiu et al., 2015) and during 
adolescence (Lebel and Beaulieu, 2011; Lebel et al., 2012; Lebel et al., 
2017), as reflected in more steep increases in FA (and decreases in MD) 
during these developmental periods. While increases in FA during in
fancy appear to be driven largely by increases in myelination and axonal 
packing (axonal density and axonal bundling), increased FA during the 
adolescent period may be primarily due to increased axonal packing 
(Lebel and Deoni, 2018), with increases in FA across both of these 
developmental periods generally reflecting maturation of white matter. 

Given that FA normatively increases across adolescence, our results 
showing steep increases in FA with age for the high- compared to low- 
risk group is consistent with accelerated brain maturation in those 
with a maternal history of depression. This interpretation is in line with 
life history theory (Belsky et al., 1991; Ellis et al., 2009; Ellis and Garber, 
2000), that posits that early experiences program an individual’s 
developmental course to allow them to effectively respond to their 
environment. In harsh and unpredictable environments, developmental 
trajectories are shifted towards earlier maturation, and research sup
ports maternal depression as a substantial source of adversity in chil
dren’s lives that may promote accelerated maturation. For example, a 
maternal history of depression predicted earlier pubertal timing in 
daughters, with this relationship fully mediated by stress in the mother’s 
romantic relationship (Ellis and Garber, 2000). Similarly, maternal 
depression during infancy predicted earlier age of adrenarche in 
daughters (Belsky et al., 2015). Maternal depression has also been linked 
specifically to altered neural maturation. Mareckova et al. (2020) found 
that young adults exposed to higher maternal depression symptoms 
in-utero showed an elevated ‘brain age gap’, or patterns of cortical 
thickness that were similar to those of older individuals, suggesting that 
maternal depression is linked to accelerated brain maturation. 

However, with regards to white matter specifically, the evidence for 
accelerated versus delayed maturity is mixed, with studies showing 
reduced (Dean et al., 2018; El Marroun et al., 2018; Graham et al., 2020; 
Hay et al., 2020; Posner et al., 2016; Rifkin-Graboi et al., 2013), 
increased (Lebel et al., 2016; Roos et al., 2022) and no differences (Jha 
et al., 2016; Roos et al., 2022) in white matter coherence in infants or 
children exposed to maternal depression in-utero, and studies showing 
reduced (Hung et al., 2017; Huang et al., 2012; Jones et al., 2019), 
increased (Jones et al., 2019), and no differences (Shakeel et al., 2021) 
in white matter coherence in youth and young adults with a familial 
history of psychopathology. Importantly, as demonstrated by Lebel 
et al., 2017 see Figure 4), when interrogating normative development of 
white matter, regions of white matter that typically show a curvilinear 
pattern of FA development across age, may yield a negative association 
between FA and age—depending on the specific age range sampled—
even when the overall pattern across the more extensive age-range is 
positive. This apparent negative association between FA and age when 
the overall pattern is positive may manifest specifically during adoles
cence. This finding by Lebel and colleagues may explain why some 
studies have observed decreased FA with age among at-risk adolescents. 

As future work seeks to determine whether maternal history of depres
sion is indeed associated with speeded versus delayed microstructural 
maturity, larger samples with broader ages ranges will be critical in 
answering this question. 

Contrasting findings across high-risk design studies may also reflect 
early changes in white matter associated with depression itself, rather 
than risk for depression. While this study, Hung et al. (2017), and Huang 
et al. (2011) all controlled for offspring internalizing symptoms, it is 
nevertheless possible that differences in depression symptoms across 
samples may have influenced differences in observed microstructural 
patterns. Depression is robustly associated with reduced FA in adults and 
in adolescents (Abraham et al., 2022; Chen et al., 2016; LeWinn et al., 
2014; Shen et al., 2021; van Velzen et al., 2020; Vulser et al., 2018), and 
in adolescents, depression and anxiety symptoms have been associated 
with relatively reduced longitudinal increases in FA with age (Albaugh 
et al., 2017). While some authors have attributed lower microstructural 
coherence seen in adolescent depression to delayed maturation, the 
similar patterns of reduced FA seen in depressed adults suggests lower 
FA may alternatively be due to degenerative processes that co-occur 
with depression and undermine white matter microstructure. Thus, 
where research has found reduced white matter coherence in high-risk 
samples, it may be due to symptom onset rather than risk itself. 
Several studies support this notion. In a sample of adolescents and young 
adults (aged 12–25) including healthy controls, those with diagnosed 
depression, those at familial-risk, and those with sub-syndrome levels of 
symptom severity, lower FA was found only in the depressed group, 
suggesting that microstructural differences were related to disorder 
onset rather than risk for depression (Shakeel et al., 2021). Further, a 
large-scale study found that reductions in white matter microstructure 
between adults with and without depression was primarily driven by 
those with recurrent episodes of depression (van Velzen et al., 2020), 
again consistent with a degenerative process that co-occurs with 
depression, with effects accumulating across multiple episodes. While 
there may be multiple mechanisms through which depression and 
reduced FA co-occur, one likely mechanism is via neuroinflammatory 
insults to white matter. Higher concentrations of pro-inflammatory 
proteins linked to depression have been associated with reduced white 
matter microstructural coherence in both adults and adolescents (Ho 
et al., 2022; O’Donovan et al., 2021; Sugimoto et al., 2018; Thomas 
et al., 2021; Zheng et al., 2022). Systemic inflammation in the periphery 
promotes neuroinflammation (Murta et al., 2015; Silverman et al., 2014; 
Sun et al., 2022), and neuroinflammation has been shown to degrade 
white matter (Di Penta et al., 2013; Ji et al., 2017; Pang et al., 2003). 

This study had several notable strengths including a larger sample of 
youth with a familial history of depression than used in previous high- 
risk designs examining white matter alterations, a constrained focus 
on the pre- / early- adolescent period before peak depression onset, as 
well as controlling for youth internalizing symptoms to isolate white 
matter patterns related to risk rather than the influence of depression 
itself, semi-structured diagnostic interviews for mothers to robustly 
capture maternal history of depression, and over half of the sample 
comprised of racial minorities, a largely understudied demographic. 
This study also had several limitations. First, although we controlled for 
a number of covariates, the influence of risk factors versus symptom 
onset versus covariates would be better addressed in a very large lon
gitudinal sample where between- versus within- individual effects could 
be parsed. Given contrasting results across studies of high-risk youth, it 
is critical to replicate the current findings in a large dataset while also 
examining the role of other important factors. Second, while the current 
results fit within known patterns of white matter development and 
findings of adversity-linked accelerated maturation in youth, it remains 
unclear whether our observed increases in FA indeed represent speeded 
maturation, particularly given the cross-sectional nature of the study 
and limited sample size. Future work could better assess this by exam
ining, within the same sample, the influence of risk status on trajectories 
of white matter microstructure, along with risk status effects on other 
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known neural and/or physiological indicators of maturation. Another 
limitation is that the current data did not include information about the 
timing of maternal depression. Future work should consider more 
directly testing effects of maternal depressive episodes on youth white 
matter at different developmental stages. Finally, the current cross- 
sectional study cannot address whether increases in FA represent a 
pre-morbid state that contributes to depression onset or represents a 
compensatory state that may contribute to resilience to psychopathol
ogy. Mixed findings support both hypotheses. Studies by Belsky et al. 
(2015) and Mareckova et al. (2020) found that exposure to maternal 
depression was associated with hormonal and neural markers, respec
tively, of earlier maturation and that earlier maturation was associated 
with increased symptoms of psychopathology, suggesting that earlier 
maturation is a risk factor. On the other hand, studies in adults support 
the hypothesis that increased FA in those at-risk for depression may 
serve as a protective factor. Studies by Frodl et al. (2012) and Winter 
et al. (2022) both found that resilient adults with a family history of 
depression, compared to adults without a family history of depression, 
showed increased FA across a number of tracts. Further Winter and 
colleagues found that familial risk was not associated with differences in 
white matter among those with depression, and Frodl and colleagues 
found that FA was higher in resilient individuals with greater childhood 
adversity than resilient individuals with less childhood adversity. 
Together, these findings suggest that increased FA may be a protective 
factor among those with higher levels of risk. Future longitudinal work 
should explore this important open question to disentangle whether 
alterations in white matter of at-risk youth contribute to risk for or 
resilience against psychopathology. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability statement 

The neuroimaging and behavioral data are available upon request 
after publication of the current manuscript. 

Acknowledgements 

We would like to thank Feroze Mohammed for assistance at the 
Jefferson MRI center, Huiling Peng for advice on diffusion imaging, and 
all of the individuals involved in data collection, clinical interviews, and 
data cleaning, including: Emily Hockenberry, Christina Cerra, Evan 
Burdette, Subhashini Madhavan, Darien Aunapu, Karina Guerra- 
Guzman, Kristina Dale, Christine Lederer, Julia Case, Samantha Birk, 
Rebekah Mennies, Johanna Nielsen, and Zuzanna Wojcieszak. This work 
was supported by the National Institutes of Health grants R01 
MH107495 (Olino), F32 MH127948–01A1 (Sullivan-Toole), and 
R01HD099165; R01MH091113 (Olson). The content is solely the re
sponsibility of the authors and does not necessarily represent the official 
views of the National Institute of Mental Health or the National In
stitutes of Health. Additionally, this research includes calculations car
ried out on HPC resources supported by the National Science Foundation 
through major research instrumentation grant number 1625061 and by 
the US Army Research Laboratory under contract number W911NF- 
16–2-0189. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.dcn.2023.101307. 

References 

Abraham, M., Mundorf, A., Brodmann, K., Freund, N., 2022. Unraveling the mystery of 
white matter in depression: a translational perspective on recent advances. Brain 
Behav. 12 (7) https://doi.org/10.1002/brb3.2629. 

Achenbach, T.M., 2009. The Achenbach system of empirically based assessment 
(ASEBA): Development, findings, theory, and applications. University of Vermont, 
Research Center for Children, Youth, & Families. 

Albaugh, M.D., Ducharme, S., Karama, S., Watts, R., Lewis, J.D., Orr, C., Nguyen, T.-V., 
Mckinstry, R.C., Botteron, K.N., Evans, A.C., Hudziak, J.J., The Brain Development 
Cooperative Group, 2017. Anxious/depressed symptoms are related to 
microstructural maturation of white matter in typically developing youths. Dev. 
Psychopathol. 29 (3), 751–758. https://doi.org/10.1017/S0954579416000444. 

Andersson, J., Sotiropoulos, S.N., 2016. An integrated approach to correction for off- 
resonance effects and subject movement in diffusion MR imaging. NeuroImage 125, 
1063–1078. https://doi.org/10.1016/j.neuroimage.2015.10.019. 

Andersson, J.L.R., Graham, M.S., Zsoldos, E., Sotiropoulos, S.N., 2016. Incorporating 
outlier detection and replacement into a non-parametric framework for movement 
and distortion correction of diffusion MR images. NeuroImage 141, 556–572. 
https://doi.org/10.1016/j.neuroimage.2016.06.058. 

Beaulieu, C., 2002. The basis of anisotropic water diffusion in the nervous system—A 
technical review. NMR Biomed. 15 (7–8), 435–455. https://doi.org/10.1002/ 
nbm.782. 

Belsky, J., Steinberg, L., Draper, P., 1991. Childhood experience, interpersonal 
development, and reproductive strategy: and evolutionary theory of socialization. 
Child Dev. 62 (4), 647–670. https://doi.org/10.1111/j.1467-8624.1991.tb01558.x. 

Belsky, J., Ruttle, P.L., Boyce, W.T., Armstrong, J.M., Essex, M.J., 2015. Early adversity, 
elevated stress physiology, accelerated sexual maturation, and poor health in 
females. Dev. Psychol. 51 (6), 816–822. https://doi.org/10.1037/dev0000017. 

Buckner, R.L., Head, D., Parker, J., Fotenos, A.F., Marcus, D., Morris, J.C., Snyder, A.Z., 
2004. A unified approach for morphometric and functional data analysis in young, 
old, and demented adults using automated atlas-based head size normalization: 
Reliability and validation against manual measurement of total intracranial volume. 
NeuroImage 23 (2), 724–738. https://doi.org/10.1016/j.neuroimage.2004.06.018. 

Chen, G., Hu, X., Li, L., Huang, X., Lui, S., Kuang, W., Ai, H., Bi, F., Gu, Z., Gong, Q., 
2016. Disorganization of white matter architecture in major depressive disorder: a 
meta-analysis of diffusion tensor imaging with tract-based spatial statistics. Sci. Rep. 
6 (1), 21825 https://doi.org/10.1038/srep21825. 

Colby, J.B., Van Horn, J.D., Sowell, E.R., 2011. Quantitative in vivo evidence for broad 
regional gradients in the timing of white matter maturation during adolescence. 
NeuroImage 54 (1), 25–31. https://doi.org/10.1016/j.neuroimage.2010.08.014. 

Coleman, L., Coleman, J., 2002. The measurement of puberty: a review. J. Adolesc. 25 
(5), 535–550. 

Curran, K.M., Emsell, L., Leemans, A., 2016. Quantitative DTI Measures. In: Van 
Hecke, W., Emsell, L., Sunaert, S. (Eds.), Diffusion Tensor Imaging. Springer New 
York, pp. 65–87. https://doi.org/10.1007/978-1-4939-3118-7_5. 

Dale, A.M., Fischl, B., Sereno, M.I., 1999. Cortical surface-based analysis: I. Segmentation 
and surface reconstruction. NeuroImage 9 (2), 179–194. https://doi.org/10.1006/ 
nimg.1998.0395. 

Dean, D.C., Planalp, E.M., Wooten, W., Kecskemeti, S.R., Adluru, N., Schmidt, C.K., 
Frye, C., Birn, R.M., Burghy, C.A., Schmidt, N.L., Styner, M.A., Short, S.J., Kalin, N. 
H., Goldsmith, H.H., Alexander, A.L., Davidson, R.J., 2018. Association of prenatal 
maternal depression and anxiety symptoms with infant white matter microstructure. 
JAMA Pediatr. 172 (10), 973. https://doi.org/10.1001/jamapediatrics.2018.2132. 

Di Penta, A., Moreno, B., Reix, S., Fernandez-Diez, B., Villanueva, M., Errea, O., 
Escala, N., Vandenbroeck, K., Comella, J.X., Villoslada, P., 2013. Oxidative stress 
and proinflammatory cytokines contribute to demyelination and axonal damage in a 
cerebellar culture model of neuroinflammation. PLoS ONE 8 (2), e54722. https:// 
doi.org/10.1371/journal.pone.0054722. 

Dubois, J., Dehaene-Lambertz, G., Kulikova, S., Poupon, C., Hüppi, P.S., Hertz- 
Pannier, L., 2014. The early development of brain white matter: A review of imaging 
studies in fetuses, newborns and infants. Neuroscience 276, 48–71. https://doi.org/ 
10.1016/j.neuroscience.2013.12.044. 

Eikenes, L., Visser, E., Vangberg, T., Håberg, A.K., 2023. Both brain size and biological 
sex contribute to variation in white matter microstructure in middle-aged healthy 
adults. Hum. Brain Mapp. 44 (2), 691–709. https://doi.org/10.1002/hbm.26093. 

El Marroun, H., Zou, R., Muetzel, R.L., Jaddoe, V.W., Verhulst, F.C., White, T., 
Tiemeier, H., 2018. Prenatal exposure to maternal and paternal depressive 
symptoms and white matter microstructure in children. Depress Anxiety 35 (4), 
321–329. https://doi.org/10.1002/da.22722. 

Ellis, B.J., Garber, J., 2000. Psychosocial antecedents of variation in girls’ pubertal 
timing: maternal depression, stepfather presence, and marital and family stress. 
Child Dev. 71 (2), 485–501. https://doi.org/10.1111/1467-8624.00159. 

Ellis, B.J., Figueredo, A.J., Brumbach, B.H., Schlomer, G.L., 2009. Fundamental 
dimensions of environmental risk: the impact of harsh versus unpredictable 
environments on the evolution and development of life history strategies. Hum. Nat. 
20 (2), 204–268. https://doi.org/10.1007/s12110-009-9063-7. 

Figley, C.R., Uddin, M.N., Wong, K., Kornelsen, J., Puig, J., Figley, T.D., 2022. Potential 
pitfalls of using fractional anisotropy, axial diffusivity, and radial diffusivity as 
biomarkers of cerebral white matter microstructure. Front. Neurosci. 15, 799576 
https://doi.org/10.3389/fnins.2021.799576. 

First, M.B., Williams, J.B.W., Karg, R.S., Spitzer, R.L., 2015. Structured Clinical Interview 
for DSM-5—Research Version (SCID-5 for DSM-5, Research Version; SCID-5-RV). 
American Psychiatric Association,, Arlington, VA.  

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., van der 
Kouwe, A., Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N., 

H. Sullivan-Toole et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/j.dcn.2023.101307
https://doi.org/10.1002/brb3.2629
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref2
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref2
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref2
https://doi.org/10.1017/S0954579416000444
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2016.06.058
https://doi.org/10.1002/nbm.782
https://doi.org/10.1002/nbm.782
https://doi.org/10.1111/j.1467-8624.1991.tb01558.x
https://doi.org/10.1037/dev0000017
https://doi.org/10.1016/j.neuroimage.2004.06.018
https://doi.org/10.1038/srep21825
https://doi.org/10.1016/j.neuroimage.2010.08.014
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref12
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref12
https://doi.org/10.1007/978-1-4939-3118-7_5
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1001/jamapediatrics.2018.2132
https://doi.org/10.1371/journal.pone.0054722
https://doi.org/10.1371/journal.pone.0054722
https://doi.org/10.1016/j.neuroscience.2013.12.044
https://doi.org/10.1016/j.neuroscience.2013.12.044
https://doi.org/10.1002/hbm.26093
https://doi.org/10.1002/da.22722
https://doi.org/10.1111/1467-8624.00159
https://doi.org/10.1007/s12110-009-9063-7
https://doi.org/10.3389/fnins.2021.799576
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref23
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref23
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref23


Developmental Cognitive Neuroscience 64 (2023) 101307

10

Rosen, B., Dale, A.M., 2002. Whole brain segmentation: automated labeling of 
neuroanatomical structures in the human brain. Neuron 33 (3), 341–355. https:// 
doi.org/10.1016/S0896-6273(02)00569-X. 

Frodl, T., Carballedo, A., Fagan, A.J., Lisiecka, D., Ferguson, Y., Meaney, J.F., 2012. 
Effects of early-life adversity on white matter diffusivity changes in patients at risk 
for major depression. J. Psychiatry Neurosci. 37 (1), 37–45. https://doi.org/ 
10.1503/jpn.110028. 

Graham, R.M., Jiang, L., McCorkle, G., Bellando, B.J., Sorensen, S.T., Glasier, C.M., 
Ramakrishnaiah, R.H., Rowell, A.C., Coker, J.L., Ou, X., 2020. Maternal anxiety and 
depression during late pregnancy and newborn brain white matter development. 
Am. J. Neuroradiol. 41 (10), 1908–1915. https://doi.org/10.3174/ajnr.A6759. 

Hay, R.E., Reynolds, J.E., Grohs, M.N., Paniukov, D., Giesbrecht, G.F., Letourneau, N., 
Dewey, D., Lebel, C., 2020. Amygdala-prefrontal structural connectivity mediates 
the relationship between prenatal depression and behavior in preschool boys. 
J. Neurosci. 40 (36), 6969–6977. https://doi.org/10.1523/JNEUROSCI.0481- 
20.2020. 

Herting, M.M., Sowell, E.R., 2017. Puberty and structural brain development in humans. 
Front. Neuroendocrinol. 44, 122–137. https://doi.org/10.1016/j. 
yfrne.2016.12.003. 

Herting, M.M., Maxwell, E.C., Irvine, C., Nagel, B.J., 2012. The impact of sex, puberty, 
and hormones on white matter microstructure in adolescents. Cereb. Cortex 22 (9), 
1979–1992. https://doi.org/10.1093/cercor/bhr246. 

Ho, T.C., Kulla, A., Teresi, G.I., Sisk, L.M., Rosenberg-Hasson, Y., Maecker, H.T., Gotlib, I. 
H., 2022. Inflammatory cytokines and callosal white matter microstructure in 
adolescents. Brain, Behav., Immun. 100, 321–331. https://doi.org/10.1016/j. 
bbi.2021.12.003. 

Huang, H., Huang, H., Huang, H., Fan, X., Fan, X., Williamson, D.E., Rao, U., 2011. White 
matter changes in healthy adolescents at familial risk for unipolar depression: a 
diffusion tensor imaging study. Neuropsychopharmacology. https://doi.org/ 
10.1038/npp.2010.199. 

Hung, Y., Saygin, Z.M., Biederman, J., Hirshfeld-Becker, D., Uchida, M., Doehrmann, O., 
Han, M., Chai, X.J., Kenworthy, T., Yarmak, P., Gaillard, S.L., Whitfield-Gabrieli, S., 
Gabrieli, J.D.E., 2017. Impaired frontal-limbic white matter maturation in children 
at risk for major depression. Cereb. Cortex, cercor bhw250v1. https://doi.org/ 
10.1093/cercor/bhw250. 

Jha, S.C., Meltzer-Brody, S., Steiner, R.J., Cornea, E., Woolson, S., Ahn, M., Verde, A.R., 
Hamer, R.M., Zhu, H., Styner, M., Gilmore, J.H., Knickmeyer, R.C., 2016. Antenatal 
depression, treatment with selective serotonin reuptake inhibitors, and neonatal 
brain structure: a propensity-matched cohort study. Psychiatry Res.: Neuroimaging 
253, 43–53. https://doi.org/10.1016/j.pscychresns.2016.05.004. 

Ji, B., Higa, K., Soontornniyomkij, V., Miyanohara, A., Zhou, X., 2017. A novel animal 
model for neuroinflammation and white matter degeneration. PeerJ 5, e3905. 
https://doi.org/10.7717/peerj.3905. 

Jones, S.A., Morales, A.M., Nagel, B.J., 2019. Resilience to risk for psychopathology: the 
role of white matter microstructural development in adolescence. Biol. Psychiatry 
Cogn. Neurosci. neuroimaging 4 (2), 180–189. https://doi.org/10.1016/j. 
bpsc.2018.08.006. 

Kaufman, A.S., Kaufman, N.L., 2004. Kaufman Brief Intelligence Test, 2nd ed..,. 
American Guidance Service, Circle Pines, MN.  

Krogsrud, S.K., Fjell, A.M., Tamnes, C.K., Grydeland, H., Mork, L., Due-Tønnessen, P., 
Bjørnerud, A., Sampaio-Baptista, C., Andersson, J., Johansen-Berg, H., Walhovd, K. 
B., 2016. Changes in white matter microstructure in the developing brain—A 
longitudinal diffusion tensor imaging study of children from 4 to 11 years of age. 
NeuroImage 124, 473–486. https://doi.org/10.1016/j.neuroimage.2015.09.017. 

Lebel, C., Beaulieu, C., 2011. Longitudinal development of human brain wiring continues 
from childhood into adulthood. J. Neurosci. 31 (30), 10937–10947. https://doi.org/ 
10.1523/JNEUROSCI.5302-10.2011. 

Lebel, C., Deoni, S., 2018. The development of brain white matter microstructure. 
NeuroImage 182, 207–218. https://doi.org/10.1016/j.neuroimage.2017.12.097. 

Lebel, C., Treit, S., Beaulieu, C., 2017. A review of diffusion MRI of typical white matter 
development from early childhood to young adulthood. NMR Biomed. 32 (4) 
https://doi.org/10.1002/nbm.3778. 

Lebel, C., Treit, S., Beaulieu, C., 2019. A review of diffusion MRI of typical white matter 
development from early childhood to young adulthood. NMR in Biomedicine 32 (4). 
https://doi.org/10.1002/nbm.3778. 

Lebel, C., Gee, M., Camicioli, R., Wieler, M., Martin, W., Beaulieu, C., 2012. Diffusion 
tensor imaging of white matter tract evolution over the lifespan. NeuroImage 60 (1), 
340–352. https://doi.org/10.1016/j.neuroimage.2011.11.094. 

Lebel, C., Walton, M., Letourneau, N., Giesbrecht, G.F., Kaplan, B.J., Dewey, D., 2016. 
Prepartum and postpartum maternal depressive symptoms are related to children’s 
brain structure in preschool. Biol. Psychiatry 80 (11), 859–868. https://doi.org/ 
10.1016/j.biopsych.2015.12.004. 

Mareckova, K., Marecek, R., Andryskova, L., Brazdil, M., Nikolova, Y.S., 2020. Maternal 
depressive symptoms during pregnancy and brain age in young adult offspring: 
findings from a prenatal birth Cohort. Cereb. Cortex 30 (7), 3991–3999. https://doi. 
org/10.1093/cercor/bhaa014. 

Maughan, B., Collishaw, S., Stringaris, A., 2012. Depression in childhood and 
adolescence. J. Can. Acad. Child Adolesc. Psychiatry 22 (1), 35–40. https://doi.org/ 
10.1093/sw/32.6.512. 

Mori, S., Oishi, K., Jiang, H., Jiang, L., Li, X., Akhter, K., Mazziotta, J., 2008. Stereotaxic 
white matter atlas based on diffusion tensor imaging in an ICBM template. 
NeuroImage 40 (2), 570–582. https://doi.org/10.1016/j.neuroimage.2007.12.035. 

Murta, V., Farías, M.I., Pitossi, F.J., Ferrari, C.C., 2015. Chronic systemic IL-1β 
exacerbates central neuroinflammation independently of the blood–brain barrier 
integrity. J. Neuroimmunol. 278, 30–43. https://doi.org/10.1016/j. 
jneuroim.2014.11.023. 

O’Donovan, A., Bahorik, A., Sidney, S., Launer, L.J., Yaffe, K., 2021. Relationships of 
inflammation trajectories with white matter volume and integrity in midlife. Brain, 
Behav., Immun. 91, 81–88. https://doi.org/10.1016/j.bbi.2020.09.006. 

Palmer, C.E., Pecheva, D., Iversen, J.R., Hagler, D.J., Sugrue, L., Nedelec, P., Fan, C.C., 
Thompson, W.K., Jernigan, T.L., Dale, A.M., 2022. Microstructural development 
from 9 to 14 years: evidence from the ABCD Study. Dev. Cogn. Neurosci. 53, 101044 
https://doi.org/10.1016/j.dcn.2021.101044. 

Pang, Y., Cai, Z., Rhodes, P.G., 2003. Disturbance of oligodendrocyte development, 
hypomyelination and white matter injury in the neonatal rat brain after 
intracerebral injection of lipopolysaccharide. Dev. Brain Res. 140 (2), 205–214. 
https://doi.org/10.1016/S0165-3806(02)00606-5. 

Petersen, A.C., Crockett, L., Richards, M., Boxer, A., 1988. A self-report measure of 
pubertal status: Reliability, validity, and initial norms. J. Youth Adolesc. 17 (2), 
117–133. 

Posner, J., Cha, J., Roy, A.K., Peterson, B.S., Bansal, R., Gustafsson, H.C., Raffanello, E., 
Gingrich, J., Monk, C., 2016. Alterations in amygdala–prefrontal circuits in infants 
exposed to prenatal maternal depression. Transl. Psychiatry 6 (11). https://doi.org/ 
10.1038/tp.2016.146. 

Qiu, A., Mori, S., Miller, M.I., 2015. Diffusion tensor imaging for understanding brain 
development in early life. Annu. Rev. Psychol. 66 (1), 853–876. https://doi.org/ 
10.1146/annurev-psych-010814-015340. 

Reuter, M., Rosas, H.D., Fischl, B., 2010. Highly accurate inverse consistent registration: 
a robust approach. NeuroImage 53 (4), 1181–1196. https://doi.org/10.1016/j. 
neuroimage.2010.07.020. 

Rifkin-Graboi, A., Bai, J., Chen, H., Hameed, W.B., Sim, L.W., Tint, M.T., Leutscher- 
Broekman, B., Chong, Y.-S., Gluckman, P.D., Fortier, M.V., Meaney, M.J., Qiu, A., 
2013. Prenatal maternal depression associates with microstructure of right amygdala 
in neonates at birth. Biol. Psychiatry 74 (11), 837–844. https://doi.org/10.1016/j. 
biopsych.2013.06.019. 

Roos, A., Wedderburn, C.J., Fouche, J.-P., Joshi, S.H., Narr, K.L., Woods, R.P., Zar, H.J., 
Stein, D.J., Donald, K.A., 2022. Prenatal depression exposure alters white matter 
integrity and neurodevelopment in early childhood. Brain Imaging Behav. 16 (3), 
1324–1336. https://doi.org/10.1007/s11682-021-00616-3. 

Schilling, K.G., Archer, D., Yeh, F.-C., Rheault, F., Cai, L.Y., Hansen, C., Yang, Q., 
Ramdass, K., Shafer, A.T., Resnick, S.M., Pechman, K.R., Gifford, K.A., Hohman, T.J., 
Jefferson, A., Anderson, A.W., Kang, H., Landman, B.A., 2022. Aging and white 
matter microstructure and macrostructure: a longitudinal multi-site diffusion MRI 
study of 1218 participants. Brain Struct. Funct. 227 (6), 2111–2125. https://doi.org/ 
10.1007/s00429-022-02503-z. 

Ségonne, F., Dale, A.M., Busa, E., Glessner, M., Salat, D., Hahn, H.K., Fischl, B., 2004. 
A hybrid approach to the skull stripping problem in MRI. NeuroImage 22 (3), 
1060–1075. https://doi.org/10.1016/j.neuroimage.2004.03.032. 

Shakeel, M.K., Hassel, S., Davis, A.D., Metzak, P.D., MacQueen, G.M., Arnott, S.R., 
Bray, S., Frey, B.N., Goldstein, B.I., Hall, G.B., Harris, J., Lam, R.W., MacIntosh, B.J., 
Milev, R., Mueller, D.J., Rotzinger, S., Strother, S.C., Wang, J., Zamyadi, M., 
Lebel, C., 2021. White matter microstructure in youth at risk for serious mental 
illness: a comparative analysis. Psychiatry Res.: Neuroimaging 312, 111289. https:// 
doi.org/10.1016/j.pscychresns.2021.111289. 

Shen, X., MacSweeney, N., Chan, S.W.Y., Barbu, M.C., Adams, M., Lawrie, S.M., 
Romaniuk, L., McIntosh, A.M., Whalley, H.C., 2021. Brain structural associations 
with depression in a large early adolescent sample (the ABCD study. 
EClinicalMedicine. https://doi.org/10.1016/j.eclinm.2021.101204. 

Shirtcliff, E.A., Dahl, R.E., Pollak, S.D., 2009. Pubertal development: correspondence 
between hormonal and physical development. Child Dev. 80 (2), 327–337. 

Silverman, H.A., Dancho, M., Regnier-Golanov, A., Nasim, M., Ochani, M., Olofsson, P.S., 
Ahmed, M., Miller, E.J., Chavan, S.S., Golanov, E., Metz, C.N., Tracey, K.J., 
Pavlov, V.A., 2014. Brain region-specific alterations in the gene expression of 
cytokines, immune cell markers and cholinergic system components during 
peripheral endotoxin-induced inflammation. Mol. Med. 20 (1), 601–611. https:// 
doi.org/10.2119/molmed.2014.00147. 

Simmonds, D.J., Hallquist, M.N., Asato, M., Luna, B., 2014. Developmental stages and 
sex differences of white matter and behavioral development through adolescence: a 
longitudinal diffusion tensor imaging (DTI) study. NeuroImage 92, 356–368. 
https://doi.org/10.1016/j.neuroimage.2013.12.044. 

Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17 (3), 
143–155. 

Smith, S.M., Nichols, T.E., 2009. Threshold-free cluster enhancement: addressing 
problems of smoothing, threshold dependence and localisation in cluster inference. 
NeuroImage 44 (1), 83–98. https://doi.org/10.1016/j.neuroimage.2008.03.061. 

Smith, S.M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T.E., Mackay, C.E., 
Behrens, T.E.J., 2006. Tract-based spatial statistics: Voxelwise analysis of multi- 
subject diffusion data. NeuroImage 31 (4), 1487–1505. https://doi.org/10.1016/j. 
neuroimage.2006.02.024. 

Smith, S.M., Jenkinson, M., Woolrich, M.W., Beckmann, C.F., Behrens, T.E., Johansen- 
Berg, H., Bannister, P.R., De Luca, M., Drobnjak, I., Flitney, D.E., Niazy, R.K., 
Saunders, J., Vickers, J., Zhang, Y., De Stefano, N., Brady, J.M., Matthews, P.M., 
2004. Advances in functional and structural MR image analysis and implementation 
as FSL. NeuroImage 23 (Suppl 1), S208–S219. https://doi.org/10.1016/j. 
neuroimage.2004.07.051. 

Solmi, M., Radua, J., Olivola, M., Croce, E., Soardo, L., Salazar de Pablo, G., Il Shin, J., 
Kirkbride, J.B., Jones, P., Kim, J.H., Kim, J.Y., Carvalho, A.F., Seeman, M.V., 
Correll, C.U., Fusar-Poli, P., 2022. Age at onset of mental disorders worldwide: large- 
scale meta-analysis of 192 epidemiological studies. Mol. Psychiatry 27 (1), 281–295. 
https://doi.org/10.1038/s41380-021-01161-7. 

Sugimoto, K., Kakeda, S., Watanabe, K., Katsuki, A., Ueda, I., Igata, N., Igata, R., Abe, O., 
Yoshimura, R., Korogi, Y., 2018. Relationship between white matter integrity and 

H. Sullivan-Toole et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1503/jpn.110028
https://doi.org/10.1503/jpn.110028
https://doi.org/10.3174/ajnr.A6759
https://doi.org/10.1523/JNEUROSCI.0481-20.2020
https://doi.org/10.1523/JNEUROSCI.0481-20.2020
https://doi.org/10.1016/j.yfrne.2016.12.003
https://doi.org/10.1016/j.yfrne.2016.12.003
https://doi.org/10.1093/cercor/bhr246
https://doi.org/10.1016/j.bbi.2021.12.003
https://doi.org/10.1016/j.bbi.2021.12.003
https://doi.org/10.1038/npp.2010.199
https://doi.org/10.1038/npp.2010.199
https://doi.org/10.1093/cercor/bhw250
https://doi.org/10.1093/cercor/bhw250
https://doi.org/10.1016/j.pscychresns.2016.05.004
https://doi.org/10.7717/peerj.3905
https://doi.org/10.1016/j.bpsc.2018.08.006
https://doi.org/10.1016/j.bpsc.2018.08.006
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref36
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref36
https://doi.org/10.1016/j.neuroimage.2015.09.017
https://doi.org/10.1523/JNEUROSCI.5302-10.2011
https://doi.org/10.1523/JNEUROSCI.5302-10.2011
https://doi.org/10.1016/j.neuroimage.2017.12.097
https://doi.org/10.1002/nbm.3778
https://doi.org/10.1002/nbm.3778
https://doi.org/10.1016/j.neuroimage.2011.11.094
https://doi.org/10.1016/j.biopsych.2015.12.004
https://doi.org/10.1016/j.biopsych.2015.12.004
https://doi.org/10.1093/cercor/bhaa014
https://doi.org/10.1093/cercor/bhaa014
https://doi.org/10.1093/sw/32.6.512
https://doi.org/10.1093/sw/32.6.512
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1016/j.jneuroim.2014.11.023
https://doi.org/10.1016/j.jneuroim.2014.11.023
https://doi.org/10.1016/j.bbi.2020.09.006
https://doi.org/10.1016/j.dcn.2021.101044
https://doi.org/10.1016/S0165-3806(02)00606-5
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref51
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref51
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref51
https://doi.org/10.1038/tp.2016.146
https://doi.org/10.1038/tp.2016.146
https://doi.org/10.1146/annurev-psych-010814-015340
https://doi.org/10.1146/annurev-psych-010814-015340
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1016/j.biopsych.2013.06.019
https://doi.org/10.1016/j.biopsych.2013.06.019
https://doi.org/10.1007/s11682-021-00616-3
https://doi.org/10.1007/s00429-022-02503-z
https://doi.org/10.1007/s00429-022-02503-z
https://doi.org/10.1016/j.neuroimage.2004.03.032
https://doi.org/10.1016/j.pscychresns.2021.111289
https://doi.org/10.1016/j.pscychresns.2021.111289
https://doi.org/10.1016/j.eclinm.2021.101204
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref61
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref61
https://doi.org/10.2119/molmed.2014.00147
https://doi.org/10.2119/molmed.2014.00147
https://doi.org/10.1016/j.neuroimage.2013.12.044
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref64
http://refhub.elsevier.com/S1878-9293(23)00112-3/sbref64
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1038/s41380-021-01161-7


Developmental Cognitive Neuroscience 64 (2023) 101307

11

serum inflammatory cytokine levels in drug-naive patients with major depressive 
disorder: Diffusion tensor imaging study using tract-based spatial statistics. Transl. 
Psychiatry 8 (1), 141. https://doi.org/10.1038/s41398-018-0174-y. 

Sun, Y., Koyama, Y., Shimada, S., 2022. Inflammation from peripheral organs to the 
brain: how does systemic inflammation cause neuroinflammation? Front. Aging 
Neurosci. 14 (June), 1–10. https://doi.org/10.3389/fnagi.2022.903455. 

Thomas, M., Savitz, J., Zhang, Y., Burrows, K., Smith, R., Figueroa-Hall, L., Kuplicki, R., 
Khalsa, S.S., Taki, Y., Teague, T.K., Irwin, M.R., Yeh, F.-C., Paulus, M.P., Zheng, H., 
on behalf of Tulsa 1000 Investigators, 2021. Elevated systemic inflammation is 
associated with reduced corticolimbic white matter integrity in depression. Life 12 
(1), 43. https://doi.org/10.3390/life12010043. 

Tournier, J.-D., Smith, R.E., Raffelt, D., Tabbara, R., Dhollander, T., Pietsch, M., 
Christiaens, D., Jeurissen, B., Yeh, C.-H., Connelly, A., 2019. MRtrix3: a fast, flexible 
and open software framework for medical image processing and visualisation. 
NeuroImage 202, 116137. 

van Velzen, L.S., Kelly, S., Isaev, D., Aleman, A., Aftanas, L.I., Bauer, J., Baune, B.T., 
Brak, I.V., Carballedo, A., Connolly, C.G., Couvy-Duchesne, B., Cullen, K.R., 
Danilenko, K.V., Dannlowski, U., Enneking, V., Filimonova, E., Förster, K., Frodl, T., 
Gotlib, I.H., Schmaal, L., 2020. White matter disturbances in major depressive 

disorder: a coordinated analysis across 20 international cohorts in the ENIGMA MDD 
working group. Mol. Psychiatry 25 (7), 1511–1525. https://doi.org/10.1038/ 
s41380-019-0477-2. 

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New 
York. 〈https://ggplot2.tidyverse.org〉.  

Winkler, A.M., Ridgway, G.R., Webster, M.A., Smith, S.M., Nichols, T.E., 2014. 
Permutation inference for the general linear model. NeuroImage 92 (100), 381–397. 
https://doi.org/10.1016/j.neuroimage.2014.01.060. 

Winter, A., Thiel, K., Meinert, S., Lemke, H., Waltemate, L., Breuer, F., Culemann, R., 
Pfarr, J.-K., Stein, F., Brosch, K., Meller, T., Ringwald, K.G., Thomas-Odenthal, F., 
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